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Chapter 1

1  Gastrointestinal cancer

Cancer is the second cause of death worldwide and shows increasing incidence during the last
decades'”. Among the different types of neoplasia, cancer of the colon and rectum (CRC) is
the second most diagnosed cancer with according numbers of deaths in western Europe®.
Hereditary CRC accounts for 5-10% of the CRC and includes HNPCC (Lynch syndrome) and
familiar adenomatous polyposis (FAP)**. Apart from familiar predisposition, the majority of
the CRC arise from environmental factors (sporadic CRC). Risk factors include age, physical
inactivity, consumption of red meat and smoking. The development of colorectal tumours
consists of different steps (Figure 1). Adenomas (polyps) arise from normal colonic mucosa
by (environmentally induced) genetic alternations in the mucosal epithelial cells, like
mutation in the APC gene and K-ras’. Additional mutations lead to the development of in situ
and eventually invasive cancers’. Tumours cannot exceed the size of 1-2 mm without
acquiring its own vasculature system, a phenomenon known as the angiogenic switch. The
vascular system provides the tumour with nutrients and oxygen, preventing tumour cell
necrosis, leading to further outgrowth, invasion and eventually formation of distant metastasis
(Figure 1). The primary treatment of CRC consists of surgical resection of the tumour

combined with adjuvant chemotherapy or radiation”®
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Figure 1. Schematic presentation of colorectal crypts showing different stages in the development of CRC.
Hyper-proliferation of epithelial cells leads to the formation of pre-malignant colorectal adenomas,
progressing into early carcinomas by additional mutations. When tumours reach a critical size, they acquire
their own vasculature system by recruitment of endothelial cells, eventually leading to the formation of distant

metastasis.
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Gastric cancers show large geographic differences and about 5% is due to hereditary
etiology’. Two major histopathological types are described by Laurén et al'’, an intestinal and
a diffuse-type gastric cancer. Risk factors for developing gastric cancer include diet, cigarette
smoking, alcohol consumption and Helicobacter pylori infection. Tumours arise from
precursor lesions that include chronic atrophic gastritis, which can proceed into intestinal
metaplasia’. Primary treatment for gastric carcinomas is resection of the tumour with or
without adjuvant chemo- or radiation therapy.

For both CRC and gastric cancer the prognosis strongly depends on the stage of tumour at the
time of diagnosis and decreases with increasing stage and the presence of lymph node or

distant metastasis®’.

2 Cell-cell interactions in the tumour-microenvironment

Tumours consist of different cell types together creating the tumour-microenvironment. These
cell types include tumour cells and the tumour stroma, consisting of surrounding fibroblasts
and myofibroblast, tumour-associated endothelial cells creating the tumour’s vasculature
system and infiltrating immune cells, including macrophages, T-lymphocytes and
neutrophils'"'2. For a long time tumour cells have been the only focus of research, whereas
the role of the tumour stroma was neglected. During the last decade more attention has been
given to the role of the tissue stroma in the initiation, progression and metastasis of cancers'”"
7. All the distinct hallmarks in cancer, self-sufficiency in growth factors, insensitivity to anti-
growth signals, evasion of apoptosis, limitless replication potential, sustained angiogenesis,
tissue invasion and metastasis'®, involve interactions between different cell types and the
extracellular matrix (ECM) within the tumour-microenvironment. Not surprisingly, it was
shown that the carcinoma-stromal ratio in CRC is an independent prognostic factor for
survival'. This thesis focusses on interactions between tumour cells, fibroblasts, endothelial
and inflammatory cells. Cross-talk between cells can occur via direct cell-cell contact or via

12,13, 16, 20, 21
soluble factors™ = "> >,

2.1 Cell-cell interactions via direct contact

Under normal condition cells interact via the formation of cell-cell and cell-matrix adhesions.
Cadherins are Ca®" dependent cell adhesion molecules, mediating cell-cell contact via their
extracellular domains. Through their intracellular domain cadherins influence rearrangement

of the cytoskeleton via B-catenin®’. Besides interaction with catenins, cadherins also interact
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with integrins, like avfB3 integrin, and growth factor receptors like the TGF-f receptor II
(TGF-PRIN)***. Interactions between cells are required to maintain normal tissue morphology
and function. In cancer these cell-cell adhesions change by rearrangement or excessive
cleavage of adhesion molecules. Besides interaction of cells from similar origin (like
epithelial interactions), cell-cell contact between tumour epithelial and stromal cells can
influence many processes. One of the most well described molecules capable of doing so is
extracellular matrix metalloproteinase inducer (EMMPRIN). EMMPRIN is a trans-membrane
protein consisting of two immunoglobulin chains and a short cytoplasmic domain®. It is
mainly expressed by epithelial cells and was shown to have an important role in cancer’®?’.
EMMPRIN expressed on malignant epithelial cells evokes the hyper-activation of
neighbouring fibroblasts leading to enhanced MMP-2 expression®*. Furthermore in gastric
cancers a correlation was observed between EMMPRIN and the expression of VEGF, MMP-2

and MMP-9, indicating a clear relation with angiogenesis™. Recently a soluble form of

EMMPRIN has been indentified, which is also capable of inducing MMP expression®".

2.2 Cell-cell interactions involving soluble factors

Cells communicate via soluble factors like cytokines, chemokines and matrix-derived
peptides. The extracellular matrix (ECM) of cancers is next to its supportive and nutritious
functions also an excessive pool of growth factors, stimuli and chemoattractants that enable
the tumour cells to grow, invade and metastasise. For instance, ECM-derived molecules like
tenascin-C play a role in the recruitment of myofibroblasts’’, whereas tumour cell-derived
monocyte chemoattractant protein (MCP)-1 mediates macrophage infiltration. In turn these
cells secrete interleukin (IL)-8, capable of inducing angiogenesis in endothelial cells”. The
expression of growth factors like vascular endothelial growth factor (VEGF) can be regulated
via epithelial-stromal interactions®***. The majority of the growth factors in the ECM are
present in an inactive conformation and need processing or release. Within the tumour-
microenvironment proteolytic enzymes, especially MMPs, play an important role in

regulating growth factor bio-availability’**

(Figure 2). For example, IL-8 can be activated
through proteolytic processing via MMP-9*', which results in a cascade of tumour cell-
fibroblast-endothelial-inflammatory cell interactions. Another example is the initiation of the
fibroblast angiogenic switch, regulated by tumour cell-derived MMP-7*. Next to proteolytic
enzymes also integrins play a major role in activation of growth factors. Integrins consist of a

group of 24 heterodimers and are involved in nearly all stages of cancer development.
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Figure 2. The tumour-microenvironment

Integrin avp3 and avB4 have been shown to be involved in regulating VEGF expression®,
and avp5, avp6 and avPp8 integrin have been show to be involved in TGF-B binding and
activation***. Besides activation of growth factors some integrins bind to MMPs*® and
interact with growth factor receptors like VEGF-Receptor-2*+.

Because of these important regulation mechanisms, targeting cell-cell interactions in the
tumour-microenvironment is now considered as a promising candidate for therapeutic

. . 13.1621.47 . . . . . . . .
intervention > """, This thesis focuses primarily on two major cell-cell interactions in the

tumour-microenvironment: Tumour angiogenesis and the generation of myofibroblasts.

3 Angiogenesis

Angiogenic activity of endothelial cells is in general low, except during embryonic
development, tissue repair after injury or pathological processes. The initiation phase of
angiogenesis consists of endothelial cell activation, degradation of the basement membrane,
subsequently followed by migration of endothelial cells. Then, in response to angiogenic
stimuli, endothelial cells proliferate and differentiate to re-establish cell-cell contacts and
form a lumen. Next is the so-called resolution phase in which the basement membrane is
restored and the endothelial cells return to a non-activated state by inhibition of proliferation
and vessel wall assernbly48’49. Tumours depend on neo-vascularisation processes to provide

oxygen and nutrients, allowing them to exceed a size of 1-2 mm*"".
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In hypoxic environments tumour cells start secreting pro-angiogenic factors which results in
endothelial branching (sprouting) towards the tumour’'. Molecules capable of inducing
endothelial sprouting are VEGF*~%**** bFGF, TGF-p>>"°, Laminin-5 y2 chain’’, IL-8 and
several others™. Various cell types within the tumour-microenvironment contribute to the
angiogenic processes. Neutrophils have been indicated to mediate the initial angiogenic
switch®, whereas macrophages and fibroblasts contribute to angiogenesis via the secretion of
various soluble factors and proteinases leading to the release of angiogenic molecules from
the ECM (e.g. VEGF release from connective tissue growth factor (CTGF)®.

In contrast, various types of cells can also mediate anti-angiogenic properties via proteinases-
mediated degradation of pro-angiogenic molecules® or the release of anti-angiogenic ECM
molecules®. Especially the role of MMPs seems dualistic and complex as they might act pro-
and anti-angiogenic*'. Together these data indicate that the response of endothelial cells to
angiogenic stimuli is a delicate interaction between tumour cells, fibroblasts and

inflammatory cells.

4  Origin and function of myofibroblasts

Already in the 1980s Dvorak ef al®® described tumours as “wounds that do not heal”, because
there are great similarities between tumours and wound healing processes. One of the cell
types crucial in both conditions are the myofibroblasts. Myofibroblasts are a heterogeneous
population of hyperactivated fibroblasts which simultaneously express the fibroblast marker
vimentin and a-Smooth Muscle Actin (SMA)***°. Myofibroblasts are characterized by
increased matrix deposition together with enhanced synthesis of proteolytic enzymes and
growth factors®’. In normal colon the presence of myofibroblasts is restricted to a thin single
layer along the crypt axis®®. In adenomas and carcinomas a strong increase in number of
myofibroblast has been shown’. Although their origin has not been clarified yet, several
theories have been postulated’'. Firstly, normal colonic myofibroblasts could strongly
proliferate. Secondly, pericytes, vascular smooth muscle cells, or smooth muscle cells from
the muscularis mucosa could differentiate and contribute to the myofibroblast population’ .
Thirdly, circulating precursor cells (fibrocytes) have been shown to migrate to tumours where
they trans-differentiate by TGF-B1 into myofibroblasts’*”’. Fourthly, epithelial-mesenchymal

67787 or differentiation of tumour infiltrating macrophages®,

transition (EMT) of tumour cells
could contribute to the carcinoma myofibroblast population. Finally, the most commonly
accepted hypothesis is that myofibroblasts arise from TGF-f1 mediated trans-differentiation

of resident fibroblasts’ *'%". Interestingly, in most of these proposed models TGF-§ plays a
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major role. TGF-f can differentiate fibrocytes into myofibroblasts, initiate EMT and trans-
differentiate macrophages or fibroblasts into myofibroblasts in vitro. Within the tumour-
microenvironment tumour cells are the major TGF- producers. However, the bio-activity of
the secreted ECM-bound latent TGF-B strongly depends on the presence of activation
cascades, finally leading to the fibroblast trans-differentiation. In turn, myofibroblasts interact
with surrounding epithelial cells, via secreted growth factors and proteinases. In colon cancer,

for example, it was shown that myofibroblasts up-regulate MMP expression®®®, increase

15,78,90 87,91-93

growth of epithelial cells and stimulate the invasion of colon cancer cells
Furthermore, myofibroblasts can contribute to angiogenic processes by enhanced secretion
pro-angiogenic molecules’**, providing matrix growth factor binding proteins (like CTGF),

morphogens or releasing inactive angiogenic factors from the ECM via secreted proteinases®®.

5 Growth factors in gastrointestinal cancer

Angiogenic processes as well as the generation of myofibroblasts depend on the presence of
growth factors in the tumour-microenvironment. In this thesis focus is on two major growth
factors involved in these processes leading to cancer progression and metastasis: Vascular

Endothelial Growth Factor (VEGF) and Transforming Growth Factor (TGF)-B1.

5.1 Vascular Endothelial Growth Factor

In 1971 Folkman et al. described a factor secreted by tumour cells which is capable of
inducing angiogenesis’', called Vascular Endothelial Growth factor (VEGF). VEGF is a key
mediator of angiogenesis, both in physiological as well as pathological conditions***.
Besides angiogenesis recent reports also show a role for VEGF in the suppression of epithelial
apoptosis induced by chemotherapeutic agents’’. The expression of VEGF is regulated by
different cytokines including TGF-B, bFGF and a hypoxic environment via Hypoxia Inducible
Factor (HIF )-1(148’50’5 2. At least four different subtypes of VEGF are known, VEGF-121, -165,
-189 and -206, referring to the number of amino acids™*®. Except VEGF-121 all isoforms
contain a heparin-binding domain which enables binding to the ECM via interactions with
Heparan Sulphate Proteoglycans (HSPGs)**'®. VEGF-165 is the most abundant form present
in the human body. This 45 kDa, disulfide bond-linked homodimer can bind to VEGF
receptor type 1 and 2 with high affinity. Receptor binding results in downstream signal
transduction via different signalling pathways and endothelial sprouting by stimulating
proliferation and migration (Figure 3). In tumours these vessels are irregular, dilated and

leaky and do not differentiate into arteries and venes’.
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" This provides an effective route for tumour

VEGF-RII

cells to enter the bloodstream and form distant
metastasis. Furthermore, because these vessels
are inefficient, a hypoxic environment remains
present resulting in the release of VEGF and
subsequent more angiogenesis. The ability of
VEGF to induce angiogenesis depends on the
presence of soluble VEGF”. Therefore, the
« Migration release of ECM-bound VEGEF is a critical step

* Proliferation in the induction of angiogenesis. There are

indications that proteinases play a role in the

Figure 3. VEGF signalling in endothelial cells  release of VEGF and in the degradation of
ECM components enabling endothelial cells to form new microvessels. Proteinases which are
involved in both the release and/or cleavage of VEGF include plasmin’®'*"'*® and MMPs*
193195 "The clinical relevance of tumour angiogenesis and especially VEGF is clearly shown
by the clinical use of the VEGF inhibiting antibody bevacizumab (Avastin®), in the treatment
of metastatic CRC'**'”7. Several other therapeutic agents targeting angiogenesis via blockade
of the VEGF receptors or downstream receptor kinases are currently tested in clinical trails or

already therapeutically applied'®"'%*!1%.

5.2 Transforming Growth Factor-f§

The TGF-f superfamily consists of 33 proteins which all have distinct functions in cell
homeostasis. This family of pleiotropic cytokines contains the TGF-Bs, the Bone
Morphogenic Proteins (BMPs), the actividins, and several others''*"". In humans the TGF-B
subfamily consist of three members, TGF-f1, -2 and -3, which are encoded by different
genes, but show high homology''*'"*. TGF-B1, a 25 kDa disulphide-bond linked homodimer,
is the most abundantly and universally expressed TGF-p member''*"'®. It is produced as a
latent complex consisting of TGF-B1, non-covalently bound to the latency-associated protein
(LAP) dimer, and covalently bound to Latent TGF-B Binding Protein (LTBP) for binding to
the ECM*%%>!1%12! Eoyr subtypes of LTBPs are known in humans of which in the colon
LTBP-4 is most important for the localisation'*2. Before TGF-B1 can exert its effects removal

of LTBP and LAP is required'?, involving a two step process (Figure 4).

- 18 -



General introduction

First the small Ilatent

GBmP-D

(Integrin)

" of the TGF-B dimer and
LAP is released from the

s / \ LTBP.  This  occurs

LLC SLC generally via proteolytic

cleavage of the LTBP by
Vo e

TGFp  LAP LTBP MMPs, serine proteases like

complex (SLC) consisting

plasmin, or BMP-1°%12+127,

Figure 4. Latent TGF-f1 activation Secondly LAP is removed

which is mainly mediated via a conformational change involving thrombospondin-1 (TSP-

128,129 56, 130-132
1) > 5

, Integrins or the neuropilin-1 receptor'”’. Furthermore, in vivo TGF-B1 can be

. 134 - 135 L . 136,137
activated via irradiation ™" or mechanical stress > and in vitro by extremes in pH or heat ™",

After active TGF-B1 is released it can bind to TGF-B Receptor type II (TGF-BRII). In

epithelial cells and fibroblasts this receptor recruits TGF-BRI, generally the activin receptor-

N like kinase type-5 (ALK-5), which is
TGFRIl  J|+——|f ALKS

transphosphorylated by TGF-BRII. This results in
phosphorylation of the Smad-2/Smad-3 complex.
Subsequent complexation with Smad-4 leads to
trans-localisation to the nucleus, where the
complex binds to specific promoter regions and
transcription is initiated (Figure 5). Typical targets
genes of TGF-B include plasminogen activator

inhibitor-1 (PAI-1), fibronectin and, in fibroblasts,

138-141

collagen type-I The Smad complex is

Figure 5. Smad dependent TGF-f

, , dephosphorylated by phosphatases and the Smads
signalling pathway

are released back into the cytosol''*!!.

Depending on the specific cell type, TGF-P can signal via other pathways including Mitogen-
Activated Protein Kinases (MAPK), Phospho-Inositide-3 (PI-3) kinases and signalling via
other ALKs and Smads''”'**'**. Besides TGF-BRI and TGF-BRII several co-receptors for
TGF-B have been identified including betaglycan (TGF-BRII)'**'*® and endoglin'?’.
Endoglin (CD105) is mainly expressed on angiogenic endothelial cells and seems to be

important for the effects of TGF-p on (tumour)-angiogenesis'**"'*.
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In normal tissue homeostasis effects of TGF-B1 on cells include inhibition of proliferation,
induction of apoptosis, suppression of the immune system and inhibition of endothelial cell
proliferation and migration. In pre-malignant and early stages of cancer, TGF-B1 inhibits the
proliferation of epithelial cells, thereby acting as a tumour-suppressor. In later stages the cells
become refractory to the inhibition of proliferation by TGF-f1 and can even be growth
stimulated by TGF-B1. Furthermore, TGF-f1 affects stromal cells by mediating trans-
differentiation of fibroblasts into hyper-activated myofibroblasts, thereby increasing synthesis
of growth factors, ECM components and proteolytic enzymes. The effects of TGF-f on
endothelial cells include induction of angiogenesis via stimulation of proliferation and
migration'*. Finally, TGF-p represses the immune response, for example, via prevention of
activation and proliferation of cytotoxic T-lymphocytes, directly inhibiting the cytolytic
activity of NK-cells”'*, but also converting CD8+ T-cells into IL-17 producing cells
enhancing growth by pro-survival signals'>*. All these processes and the differences in
cellular responses to TGF-B contribute to the dual role of TGF-BI in cancer progression’' '+
H815160 - Al50 in gastrointestinal cancers the TGF-B pathway functions as a key mediator in
different stages of cancer. Several mutations in the TGF-B signalling pathway contribute to
CRC carcinogenesis. In mice it was shown that in colon adenomas, initiated by a mutation in
the APC gene, additional epithelial TGF-BRII mutations induces malignant transformation of
these adenomas'*®, and that Smad-3 knock-out mice develop metastatic CRC already at four
months of age'®, indicating the involvement of the TGF-p pathway in the development of
CRC. In patients, TGF-BRII is mutated in 90% of the microsatellite instable colorectal
tumours'®® and mutation in the TGF-BRI mutations seem to be causally involved in a subset
of HNPCC occurrences'®. In the downstream signalling cascade several mutations in the

5,164-167
d

Smad pathway, especially Smad-4, have been describe . Disruption of the gene

encoding LTBP-4, important for latent TGF- localisation in the colon, causes CRC'?.
Besides mutations in the receptors, associated proteins or downstream signalling cascade
components, mutations in the TGF-f1 gene itself enhances TGF- production by four to six
fold'®®, increasing the CRC risk'®. Increased tissue and plasma TGE-B1 levels have indeed
been shown in CRC, which correlate with different clinico-pathological parameters including
survival "7 In gastric cancer TGF-P expression is observed in malignant epithelial and
stromal cells and it was shown that both serum and tissue TGF-B1 levels are up-regulated,
correlating with lymph node metastasis and poor prognosis''>'7>"'%.

These data suggest a crucial role for TGF-B1 in the progression of gastrointestinal cancers.

However, only a few studies focussed on the interplay between the different cells in the
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. . . . . . . 123
tumour-microenvironment influencing the production, effects, and, of crucial importance -,

activation of latent TGF-B1.

6 Proteinases implicated in growth factor activation and receptor shedding

Proteolytic enzymes or proteinases cleave targets proteins which include basement membrane

components, ECM molecules, membrane bound receptors, and growth factors (Figure 6)°">”

184 . . . . .
% The role of proteinases in the progression and metastasis of cancer has extensively been

studied. Among the many groups of proteases much focus has been on components of the

5 86

urokinase-type plasminogen activator system'®, the cathepsins'®™ and the matrix

36-39,187,188

metalloproteinases

Generation of ECM signaling molecules Shedding of receptors and membrane molecules

Figure 6. Contribution of proteinases to specific cleavage events in cancer

6.1 The urokinase plasminogen activation system

Plasmin is a serine protease, which is synthesised as the pro-enzyme plasminogen. Activation
occurs through removal of the pro-peptide and is mediated via tissue-type plasminogen
activator (tPA) or urokinase-type plasminogen activator (uPA). The role of uPA in cancer has
extensively been studied revealing a clear role for uPA, its receptor uPAR and plasminogen
activator inhibitor-1 (PAI-1) in cancer progression via the generation of plasmin, regulation of

185,189,190

cell/ECM interactions, cell recruitment, and in signal transduction . Furthermore,

clinically the plasminogen activator system has been shown to be related to tumour-

1% yPA can induce chemotaxis after binding to uPAR,

parameters and to patient surviva
but also via direct activation of pro-HGF. Furthermore, uPA activates plasmin which in turn

can increase bio-availability of growth factors like bFGF, VEGF, and TGF-BISS.
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6.2  The cathepsins
Cathepsins belong to the group of lysosomal cystein proteases and 11 members of this family
have been identified'””. Activation of the pro-enzyme occurs via proteolytic removal of the N-

terminal propeptide sequence'”.

They have a role in the lysososmal processing of
incorporated molecules in the cell'™, but can also be secreted into the pericellular space.
Especially the role of cathepsin B and cathepsin S has been studied in cancer progression.

97

Cathepsin B is up-regulated in CRC''°, displaying involvement in angiogenesis'®’ and

1% or via the activation of

tumour invasion, for example directly via the activation of HB-EGF
indirectly via processing of proteins like UPA 86198199, Cathepsin S is one of the most potent
lysosomal cystein proteinases. It has a low pH optimum, around pH 5, and is mainly produced
by macrophages and tumour cells. Activation of the pro-molecule occurs via removal of the
N-terminal propeptide'*®'**. Tt has been shown to be involved in MHC class II antigen

194,200

presentation and is therefore involved in many immune disorders. Cathepsin S is also

up-regulated in prostate cancer”' and glioblastomas®*'?®, and has a role in tumour
angiogenesis™*®, probably by its ability to generate pro-angiogenic matrix-derived peptides

like laminin-5 y2 chains® " 2.

6.3  The matrix metalloproteinases

The first matrix metalloproteinase, MMP-1, was discovered in 1962 in tadpole tails*”’. Since
then the MMP family has extended to a group of at least 23 zinc-bound proteinases, which are
involved in remodelling of the ECM*® and implicated in many physiological processes
including embryonic development, organogenesis, wound healing processes and bone

remodelling'*®.

Furthermore, MMPs are involved in many pathological conditions like
inflammation and the invasion of cancer cells by ECM remodelling, including degradation of
the basement membrane’®**>>'872% Regulation of MMP activity is mediated via activation of
the inactive zymogens and further by the expression of their natural inhibitors, a-2
macroglobulin, the Tissue Inhibitors of Matrix Metalloproteinases (TIMPs) and the

membrane anchored inhibitor RECK'**!

. Biological processes involving MMPs are
therefore always strongly dependent on the balance between activation of the zymogen, and
the presence of the inhibitors®. Recently, the MMP family was expanded with a special group
of metalloproteinases, the ADAM(T)s [a Disintegrin And Metalloproteinase (with
Thrombospondin motive)], which have a similar catalytic structure to MMPs and are also
inhibited by TIMPs*®!**'%_ Besides their role in ECM degradation MMPs also have a

prominent role in the activation of latent growth factors and hence in the communication
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between cells within the tumour-microenvironment*®#!-1#20%211212 = The role of MMPs in
different stages of tumour development has been studied, showing up-regulation of various
MMPs in CRC* %% 213-214 " After it was shown that MMPs contribute significantly to tumour
progression clinical trials started using broad spectrum MMP inhibitors. However, these trials
did not show the results expected from pre-clinical tests in vitro and in mice®'®. Severe side-
effects combined with only minor therapeutical effects on tumour-progression led to a rapid
withdrawal of the initial clinical trials*'>*'®, Afterwards, more studies have focused on the
specific role of MMPs within the human tumour-microenvironment to reveal the more
sophisticated role of MMPs in releasing or activating growth factors and the generation of
signalling molecules®®'™. Currently more specific MMP inhibitors are developed and tested
in clinical trials for various pathologic conditions®®*%21721%

The following MMP classification into collagenases, gelatinases, stromelysins or membrane

type MMPs is based on their structural domains, natural substrates and localisation®® %2,

6.3.1 The collagenases

The collagenases consist of MMP-1, MMP-8, MMP-13 and MMP-14. Their ECM substrates
include different collagens and HSPGs and the collagenases are activated by several other
MMPs and plasmin. MMP-13, which can be activated by MMP-32"’, seems to have a central
role in the MMP activation cascade®, activating both MMP-2 and MMP-9 (Figure 7).
Furthermore, MMP-13 expression is
low in normal epithelial cells but
strongly up-regulated in tumour cells,
inflammatory cells and occasionally
fibroblasts**'***, MMP-13 has a role
in angiogenesis’>, and is associated

with poor survival in CRC patients™*’

and several other cancers>2"?**2% In
addition, MMP-1 and MMP-13 have

both been implicated in LTBP

cleavage leading  to TGF-B

s 227,22
activation 7 8.

Figure 7. MMP activation cascades and cell types expressing
MMPs in CRC. (M)F; (myo)-fibroblast
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6.3.2 The gelatinases

MMP-2 and MMP-9 belong to the gelatinases, because of their ability to degrade gelatine
(denatured collagen). Physiological substrates include collagen type IV, the major constituent
of the basement membrane. Therefore, the gelatinases have been often associated with
invasive processes and metastasis in CRC******. Expression of MMP-2 is mainly observed in
fibroblasts, but also tumour cells are capable of producing MMP-2*°. MMP-9 expression is
found in fibroblasts and infiltrating immune cells, including macrophages and neutrophils,
where MMP-9 is stored in granules’>’. Both MMP-2 and MMP-9 are up-regulated when
cells are stimulated with TGF —[31235'238. Furthermore, via direct cell-cell interaction, epithelial
EMMPRIN upregulates stromal MMP-2 expression”*°. The major activator of MMP-2 is
MMP-14 in a complex also containing TIMP-2**’. In turn MMP-2 can activate MMP-9 and
MMP-13*". Besides by MMP-2, MMP-9 can be activated by several other MMPs and by
plasmin (Figure 7). Both MMP-2 and MMP-9 have a role in angiogenic processes™* >*.
Especially MMP-9 might have a role in regulating VEGF bioavailability during the
angiogenic switch'®, but the exact mechanism of this process is not known. The gelatinases
are also involved in regulating TGF-B bio-activity. MMP-9, localised to the cell surface by
binding to CD44, and MMP-2 have both been implicated in the proteolytic processing

activation of the large latent TGF-p complex'% 243243,

6.3.3  The stromelysins

MMP-3, -10, and -11 belong to the stromelysins. Besides degradation of different ECM
components and various cell surface molecules'™, MMP-3, which can be activated by
plasmin'”

other MMPs including MMP-1, -7, -8, -9 and -13*'" (Figure 7). Expression of MMP-3 is

, seems to be very important because of its ability to activate a large number of

mainly observed in fibroblasts and is strongly upregulated in CRC*****. MMP-3 is capable of
generating active insulin like growth factor (IGF)*! and cleaving mouse VEGF-164 to smaller
isoforms®*’. Interestingly, a short form of MMP-3 has also been detected in the nucleus of
myofibroblasts, where it has a role in apoptosis®*®. Finally, MMP-3 has also been implicated

in TGF-B activation'™*.

6.3.4 The membrane type MMPs
Until now six membrane type MMPs (MT-MMPs) have been identified, which all contain a
transmembrane domain. MT-1, -2 and -3 MMP are the only MMPs which have been show to

be directly capable of dissolving the basement membrane, facilitating invasion*'. The most
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studied MT-MMP is MMP-14 (MT-1 MMP), which is strongly expressed by epithelial cells,
endothelial cells and myofibroblasts®*****. Intracellularly MMP-14 is processed to the

251,252

active form by furin and displayed on the membrane MMP-14 is capable of activating

254,255
’ and

MMP-2*. Besides promoting invasion by degradation of ECM components
HSPGs*', MMP-14 has been shown to be involved in vascular tubulogenesis®®, receptor
shedding'** and TGF-B activation®’. MT4-MMP seems to have a role in angiogenesis, by the

. 258
normalisation of tumour blood vessels™".

6.3.5 Other MMPs

The smallest member of the MMP family is MMP-7 (matrilysin), which is mainly expressed
by epithelial cells. This MMP is activated by MMP-3, -10 and plasmin and is in turn capable
of activating MMP-2*"" (Figure 7). Besides degradation of ECM components, MMP-7
increases fibroblast proliferation®”, cleaves E-cadherin'®*%*?®! and HB-EGF*” and is
capable of generating soluble Fas-ligand®®>. This increases apoptosis of normal epithelial
cells, but not affecting tumour cells as they have decreased sensitivity to Fas-ligand induced
apotosis. In addition, MMP-7 is capable of releasing active TGF-1 bound to decorin, an
ECM molecule*®.

MMP-28 (epilysin) is one of the most recently discovered MMPs***. 1t is widely expressed in
the gastrointestinal epithelial cells and in several tumours**. Interestingly, one study
described MMP-28 to be down-regulated in CRC*®. Furthermore, MMP-28 is up-regulated
during wound healing processes and is capable of activating TGF-f via cleavage of the

LTBP-1%¢,

6.3.6 The ADAM(T)s

The ADAMs are membrane anchored proteins, whereas the ADAM(T)s are secreted. At least
25 ADAMSs have been described in humans, which are intracellularly activated by furin-like
convertases. Several ADAMs have been linked to cancer, like ADAM-17, which is capable of
shedding HB-EGF, IL-1 receptor, tumour necrosis factor receptor I and II and pro-TNF-a
processing, and ADAM-10 which also contributes to pro-HB-EGF, pro-TNF-a, notch and E-
cadherin shedding®®’. In contrast, ADAM-1 and -8 have been shown to be anti-angiogenic

factors, possibly via binding of VEGF*®*,

-25-



Chapter 1

7  MMPs activating TGF-ff and VEGF

The role of MMPs in the release or activation of growth factors like TGF-f§ and VEGF has
been subject of several studies'®. It has been shown that, in vitro, latent TGF-B can be
activated by MMP-1?*7, MMP-2**-2* MMP-3'""- 138 MMP-9'%%-*> MMP-13***, MMP-14"*
29 and MMP-28%°. Which MMP is crucial for the activation of latent TGF-B and whether the
MMPs are involved in a proteolytic cascade and therefore inhibiting one of the MMPs would
block the proteolytic activation cascade, is not known yet. Not only MMPs, but also plasmin
has been described to be able to activate latent TGF-Bm’ 270 directly in vitro, but it is possible
that this activation occurs indirectly via activation of MMP-3. Besides direct activation of the
latent TGF-f3 complex the MMPs also play a role in releasing active TGF- when it is bound
to other molecules. For example, active TGF-$ binds to the ECM molecule decorin, from
which it can be proteolytically released by MMP-7>%_ In turn, activated TGF-p up-regulates
various invasion-associated MMPs and other proteinases235.

Several studies examined the role of MMPs in the release or activation of VEGF, but none of
them has been able to elucidate the mechanism how VEGF bioavailability is regulated.
Upregulation of availability can occur via cleavage of the VEGF molecule itself, generating a
smaller, more soluble isoform**’, whereas VEGF release is mediated via cleavage of ECM

components which bind VEGF'®.

8 Shedding of membrane molecules and receptors by MMPs

Besides the activation of growth factors MMPs and other proteinases are also involved in
shedding of other membrane-bound molecules (Figure 6)°’' like integrins and receptors
including Fibroblast Growth Factor Receptor-1 (FGFRI), uPAR and Her-2 and various others

104

(reviewed in ). For example one of the hallmarks of Epithelial Mesenchymal Transition

(EMT), a process in which epithelial cells lose expression of epithelial markers and

272 is the loss of E-

morphology and synthesize de novo mesenchymal markers (e.g. vimentin)
cadherin expression on epithelial cells. It has been shown that MMP-7 and MMP-3 can
mediate this cleavage process®***"'. Furthermore betaglycan (TGF-BRIII), can be shed from
the membrane by MMP-14, releasing a soluble form of betaglycan144. Endoglin, a TGF-f co-
receptor, which also can bind BMP-9*", has a crucial role in angiogenesis and exists also a
soluble form>*'**?™  However, the release mechanism and the possible involvement of

proteinases have not been elucidated yet.
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9  3-dimensional cell culture models

In order to investigate complex pathological processes and cell regulatory mechanisms often
model systems are used. Models can be simple by growing human primary cells or cell-lines
in monolayer conditions or complex by the use of animals. Although these models are
valuable and gain insight into aforementioned processes, they do not have to be representative

39275211 especially when more than one cell type is involved.

for the human irn vivo situation
In this thesis, which focusses on the interaction between cells in the human tumour-

microenvironment, we used various 3-dimensional model systems.

9.1 Multi-cellular tumour spheroids

Spheroids are aggregates of cells in a 3-dimensional conformation. The first paper describing
the often applied agarose liquid overlay technique already dates from 30 years ago”"". Wells
are coated with agarose, which prevents attachment of the cells. In this way after 2-7 days
multi-cellular aggregates (100-500 um) are formed””. In contrast to cells growing in
monolayers, culturing them as spheroids restores the morphological and functional features of
cells as observed in vivo®™ **°. Cells in the hypoxic centre of the spheroid die, whereas cells
in the outer layers are viable cells, like cells in vivo surrounding blood vessels. Therefore,
spheroids closely represent small avascular solid tumours or micro-metastasis> > >*>%. The
genes upregulated in 3-dimensionally cultured cells represent the genes which are also
upregulated in tumours, whereas cells grown as monolayers show different or sometimes even
contradictory responses275’284'287. The fact that results in spheroids are in general more closely
resembling the in vivo situation®® is caused by a difference in the expression of growth factor
receptors (like EGF of TGF-B receptors), but also by the deposition of ECM proteins, a
phenomenon far less observed by cells cultures under monolayer conditions, and differences
in cell adhesion molecules®™.

To study chemotaxis between tumour cells and immune cells often the Boyden chamber is
used, first described by Boyden in 1961°*. Spheroids form a good alternative to study
tumour-cell immune cell interaction because spheroids are capable of modulating infiltrating

290

immune cells as observed in vivo™ . In addition, co-culture of spheroids with host cells, like

fibroblast, can represent good models to study the influence of tumour cells on the resident

219291 In conclusion, multi-cellular tumour spheroids form a

fibroblasts in advanced tumours
very valuable tool to study tumour biology? >27%-280-288.290.292-294 = A " gnecial application of

spheroids is to study angiogenesis of endothelial cells.
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9.2  Endothelial spheroids

3-dimensional in vitro angiogenesis models are used to study all phases of angiogenesis
(matrix degradation, migration, proliferation, survival and morphogenesis*”). In contrast to
monolayers, spheroids of endothelial cells do not proliferate once embedded in a collagen
matrix and only form sprouts after stimulation with an angiogenic stimulus like VEGF>® %7,
therefore better representing the human setting. There are critical advantages of studying

(tumour)-angiogenesis using in vitro models compared to animal models. As was already

2
176 e

mentioned by Rangarajan ef a mice are not small people” and therefore do not have to

reflect the human tumour-microenvironment. For example the VEGF neutralizing antibody
Bevacizumab does not bind to mouse VEGF-164, whereas it strongly inhibits human VEGF-
165 induced angiogenesism. Although mouse models will still be indispensable to study the

pharmakinetics and toxicologic aspect of new drugs, recent advancements in the development

299

of model systems include 3-D lymphangiogenesis models™, and also grafting human

endothelial spheroids into mice to study tumour angiogenesis®”. This combination gives the
opportunity to study the angiogenesis in a human setting, but with the advantages of studying

it in the complexity of a whole organism.

10 References

1. Weir,H.K. et al. Annual report to the nation on the status of cancer, 1975-2000, featuring the uses of
surveillance data for cancer prevention and control. J. Natl. Cancer Inst. 95, 1276-1299 (2003).

2. Garcia,M. et al. Global cancer facts and figures 2007. American Cancer Society. 1-46 (2008).

3. Schulmann,K., Reiser,M., & Schmiegel,W. Colonic cancer and polyps. Best. Pract. Res. Clin.
Gastroenterol. 16,91-114 (2002).

4, Midgley,R. & Kerr,D. Colorectal cancer. Lancet 353, 391-399 (1999).

5. Grady,W.M. & Markowitz,S.D. Genetic and epigenetic alterations in colon cancer. Annu. Rev. Genomics
Hum. Genet. 3, 101-128 (2002).

6. Fearon,E.R. & Vogelstein,B. A genetic model for colorectal tumorigenesis. Cell 61, 759-767 (1990).

7. Gill,S., Thomas,R.R., & Goldberg,R.M. Review article: colorectal cancer chemotherapy. Aliment.
Pharmacol. Ther. 18, 683-692 (2003).

8. Garcia-Tunon,l. et al. Cell cycle control related proteins (p53, p21, and Rb) and transforming growth
factor B (TGFp) in benign and carcinomatous (in situ and infiltrating) human breast: implications in
malignant transformations. Cancer Invest 24, 119-125 (2006).

9. Lynch,H.T., Grady,W., Suriano,G., & Huntsman,D. Gastric cancer: new genetic developments. J. Surg.
Oncol. 90, 114-133 (2005).

10.  Lauren,P. The two histological main types of gastric carcinoma: Diffuse and so called intestinal-type

carcinoma. An attempt at a histo-clinical classification. Acta Pathol. Microbiol. Scand. 64, 31-49 (1965).

-28 -



11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

General introduction

Gout,S. & Huot,J. Role of cancer microenvironment in metastasis: Focus on colon cancer. Cancer
Microenvironment 1, DOI 10.1007/s12307-008-0007-2 (2008).

Park,C.C., BisselLM.J., & Barcellos-Hoff,M.H. The influence of the microenvironment on the malignant
phenotype. Mol. Med. Today 6, 324-329 (2000).

Bhowmick,N.A. & Moses,H.L. Tumor-stroma interactions. Curr. Opin. Genet. Dev. 15, 97-101 (2005).
Hu,M. & Polyak,K. Microenvironmental regulation of cancer development. Curr. Opin. Genet. Dev. 18,
27-34 (2008).

Bhowmick,N.A., Neilson,E.G., & Moses,H.L. Stromal fibroblasts in cancer initiation and progression.
Nature 432, 332-337 (2004).

Ruiter,D., Bogenrieder,T., Elder,D., & Herlyn,M. Melanoma-stroma interactions: structural and
functional aspects. Lancet Oncol. 3, 35-43 (2002).

De Wever,O. & Mareel,M. Role of tissue stroma in cancer cell invasion. J. Pathol. 200, 429-447 (2003).
Hanahan,D. & Weinberg,R.A. The hallmarks of cancer. Cell 100, 57-70 (2000).

Mesker,W.E. et al. The carcinoma-stromal ratio of colon carcinoma is an independent factor for survival
compared to lymph node status and tumor stage. Cell Oncol. 29, 387-398 (2007).

Sugiyama,Y. et al. Analysis of differential gene expression patterns in colon cancer and cancer stroma
using microdissected tissues. Gastroenterology 128, 480-486 (2005).

Micke,P. & Ostman,A. Tumour-stroma interaction: cancer-associated fibroblasts as novel targets in anti-
cancer therapy? Lung Cancer 45 Suppl 2, S163-S175 (2004).

Pokutta,S. & Weis,W.1. Structure and mechanism of cadherins and catenins in cell-cell contacts. Annu.
Rev. Cell Dev. Biol. 23,237-261 (2007).

Ogita,H. & Takai,Y. Cross-talk among integrin, cadherin, and growth factor receptor: roles of nectin and
nectin-like molecule. Int. Rev. Cytol. 265, 1-54 (2008).

Andl,C.D. et al. Coordinated Functions of E-Cadherin and Transforming Growth Factor {B} Receptor II
In vitro and In vivo. Cancer Res. 66, 9878-9885 (2006).

Gabison,E.E., Hoang-Xuan,T., Mauviel,A., & Menashi,S. EMMPRIN/CD147, an MMP modulator in
cancer, development and tissue repair. Biochimie 87, 361-368 (2005).

Yan,L., Zucker,S., & Toole,B.P. Roles of the multifunctional glycoprotein, emmprin (basigin; CD147), in
tumour progression. Thromb. Haemost. 93, 199-204 (2005).

Suzuki,S., Sato,M., Senoo,H., & Ishikawa,K. Direct cell-cell interaction enhances pro-MMP-2 production
and activation in co-culture of laryngeal cancer cells and fibroblasts: involvement of EMMPRIN and
MTI1-MMP. Exp. Cell Res. 293, 259-266 (2004).

Huet,E. et al. Extracellular matrix metalloproteinase inducer/CD147 promotes myofibroblast
differentiation by inducing alpha-smooth muscle actin expression and collagen gel contraction:
implications in tissue remodeling. FASEB J. 22, 1144-1154 (2008).

Guo,H., Zucker,S., Gordon,M.K., Toole,B.P., & Biswas,C. Stimulation of matrix metalloproteinase
production by recombinant extracellular matrix metalloproteinase inducer from transfected Chinese
hamster ovary cells. J. Biol. Chem. 272, 24-27 (1997).

Zheng,H.C. et al. Upregulated EMMPRIN/CD147 might contribute to growth and angiogenesis of gastric

carcinoma: a good marker for local invasion and prognosis. Br. J. Cancer 95, 1371-1378 (2006).

-29 .-



Chapter 1

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Gabison,E.E. et al. Differential expression of extracellular matrix metalloproteinase inducer (CD147) in
normal and ulcerated corneas: role in epithelio-stromal interactions and matrix metalloproteinase
induction. Am. J. Pathol. 166, 209-219 (2005).

Tamaoki,M. et al. Tenascin-C Regulates Recruitment of Myofibroblasts during Tissue Repair after
Myocardial Injury. Am. J. Pathol. 167, 71-80 (2005).

Van Kempen,L.C., Ruiter,D.J., van Muijen,G.N., & Coussens,L.M. The tumor microenvironment: a
critical determinant of neoplastic evolution. Eur. J. Cell Biol. 82, 539-548 (2003).

Koshida,Y., Kuranami,M., & Watanabe,M. Interaction between stromal fibroblasts and colorectal cancer
cells in the expression of vascular endothelial growth factor. J. Surg. Res. 134, 270-277 (2006).

Ong,C.T. et al. Epithelial-mesenchymal interactions in keloid pathogenesis modulate vascular endothelial
growth factor expression and secretion. J. Pathol. 211, 95-108 (2007).

Overall,C.M. & Kleifeld,O. Tumour-microenvironment - opinion: validating matrix metalloproteinases as
drug targets and anti-targets for cancer therapy. Nat. Rev. Cancer 6, 227-239 (2006).
Stetler-Stevenson,W.G., Liotta,L.A., & Kleiner,D.E., Jr. Extracellular matrix 6: role of matrix
metalloproteinases in tumor invasion and metastasis. FASEB J. 7, 1434-1441 (1993).

Hu,J., Van den Steen,P.E., Sang,Q.X., & Opdenakker,G. Matrix metalloproteinase inhibitors as therapy
for inflammatory and vascular diseases. Nat. Rev. Drug Discov. 6, 480-498 (2007).
Wagenaar-Miller,R.A., Gorden,L., & Matrisian,L.M. Matrix metalloproteinases in colorectal cancer: is it
worth talking about? Cancer Metastasis Rev. 23, 119-135 (2004).

Wilson,T.J. & Singh,R.K. Proteases as modulators of tumor-stromal interaction: Primary tumors to bone
metastases. Biochim. Biophys. Acta(2007).

Noel,A., Jost,M., & Maquoi,E. Matrix metalloproteinases at cancer tumor-host interface. Semin. Cell Dev.
Biol. 19, 52-60 (2008).

Ito, T.K., Ishii,G., Chiba,H., & Ochiai,A. The VEGF angiogenic switch of fibroblasts is regulated by
MMP-7 from cancer cells. Oncogene 26, 7194-7203 (2007).

Moschos,S.J., Drogowski,L.M., Reppert,S.L., & Kirkwood,J.M. Integrins and cancer. Oncology
(Williston. Park) 21, 13-20 (2007).

Jenkins,G. The role of proteases in transforming growth factor-p activation. Int. J. Biochem. Cell Biol. 40,
1068-1078 (2008).

Wipft,P.J. & Hinz,B. Integrins and the activation of latent transforming growth factor 1 - An intimate
relationship. Eur. J. Cell Biol.(2008).

Brooks,P.C. et al. Localization of matrix metalloproteinase MMP-2 to the surface of invasive cells by
interaction with integrin alpha v 3 3. Cell 85, 683-693 (1996).

Hofmeister,V., Schrama,D., & Becker,J.C. Anti-cancer therapies targeting the tumor stroma. Cancer
Immunol. Immunother.(2007).

Felmeden,D.C., Blann,A.D., & Lip,G.Y. Angiogenesis: basic pathophysiology and implications for
disease. Eur. Heart J. 24, 586-603 (2003).

Heissig,B., Hattori,K., Friedrich,M., Rafii,S., & Werb,Z. Angiogenesis: vascular remodeling of the
extracellular matrix involves metalloproteinases. Curr. Opin. Hematol. 10, 136-141 (2003).

Carmeliet,P. VEGF as a key mediator of angiogenesis in cancer. Oncology 69 Suppl 3, 4-10 (2005).

-30 -



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

General introduction

Folkman,J., Merler,E., Abernathy,C., & Williams,G. Isolation of a tumor factor responsible for
angiogenesis. J. Exp. Med. 133, 275-288 (1971).

Klagsbrun,M. & D'Amore,P.A. Vascular endothelial growth factor and its receptors. Cytokine Growth
Factor Rev. 7,259-270 (1996).

Robinson,C.J. & Stringer,S.E. The splice variants of vascular endothelial growth factor (VEGF) and their
receptors. J. Cell Sci. 114, 853-865 (2001).

Kamba,T. & McDonald,D.M. Mechanisms of adverse effects of anti-VEGF therapy for cancer. Br. J.
Cancer 96, 1788-1795 (2007).

Lebrin,F., Deckers,M., Bertolino,P., & Ten Dijke,P. TGF-§ receptor function in the endothelium.
Cardiovasc. Res. 65, 599-608 (2005).

Ten Dijke,P. & Arthur,H.M. Extracellular control of TGFp signalling in vascular development and
disease. Nat. Rev. Mol. Cell Biol. 8, 857-869 (2007).

Wang,B. et al. Cathepsin S controls angiogenesis and tumor growth via matrix-derived angiogenic
factors. J. Biol. Chem. 281, 6020-6029 (2006).

Liekens,S., De Clercq,E., & Neyts,J. Angiogenesis: regulators and clinical applications. Biochem.
Pharmacol. 61,253-270 (2001).

Nozawa,H., Chiu,C., & Hanahan,D. Infiltrating neutrophils mediate the initial angiogenic switch in a
mouse model of multistage carcinogenesis. Proc. Natl. Acad. Sci. U. S. A 103, 12493-12498 (2006).
Hashimoto,G. et al. Matrix metalloproteinases cleave connective tissue growth factor and reactivate
angiogenic activity of vascular endothelial growth factor 165. J. Biol. Chem. 277, 36288-36295 (2002).
AiS. et al. Angiogenic activity of bFGF and VEGF suppressed by proteolytic cleavage by neutrophil
elastase. Biochem. Biophys. Res. Commun. 364, 395-401 (2007).

Chang,J.H., Javier,J.A., Chang,G.Y., Oliveira,H.B., & Azar,D.T. Functional characterization of
neostatins, the MMP-derived, enzymatic cleavage products of type XVIII collagen. FEBS Lett. 579, 3601-
3606 (2005).

Dvorak,H.F. Tumors: wounds that do not heal. Similarities between tumor stroma generation and wound
healing. N. Engl. J. Med. 315, 1650-1659 (1986).

Ehrlich,H.P., Allison,G.M., & Leggett,M. The myofibroblast, cadherin, alpha smooth muscle actin and
the collagen effect. Cell Biochem. Funct.(2004).

Orimo,A. & Weinberg,R.A. Heterogeneity of stromal fibroblasts in tumors. Cancer Biol. Ther. 6, 618-619
(2007).

Valentich,J.D., Popov,V., Saada,J.l., & Powell,D.W. Phenotypic characterization of an intestinal
subepithelial myofibroblast cell line. Am. J. Physiol 272, C1513-C1524 (1997).

Kalluri,R. & Zeisberg,M. Fibroblasts in cancer. Nat. Rev. Cancer 6,392-401 (2006).

Powell,D.W. et al. Myofibroblasts. II. Intestinal subepithelial myofibroblasts. Am. J. Physiol 277, C183-
C201 (1999).

Powell,D.W., Adegboyega,P.A., Di Mari,J.F., & Mifflin,R.C. Epithelial Cells and Their Neighbors I. Role
of intestinal myofibroblasts in development, repair, and cancer. Am. J. Physiol Gastrointest. Liver Physiol

289, G2-G7 (2005).

-31 -



Chapter 1

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Adegboyega,P.A., Mifflin,R.C., DiMari,J.F., Saada,J.I., & Powell,D.W. Immunohistochemical study of
myofibroblasts in normal colonic mucosa, hyperplastic polyps, and adenomatous colorectal polyps. Arch.
Pathol. Lab Med. 126, 829-836 (2002).

Powell,D.W. et al. Myofibroblasts. I. Paracrine cells important in health and disease. Am. J. Physiol 277,
C1-C9 (1999).

Ban,S. et al. Phenotypic change of muscularis mucosae in early invasive colorectal adenocarcinoma. J.
Clin. Pathol. 53, 878-881 (2000).

Ronnov-Jessen,L., Petersen,0.W., Koteliansky,V.E., & Bissell,M.J. The origin of the myofibroblasts in
breast cancer. Recapitulation of tumor environment in culture unravels diversity and implicates converted
fibroblasts and recruited smooth muscle cells. J. Clin. Invest 95, 859-873 (1995).

Abe,R., Donnelly,S.C., Peng,T., Bucala,R., & Metz,C.N. Peripheral blood fibrocytes: differentiation
pathway and migration to wound sites. J. Immunol. 166, 7556-7562 (2001).

Quan,T.E., Cowper,S., Wu,S.P., Bockenstedt,L..K., & Bucala,R. Circulating fibrocytes: collagen-secreting
cells of the peripheral blood. Int. J. Biochem. Cell Biol. 36, 598-606 (2004).

Schmidt,M., Sun,G., Stacey,M.A., Mori,L., & Mattoli,S. Identification of circulating fibrocytes as
precursors of bronchial myofibroblasts in asthma. J. Immunol. 171, 380-389 (2003).

Kuroda,N. et al. The distribution of CD34-positive stromal cells and myofibroblasts in colorectal
carcinoid tumors. Histol. Histopathol. 20, 27-33 (2005).

Radisky,D.C., Kenny,P.A., & BissellLM.J. Fibrosis and cancer: do myofibroblasts come also from
epithelial cells via EMT? J. Cell Biochem. 101, 830-839 (2007).

Gal,A. et al. Sustained TGF B exposure suppresses Smad and non-Smad signalling in mammary epithelial
cells, leading to EMT and inhibition of growth arrest and apoptosis. Oncogene 27, 1218-1230 (2008).
Ninomiya,K., Takahashi,A., Fujioka,Y., Ishikawa,Y., & Yokoyama,M. Transforming growth factor-§
signaling enhances transdifferentiation of macrophages into smooth muscle-like cells. Hypertens. Res. 29,
269-276 (2006).

Wiercinska,E. ef al. 1d1 is a critical mediator in TGF-B-induced transdifferentiation of rat hepatic stellate
cells. Hepatology 43, 1032-1041 (2006).

Dooley,S. et al. Smad7 prevents activation of hepatic stellate cells and liver fibrosis in rats.
Gastroenterology 125, 178-191 (2003).

Desmouliere,A., Geinoz,A., Gabbiani,F., & Gabbiani,G. Transforming growth factor-f 1 induces alpha-
smooth muscle actin expression in granulation tissue myofibroblasts and in quiescent and growing
cultured fibroblasts. J. Cell Biol. 122, 103-111 (1993).

Walker,G.A., Masters,K.S., Shah,D.N., Anseth,K.S., & Leinwand,L.A. Valvular Myofibroblast
Activation by Transforming Growth Factor-f. Implications for Pathological Extracellular Matrix
Remodeling in Heart Valve Disease. Circ. Res.(2004).

Lieubeau,B., Garrigue,L., Barbieux,l., Meflah,K., & Gregoire,M. The role of transforming growth factor
B1 in the fibroblastic reaction associated with rat colorectal tumor development. Cancer Res. 54, 6526-
6532 (1994).

-32 -



86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.
97.

98.

99.

100.

101.

102.

103.

General introduction

Shephard,P. et al. Myofibroblast differentiation is induced in keratinocyte-fibroblast co-cultures and is
antagonistically regulated by endogenous transforming growth factor-f and interleukin-1. Am. J. Pathol.
164, 2055-2066 (2004).

Lewis,M.P. et al. Tumour-derived TGF-p1 modulates myofibroblast differentiation and promotes
HGF/SF-dependent invasion of squamous carcinoma cells. Br. J. Cancer 90, 822-832 (2004).

Ko,K. et al. Activation of fibroblast-derived matrix metalloproteinase-2 by colon-cancer cells in non-
contact Co-cultures. Int. J. Cancer 87, 165-171 (2000).

Ide,T. et al. Tumor-stromal cell interaction under hypoxia increases the invasiveness of pancreatic cancer
cells through the hepatocyte growth factor/c-Met pathway. Int. J. Cancer 119, 2750-2759 (2006).
Samoszuk,M., Tan,J., & Chorn,G. Clonogenic growth of human breast cancer cells co-cultured in direct
contact with serum-activated fibroblasts. Breast Cancer Res. 7, R274-R283 (2005).

Denys,H. et al. Differential impact of TGF-B and EGF on fibroblast differentiation and invasion
reciprocally promotes colon cancer cell invasion. Cancer Lett. 266, 263-274 (2008).

Martin,M., Pujuguet,P., & Martin,F. Role of stromal myofibroblasts infiltrating colon cancer in tumor
invasion. Pathol. Res. Pract. 192, 712-717 (1996).

De Wever,O. et al. Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide convergent pro-
invasive signals to human colon cancer cells through RhoA and Rac. FASEB J. 18, 1016-1018 (2004).
Mahadevan,D. & Von Hoff,D.D. Tumor-stroma interactions in pancreatic ductal adenocarcinoma. Mol.
Cancer Ther. 6, 1186-1197 (2007).

Derynck,R., Akhurst,R.J., & Balmain,A. TGF-f signaling in tumor suppression and cancer progression.
Nat. Genet. 29, 117-129 (2001).

Hughes,C.C. Endothelial-stromal interactions in angiogenesis. Curr. Opin. Hematol. 15, 204-209 (2008).
Masuda,K. et al. A novel tumor-promoting function residing in the 5' non-coding region of vascular
endothelial growth factor mRNA. PLoS. Med. 5, €94 (2008).

Park,J.E., Keller,G.A., & Ferrara,N. The vascular endothelial growth factor (VEGF) isoforms: differential
deposition into the subepithelial extracellular matrix and bioactivity of extracellular matrix-bound VEGF.
Mol. Biol. Cell 4, 1317-1326 (1993).

Houck,K.A., Leung,D.W., Rowland,A.M., Winer,J., & Ferrara,N. Dual regulation of vascular endothelial
growth factor bioavailability by genetic and proteolytic mechanisms. J. Biol. Chem. 267, 26031-26037
(1992).

Yang,Y. et al. Heparanase enhances syndecan-1 shedding: a novel mechanism for stimulation of tumor
growth and metastasis. J. Biol. Chem. 282, 13326-13333 (2007).

Kowanetz,M. & Ferrara,N. Vascular endothelial growth factor signaling pathways: therapeutic
perspective. Clin. Cancer Res. 12, 5018-5022 (2006).

Keyt,B.A. et al. The carboxyl-terminal domain (111-165) of vascular endothelial growth factor is critical
for its mitogenic potency. J. Biol. Chem. 271, 7788-7795 (1996).

Bergers,G. et al. Matrix metalloproteinase-9 triggers the angiogenic switch during carcinogenesis. Nat.

Cell Biol. 2, 737-744 (2000).

-33 -



Chapter 1

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Cauwe,B., Van den Steen,P.E., & Opdenakker,G. The biochemical, biological, and pathological
kaleidoscope of cell surface substrates processed by matrix metalloproteinases. Crit Rev. Biochem. Mol.
Biol. 42, 113-185 (2007).

Handsley,M.M. & Edwards,D.R. Metalloproteinases and their inhibitors in tumor angiogenesis. Int. J.
Cancer (2005).

Hurwitz,H. et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal
cancer. N. Engl. J. Med. 350, 2335-2342 (2004).

Folkman,J. Angiogenesis: an organizing principle for drug discovery? Nat. Rev. Drug Discov. 6, 273-286
(2007).

Ferrara,N., Mass,R.D., Campa,C., & Kim,R. Targeting VEGF-A to treat cancer and age-related macular
degeneration. Annu. Rev. Med. 58, 491-504 (2007).

Homsi,J. & Daud,A.l. Spectrum of activity and mechanism of action of VEGF/PDGF inhibitors. Cancer
Control 14, 285-294 (2007).

Massague,J., Seoane,]J., & Wotton,D. Smad transcription factors. Genes Dev. 19, 2783-2810 (2005).

Ten Dijke,P. & Hill,C.S. New insights into TGF-B-Smad signalling. Trends Biochem. Sci. 29, 265-273
(2004).

Kai,T. et al. Distribution of transforming growth factor-p and its receptors in gastric carcinoma tissue.
Jpn. J. Cancer Res. 87,296-304 (1996).

Ten Dijke,P., Goumans,M.J., & Pardali,E. Endoglin in angiogenesis and vascular diseases. Angiogenesis.
11, 79-89 (2008).

Elliott,R.L. & Blobe,G.C. Role of transforming growth factor-p in human cancer. J. Clin. Oncol. 23,
2078-2093 (2005).

Bierie,B. & Moses,H.L. Tumour-microenvironment: TGFf: the molecular Jekyll and Hyde of cancer. Nat.
Rev. Cancer 6, 506-520 (2006).

Blobe,G.C., Schiemann,W.P., & Lodish,H.F. Role of transforming growth factor § in human disease. N.
Engl. J. Med. 342, 1350-1358 (2000).

Leivonen,S.K. & Kahari,V.M. Transforming growth factor- signaling in cancer invasion and metastasis.
Int. J. Cancer 121, 2119-2124 (2007).

Muraoka-Cook,R.S., Dumont,N., & Arteaga,C.L. Dual role of transforming growth factor  in mammary
tumorigenesis and metastatic progression. Clin. Cancer Res. 11, 9375-943s (2005).

Maeda,S., Dean,D.D., Gomez,R., Schwartz,Z., & Boyan,B.D. The first stage of transforming growth
factor B1 activation is release of the large latent complex from the extracellular matrix of growth plate
chondrocytes by matrix vesicle stromelysin-1 (MMP-3). Calcif. Tissue Int. 70, 54-65 (2002).

Koli,K., Saharinen,J., Hyytiainen,M., Penttinen,C., & Keski-Oja,J. Latency, activation, and binding
proteins of TGF-B. Microsc. Res. Tech. 52, 354-362 (2001).

Prud’homme,G.J. Pathobiology of transforming growth factor B in cancer, fibrosis and immunologic
disease, and therapeutic considerations. Lab Invest 87, 1077-1091 (2007).

Sterner-Kock,A. et al. Disruption of the gene encoding the latent transforming growth factor-f binding
protein 4 (LTBP-4) causes abnormal lung development, cardiomyopathy, and colorectal cancer. Genes

Dev. 16, 2264-2273 (2002).

-34 -



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

General introduction

Barcellos-Hoff, M.H. & Ewan,K.B. Transforming growth factor-f and breast cancer: Mammary gland
development. Breast Cancer Res. 2, 92-99 (2000).

Ge,G. & Greenspan,D.S. BMP1 controls TGFB1 activation via cleavage of latent TGFB-binding protein.
J. Cell Biol. 175, 111-120 (2006).

Taipale,J., Koli,K., & Keski-Oja,J. Release of transforming growth factor-p 1 from the pericellular matrix
of cultured fibroblasts and fibrosarcoma cells by plasmin and thrombin. J. Biol. Chem. 267, 25378-25384
(1992).

Yu,Q. & Stamenkovic,I. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-3
and promotes tumor invasion and angiogenesis. Genes Dev. 14, 163-176 (2000).

Lindstedt,K.A. et al. Activation of paracrine TGF-B1 signaling upon stimulation and degranulation of rat
serosal mast cells: a novel function for chymase. FASEB J. 15, 1377-1388 (2001).

Murphy-Ullrich,J.E. & Poczatek,M. Activation of latent TGF-p by thrombospondin-1: mechanisms and
physiology. Cytokine Growth Factor Rev. 11, 59-69 (2000).

Crawford,S.E. et al. Thrombospondin-1 is a major activator of TGF-B1 in vivo. Cell 93, 1159-1170
(1998).

Annes,J.P., Munger,J.S., & Rifkin,D.B. Making sense of latent TGFp activation. J. Cell Sci. 116, 217-224
(2003).

Fontana,L. et al. Fibronectin is required for integrin avp6-mediated activation of latent TGF-B complexes
containing LTBP-1. FASEB J. 19, 1798-1808 (2005).

Mu,D. et al. The integrin alpha(v)B8 mediates epithelial homeostasis through MT1-MMP-dependent
activation of TGF-B1. J. Cell Biol. 157, 493-507 (2002).

Glinka,Y. & Prud’homme,G.J. Neuropilin-1 is a receptor for transforming growth factor {B}-1, activates
its latent form, and promotes regulatory T cell activity. J. Leukoc. Biol.(2008).

Barcellos-Hoff,M.H., Derynck,R., Tsang,M.L., & Weatherbee,J.A. Transforming growth factor-f3
activation in irradiated murine mammary gland. J. Clin. Invest 93, 892-899 (1994).

Wipft,P.J., Ritkin,D.B., Meister,J.J., & Hinz,B. Myofibroblast contraction activates latent TGF-B1 from
the extracellular matrix. J. Cell Biol. 179, 1311-1323 (2007).

Beck,C., Schreiber,H., & Rowley,D. Role of TGF-f} in immune-evasion of cancer. Microsc. Res. Tech. 52,
387-395 (2001).

Jullien,P., Berg,T.M., & Lawrence,D.A. Acidic cellular environments: activation of latent TGF-f and
sensitization of cellular responses to TGF-f and EGF. /nt. J. Cancer 43, 886-891 (1989).

Maeda,S., Dean,D.D., Gay,l., Schwartz,Z., & Boyan,B.D. Activation of latent transforming growth factor
B1 by stromelysin 1 in extracts of growth plate chondrocyte-derived matrix vesicles. J. Bone Miner. Res.
16, 1281-1290 (2001).

Dennler,S. et al. Direct binding of Smad3 and Smad4 to critical TGF B-inducible elements in the promoter
of human plasminogen activator inhibitor-type 1 gene. EMBO J. 17, 3091-3100 (1998).

Katuri,V. et al. Critical interactions between TGF-f signaling/ELF, and E-cadherin/B-catenin mediated
tumor suppression. Oncogene 25, 1871-1886 (2006).

-35-



Chapter 1

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

Schultze-Mosgau,S. et al. Plasminogen activator inhibitor-I-related regulation of procollagen I (alpha(1)
and alpha(2)) by antitransforming growth factor-f1 treatment during radiation-impaired wound healing.
Int. J. Radiat. Oncol. Biol. Phys. 64, 280-288 (2006).

Shi,Y. & Massague,J. Mechanisms of TGF-f signaling from cell membrane to the nucleus. Cell 113, 685-
700 (2003).

Muraoka-Cook,R.S. et al. Conditional overexpression of active transforming growth factor Bl in vivo
accelerates metastases of transgenic mammary tumors. Cancer Res. 64, 9002-9011 (2004).
Velasco-Loyden,G., Arribas,J., & Lopez-Casillas,F. The shedding of betaglycan is regulated by
pervanadate and mediated by membrane type matrix metalloprotease-1. J. Biol. Chem. 279, 7721-7733
(2004).

Philip,A., Hannah,R., & O'connor-McCourt,M. Ectodomain cleavage and shedding of the type III
transforming growth factor-f receptor in lung membranes effect of temperature, ligand binding and
membrane solubilization. Eur. J. Biochem. 261, 618-628 (1999).

Kirkbride,K.C., Townsend,T.A., Bruinsma,M.W., Barnett,J.V., & Blobe,G.C. Bone morphogenetic
proteins signal through the transforming growth factor-f type III receptor. J. Biol. Chem. 283, 7628-7637
(2008).

Koleva,R.I. et al. Endoglin structure and function: Determinants of endoglin phosphorylation by TGF
receptors. J. Biol. Chem. 281, 25110-25123 (2006).

Li,C., Guo,B., Bernabeu,C., & Kumar,S. Angiogenesis in breast cancer: the role of transforming growth
factor B and CD105. Microsc. Res. Tech. 52, 437-449 (2001).

Dallas,N.A. et al. Endoglin (CD105): A Marker of Tumor Vasculature and Potential Target for Therapy.
Clin. Cancer Res. 14, 1931-1937 (2008).

Duff,S.E., Li,C., Garland,J.M., & Kumar,S. CD105 is important for angiogenesis: evidence and potential
applications. FASEB J. 17, 984-992 (2003).

Fonsatti,E. & Maio,M. Highlights on endoglin (CD105): from basic findings towards clinical applications
in human cancer. J. Transl. Med. 2, 18 (2004).

Fonsatti,E., Altomonte,M., Nicotra,M.R., Natali,P.G., & Maio,M. Endoglin (CD105): a powerful
therapeutic target on tumor-associated angiogenetic blood vessels. Oncogene 22, 6557-6563 (2003).
Fonsatti,E. er al. Endoglin: An accessory component of the TGF-B-binding receptor-complex with
diagnostic, prognostic, and bioimmunotherapeutic potential in human malignancies. J. Cell Physiol 188,
1-7 (2001).

Nam,J.S. et al. Transforming growth factor B subverts the immune system into directly promoting tumor
growth through interleukin-17. Cancer Res. 68, 3915-3923 (2008).

Akhurst,R.J. & Derynck,R. TGF-f signaling in cancer--a double-edged sword. Trends Cell Biol. 11, S44-
S51 (2001).

Arteaga,C.L. Inhibition of TGFp signaling in cancer therapy. Curr. Opin. Genet. Dev. 16, 30-37 (2006).
Jakowlew,S.B. Transforming growth factor-f in cancer and metastasis. Cancer Metastasis Rev. 25, 435-
457 (2000).

Munoz,N.M. et al. Transforming growth factor B receptor type II inactivation induces the malignant

transformation of intestinal neoplasms initiated by Apc mutation. Cancer Res. 66, 9837-9844 (2006).

-36 -



159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

General introduction

Oft,M., Heider,K.H., & Beug,H. TGFf signaling is necessary for carcinoma cell invasiveness and
metastasis. Curr. Biol. 8, 1243-1252 (1998).

Roberts,A.B. & Wakefield,L.M. The two faces of transforming growth factor j in carcinogenesis. Proc.
Natl. Acad. Sci. U. S. 4100, 8621-8623 (2003).

Zhu,Y., Richardson,J.A., Parada,L.F., & Graff,J.M. Smad3 mutant mice develop metastatic colorectal
cancer. Cell 94, 703-714 (1998).

Parsons,R. ef al. Microsatellite instability and mutations of the transforming growth factor B type II
receptor gene in colorectal cancer. Cancer Res. 55, 5548-5550 (1995).

Bian,Y. et al. TGFBR1*6A may contribute to hereditary colorectal cancer. J. Clin. Oncol. 23, 3074-3078
(20095).

Kodach,L.L. et al. The bone morphogenetic protein pathway is active in human colon adenomas and
inactivated in colorectal cancer. Cancer 112, 300-306 (2008).

Salovaara,R. ef al. Frequent loss of SMAD4/DPC4 protein in colorectal cancers. Gut 51, 56-59 (2002).
Tsushima,H. er al. High levels of transforming growth factor Bl in patients with colorectal cancer:
association with disease progression. Gastroenterology 110, 375-382 (1996).

Woodford-Richens,K.L. et al. SMAD4 mutations in colorectal cancer probably occur before
chromosomal instability, but after divergence of the microsatellite instability pathway. Proc. Natl. Acad.
Sci. U. S. 498, 9719-9723 (2001).

Birkenkamp-Demtroder,K. et al. Gene expression in colorectal cancer. Cancer Res. 62, 4352-4363
(2002).

Berndt,S.I. et al. Transforming growth factor B1 (TGFB1) gene polymorphisms and risk of advanced
colorectal adenoma. Carcinogenesis 28, 1965-1970 (2007).

Tsamandas,A.C. et al. The potential role of TGFB1, TGFB2 and TGFf3 protein expression in colorectal
carcinomas. Correlation with classic histopathologic factors and patient survival. Strahlenther. Onkol.
180, 201-208 (2004).

Langenskiold,M., Holmdahl,L., Falk,P., Angenete,E., & Ivarsson,M.L. Increased TGF-B1 protein
expression in patients with advanced colorectal cancer. J. Surg. Oncol. 97, 409-415 (2008).

Bellone,G. et al. Differential expression of transforming growth factors-p1, -p2 and -3 in human colon
carcinoma. Eur. J. Cancer 37, 224-233 (2001).

Safina,A., Ren,M.Q., Vandette,E., & Bakin,A.V. TAKI is required for TGF-1-mediated regulation of
matrix metalloproteinase-9 and metastasis. Oncogene 27, 1198-1207 (2008).

Angenete,E. et al. Transforming growth factor-pl in rectal tumour, mucosa and plasma in relation to
radiotherapy and clinical outcome in rectal cancer patients. Int. J. Colorectal Dis. 22, 1331-1338 (2007).
Saito,H. et al. An elevated serum level of transforming growth factor-f 1 (TGF-B1) significantly
correlated with lymph node metastasis and poor prognosis in patients with gastric carcinoma. Anticancer
Res. 20, 4489-4493 (2000).

Choi,Y .H., Choi,K.C., & Park,Y.E. Relationship of transforming growth factor f1 to angiogenesis in
gastric carcinoma. J. Korean Med. Sci. 12, 427-432 (1997).

-37 -



Chapter 1

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Lee,M.S. et al. The signaling network of transforming growth factor 1, protein kinase Cdelta, and
integrin underlies the spreading and invasiveness of gastric carcinoma cells. Mol. Cell Biol. 25, 6921-
6936 (2005).

Naef,M. et al. Differential localization of transforming growth factor-p isoforms in human gastric mucosa
and overexpression in gastric carcinoma. /nt. J. Cancer 71, 131-137 (1997).

Nakamura,M. et al. Transforming growth factor 1 (TGF-B1) is a preoperative prognostic indicator in
advanced gastric carcinoma. Br. J. Cancer 78, 1373-1378 (1998).

Park,D. et al. Role of TGF-B1 and TGF-B type II receptor in gastric cancer. Korean J. Intern. Med. 17,
160-166 (2002).

Park,Y.E., Choi,Y.H., Lee,W.Y., & Choi,K.C. Transforming growth factor f1 expression in gastric
carcinoma. J. Korean Med. Sci. 12, 215-220 (1997).

Saito,H. et al. The expression of transforming growth factor-p1 is significantly correlated with the
expression of vascular endothelial growth factor and poor prognosis of patients with advanced gastric
carcinoma. Cancer 86, 1455-1462 (1999).

Zolota,V. et al. Immunohistochemical expression of TGF-B1, p21WAF1, p53, Ki67, and angiogenesis in
gastric carcinomas: a clinicopathologic study. /nt. J. Gastrointest. Cancer 32, 83-89 (2002).
Koblinski,J.E., Ahram,M., & Sloane,B.F. Unraveling the role of proteases in cancer. Clin. Chim. Acta
291, 113-135 (2000).

Sidenius,N. & Blasi,F. The urokinase plasminogen activator system in cancer: recent advances and
implication for prognosis and therapy. Cancer Metastasis Rev. 22,205-222 (2003).

Mohamed,M.M. & Sloane,B.F. Cysteine cathepsins: multifunctional enzymes in cancer. Nat. Rev. Cancer
6, 764-775 (2006).

Stetler-Stevenson,W.G. & Yu,A.E. Proteases in invasion: matrix metalloproteinases. Semin. Cancer Biol.
11, 143-152 (2001).

Page-McCaw,A., Ewald,A.J., & Werb,Z. Matrix metalloproteinases and the regulation of tissue
remodelling. Nat. Rev. Mol. Cell Biol. 8,221-233 (2007).

Sieuwerts,A.M. et al. Urokinase-type-plasminogen-activator (uPA) production by human breast (myo)
fibroblasts in vitro: influence of transforming growth factor-p1 (TGF 1) compared with factor(s) released
by human epithelial-carcinoma cells. Int. J. Cancer 76, 829-835 (1998).

Baker,E.A. & Leaper,D.J. The plasminogen activator and matrix metalloproteinase systems in colorectal
cancer: relationship to tumour pathology. Eur. J. Cancer 39, 981-988 (2003).

Ganesh,S. et al. Prognostic relevance of plasminogen activators and their inhibitors in colorectal cancer.
Cancer Res. 54, 4065-4071 (1994).

Turk,B., Turk,D., & Turk,V. Lysosomal cysteine proteases: more than scavengers. Biochim. Biophys.
Acta 1477, 98-111 (2000).

Turk,V., Turk,B., & Turk,D. Lysosomal cysteine proteases: facts and opportunities. EMBO J. 20, 4629-
4633 (2001).

Chapman,H.A., Riese,R.J., & Shi,G.P. Emerging roles for cysteine proteases in human biology. Annu.
Rev. Physiol 59, 63-88 (1997).

-38 -



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

General introduction

Adenis,A. et al. Cathepsin B, L, and D activities in colorectal carcinomas: relationship with clinico-
pathological parameters. Cancer Lett. 96, 267-275 (1995).

Troy,A.M. et al. Expression of Cathepsin B and L antigen and activity is associated with early colorectal
cancer progression. Eur. J. Cancer 40, 1610-1616 (2004).

Yanamandra,N. et al. Blockade of cathepsin B expression in human glioblastoma cells is associated with
suppression of angiogenesis. Oncogene 23, 2224-2230 (2004).

Levicar,N. ef al. Lysosomal enzymes, cathepsins in brain tumour invasion. J. Neurooncol. 58, 21-32
(2002).

Cavallo-Medved,D., Mai,J., Dosescu,J., Sameni,M., & Sloane,B.F. Caveolin-1 mediates the expression
and localization of cathepsin B, pro-urokinase plasminogen activator and their cell-surface receptors in
human colorectal carcinoma cells. J. Cell Sci. 118, 1493-1503 (2005).

Saegusa,K. et al. Cathepsin S inhibitor prevents autoantigen presentation and autoimmunity. J. Clin.
Invest 110, 361-369 (2002).

Fernandez,P.L. et al. Expression of cathepsins B and S in the progression of prostate carcinoma. Int. J.
Cancer 95, 51-55 (2001).

Chang, W.W., Wu,H., Yeh,C., Wu,C., & Chang,J. Lysosomal cystein proteinase cathepsiin S as a target
for anti-cancer therapy. Journal of cancer molecules 3, 5-14 (2007).

Liu,J. et al. Increased serum cathepsin S in patients with atherosclerosis and diabetes. Atherosclerosis
186, 411-419 (2006).

Kos,J. et al. Cathepsin S in tumours, regional lymph nodes and sera of patients with lung cancer: relation
to prognosis. Br. J. Cancer 85, 1193-1200 (2001).

Flannery,T. et al. Cathepsin S expression: An independent prognostic factor in glioblastoma tumours--A
pilot study. Int. J. Cancer 119, 854-860 (2006).

Shi,G.P. et al. Deficiency of the cysteine protease cathepsin S impairs microvessel growth. Circ. Res. 92,
493-500 (2003).

Gross,J. & Lapiere,C.M. Collagenolytic activity in amphibian tissues: a tissue culture assay. Proc. Natl.
Acad. Sci. U. S. A 48, 1014-1022 (1962).

Visse,R. & Nagase,H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure,
function, and biochemistry. Circ. Res. 92, 827-839 (2003).

Chabottaux,V. & Noel,A. Breast cancer progression: insights into multifaceted matrix metalloproteinases.
Clin. Exp. Metastasis 24, 647-656 (2007).

Takeuchi,T. et al. The membrane-anchored matrix metalloproteinase (MMP) regulator RECK in
combination with MMP-9 serves as an informative prognostic indicator for colorectal cancer. Clin.
Cancer Res. 10, 5572-5579 (2004).

Mott,J.D. & Werb,Z. Regulation of matrix biology by matrix metalloproteinases. Curr. Opin. Cell Biol.
16, 558-564 (2004).

McCawley,L.J. & Matrisian,L.M. Matrix metalloproteinases: they're not just for matrix anymore! Curr.
Opin. Cell Biol. 13, 534-540 (2001).

Mysliwiec,A.G. & Ornstein,D.L. Matrix metalloproteinases in colorectal cancer. Clin. Colorectal Cancer

1, 208-219 (2002).

-39 .



Chapter 1

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Zucker,S. & Vacirca,J. Role of matrix metalloproteinases (MMPs) in colorectal cancer. Cancer
Metastasis Rev. 23, 101-117 (2004).

Sparano,J.A. et al. Randomized phase III trial of marimastat versus placebo in patients with metastatic
breast cancer who have responding or stable disease after first-line chemotherapy: Eastern Cooperative
Oncology Group trial E2196. J. Clin. Oncol. 22, 4683-4690 (2004).

Coussens,L.M., Fingleton,B., & Matrisian,L.M. Matrix metalloproteinase inhibitors and cancer: trials and
tribulations. Science 295, 2387-2392 (2002).

Hidalgo,M. & Eckhardt,S.G. Development of matrix metalloproteinase inhibitors in cancer therapy. J.
Natl. Cancer Inst. 93, 178-193 (2001).

Hoekstra,R., Eskens,F.A., & Verweij,J. Matrix metalloproteinase inhibitors: current developments and
future perspectives. Oncologist. 6,415-427 (2001).

Chakraborti,S., Mandal,M., Das,S., Mandal,A., & Chakraborti,T. Regulation of matrix
metalloproteinases: an overview. Mol. Cell Biochem. 253, 269-285 (2003).

Leeman,M.F., McKay,J.A., & Murray,G.I. Matrix metalloproteinase 13 activity is associated with poor
prognosis in colorectal cancer. J. Clin. Pathol. 55, 758-762 (2002).

Chiang,W.C., Wong,Y.K., Lin,S.C., Chang,K.W., & Liu,C.J. Increase of MMP-13 expression in multi-
stage oral carcinogenesis and epigallocatechin-3-gallate suppress MMP-13 expression. Oral Dis. 12, 27-
33 (2006).

Vizoso,F.J. et al. Study of matrix metalloproteinases and their inhibitors in breast cancer. Br. J. Cancer
96, 903-911 (2007).

Zijlstra,A. et al. Collagenolysis-dependent angiogenesis mediated by matrix metalloproteinase-13
(collagenase-3). J. Biol. Chem. 279, 27633-27645 (2004).

Johansson,N. et al. Collagenase-3 (MMP-13) is expressed by tumor cells in invasive vulvar squamous cell
carcinomas. Am. J. Pathol. 154, 469-480 (1999).

Rodriguez,F.O. et al. Significance of collagenase 3 (matrix metalloproteinase 13) in invasive bladder
cancer: correlation with pathological parameters. Urol. Int. 78, 140-144 (2007).

Culhaci,N., Metin,K., Copcu,E., & Dikicioglu,E. Elevated expression of MMP-13 and TIMP-1 in head
and neck squamous cell carcinomas may reflect increased tumor invasiveness. BMC. Cancer 4, 42 (2004).
Tida,J. & McCarthy,J.B. Expression of collagenase-1 (MMP-1) promotes melanoma growth through the
generation of active transforming growth factor-p. Melanoma Res. 17,205-213 (2007).

D'Angelo,M., Billings,P.C., Pacifici,M., Leboy,P.S., & Kirsch,T. Authentic matrix vesicles contain active
metalloproteases (MMP). a role for matrix vesicle-associated MMP-13 in activation of transforming
growth factor-f. J. Biol. Chem. 276, 11347-11353 (2001).

Mook,O.R., Frederiks,W.M., & Van Noorden,C.J. The role of gelatinases in colorectal cancer progression
and metastasis. Biochim. Biophys. Acta 1705, 69-89 (2004).

Tutton,M.G. et al. Use of plasma MMP-2 and MMP-9 levels as a surrogate for tumour expression in
colorectal cancer patients. Int. J. Cancer 107, 541-550 (2003).

Roeb,E. et al. Activity and cellular origin of gelatinases in patients with colon and rectal carcinoma

differential activity of matrix metalloproteinase-9. Cancer 92, 2680-2691 (2001).

- 40 -



232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

General introduction

Waas,E.T. et al. Matrix metalloproteinase 2 and 9 activity in patients with colorectal cancer liver
metastasis. Br. J. Surg. 90, 1556-1564 (2003).

Waas,E.T., Lomme,R.M., DeGroot,J., Wobbes,T., & Hendriks,T. Tissue levels of active matrix
metalloproteinase-2 and -9 in colorectal cancer. Br. J. Cancer 86, 1876-1883 (2002).

Chan,C.C. et al. Increased matrix metalloproteinase 2 concentration and transcript expression in advanced
colorectal carcinomas. Int. J. Colorectal Dis. 16, 133-140 (2001).

Kim,H.S., Shang,T., Chen,Z., Pflugfelder,S.C., & Li,D.Q. TGF-B1 stimulates production of gelatinase
(MMP-9), collagenases (MMP-1, -13) and stromelysins (MMP-3, -10, -11) by human corneal epithelial
cells. Exp. Eye Res. 79, 263-274 (2004).

Seomun,Y., Kim,J., Lee,E.-H., & Joo,C.K. Overexpression of matrix metalloproteinase-2 mediates
phenotypic transformation of lens epithelial cells. Biochem. J. 358, 41-48 (2001).

Kim,E.S., Kim,M.S., & Moon,A. TGF-B-induced upregulation of MMP-2 and MMP-9 depends on p38
MAPK, but not ERK signaling in MCF10A human breast epithelial cells. Int. J. Oncol. 25, 1375-1382
(2004).

Kalembeyi,l. ef al. Tenascin-C upregulates matrix metalloproteinase-9 in breast cancer cells: direct and
synergistic effects with transforming growth factor 1. Int. J. Cancer 105, 53-60 (2003).

Sier,C.F. et al. EMMPRIN-induced MMP-2 activation cascade in human cervical squamous cell
carcinoma. Int. J. Cancer 118, 2991-2998 (2006).

Itoh,Y. et al. Homophilic complex formation of MT1-MMP facilitates proMMP-2 activation on the cell
surface and promotes tumor cell invasion. EMBO J. 20, 4782-4793 (2001).

Masson,V. et al. Contribution of host MMP-2 and MMP-9 to promote tumor vascularization and invasion
of malignant keratinocytes. FASEB J. 19, 234-236 (2005).

Safina,A., Vandette,E., & Bakin,A.V. ALKS5 promotes tumor angiogenesis by upregulating matrix
metalloproteinase-9 in tumor cells. Oncogene 26, 2407-2422 (2007).

Wang,M. ef al. Matrix metalloproteinase 2 activation of transforming growth factor-Bl1 (TGF-B1) and
TGF-B1-type II receptor signaling within the aged arterial wall. Arterioscler. Thromb. Vasc. Biol. 26,
1503-1509 (2006).

Rouschop,K.M. et al. CD44 deficiency increases tubular damage but reduces renal fibrosis in obstructive
nephropathy. J. Am. Soc. Nephrol. 15, 674-686 (2004).

Dallas,S.L., Rosser,J.L., Mundy,G.R., & Bonewald,L.F. Proteolysis of latent transforming growth factor-f8
(TGF-p )-binding protein-1 by osteoclasts. A cellular mechanism for release of TGF-f from bone matrix.
J. Biol. Chem. 277, 21352-21360 (2002).

Bodey,B., Bodey,B., Jr., Siegel,S.E., & Kaiser,H.E. Prognostic significance of matrix metalloproteinase
expression in colorectal carcinomas. /n Vivo 14, 659-666 (2000).

Lee,S., Jilani,S.M., Nikolova,G.V., Carpizo,D., & Iruela-Arispe,M.L. Processing of VEGF-A by matrix
metalloproteinases regulates bioavailability and vascular patterning in tumors. J. Cell Biol. 169, 681-691
(20095).

Si-Tayeb,K. et al. Matrix metalloproteinase 3 is present in the cell nucleus and is involved in apoptosis.
Am. J. Pathol. 169, 1390-1401 (2006).

-4] -



Chapter 1

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

Bisson,C. et al. Restricted expression of membrane type 1-matrix metalloproteinase by myofibroblasts
adjacent to human breast cancer cells. Int. J. Cancer 105, 7-13 (2003).

Ohtani,H., Motohashi,H., Sato,H., Seiki,M., & Nagura,H. Dual over-expression pattern of membrane-type
metalloproteinase-1 in cancer and stromal cells in human gastrointestinal carcinoma revealed by in situ
hybridization and immunoelectron microscopy. /nt. J. Cancer 68, 565-570 (1996).

d'Ortho,M.P. ef al. Membrane-type matrix metalloproteinases 1 and 2 exhibit broad-spectrum proteolytic
capacities comparable to many matrix metalloproteinases. Eur. J. Biochem. 250, 751-757 (1997).

Pei,D. & Weiss,S.J. Transmembrane-deletion mutants of the membrane-type matrix metalloproteinase-1
process progelatinase A and express intrinsic matrix-degrading activity. J. Biol. Chem. 271, 9135-9140
(1996).

Malhotra,S. et al. Increased membrane type 1 matrix metalloproteinase expression from adenoma to colon
cancer: a possible mechanism of neoplastic progression. Dis. Colon Rectum 45, 537-543 (2002).

Sato,H., Takino,T., & Miyamori,H. Roles of membrane-type matrix metalloproteinase-1 in tumor
invasion and metastasis. Cancer Sci. 96, 212-217 (2005).

Seiki,M., Koshikawa,N., & Yana,l. Role of pericellular proteolysis by membrane-type 1 matrix
metalloproteinase in cancer invasion and angiogenesis. Cancer Metastasis Rev. 22, 129-143 (2003).
Lafleur,M.A., Handsley,M.M., Knauper,V., Murphy,G., & Edwards,D.R. Endothelial tubulogenesis
within fibrin gels specifically requires the activity of membrane-type-matrix metalloproteinases (MT-
MMPs). J. Cell Sci. 115, 3427-3438 (2002).

Asano,Y., Thn,H., Yamane,K., Jinnin,M., & Tamaki,K. Increased expression of integrin alphavf5 induces
the myofibroblastic differentiation of dermal fibroblasts. Am. J. Pathol. 168, 499-510 (2006).
Chabottaux,V. et al. Membrane-type 4 matrix metalloproteinase promotes breast cancer growth and
metastases. Cancer Res. 66, 5165-5172 (2006).

Hemers,E. et al. Insulin-like growth factor binding protein-5 is a target of matrix metalloproteinase-7:
implications for epithelial-mesenchymal signaling. Cancer Res. 65, 7363-7369 (2005).

McGuire,J.K., Li,Q., & Parks,W.C. Matrilysin (matrix metalloproteinase-7) mediates E-cadherin
ectodomain shedding in injured lung epithelium. Am. J. Pathol. 162, 1831-1843 (2003).

Nagase,H., Visse,R., & Murphy,G. Structure and function of matrix metalloproteinases and TIMPs.
Cardiovasc. Res. 69, 562-573 (2006).

Powell,W.C., Fingleton,B., Wilson,C.L., Boothby,M., & Matrisian,L.M. The metalloproteinase matrilysin
proteolytically generates active soluble Fas ligand and potentiates epithelial cell apoptosis. Curr. Biol. 9,
1441-1447 (1999).

Imai,K., Hiramatsu,A., Fukushima,D., Pierschbacher,M.D., & Okada,Y. Degradation of decorin by matrix
metalloproteinases: identification of the cleavage sites, kinetic analyses and transforming growth factor-
B1 release. Biochem. J. 322 ( Pt 3), 809-814 (1997).

Marchenko,G.N. & Strongin,A.Y. MMP-28, a new human matrix metalloproteinase with an unusual
cysteine-switch sequence is widely expressed in tumors. Gene 265, 87-93 (2001).

Bister,V.O. et al. Differential expression of three matrix metalloproteinases, MMP-19, MMP-26, and
MMP-28, in normal and inflamed intestine and colon cancer. Dig. Dis. Sci. 49, 653-661 (2004).

-4) -



266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

General introduction

Illman,S.A., Lehti,K., Keski-Oja,J., & Lohi,J. Epilysin (MMP-28) induces TGF-$ mediated epithelial to
mesenchymal transition in lung carcinoma cells. J. Cell Sci. 119, 3856-3865 (2006).

White,J.M. ADAMs: modulators of cell-cell and cell-matrix interactions. Curr. Opin. Cell Biol. 15, 598-
606 (2003).

Rocks,N. et al. Emerging roles of ADAM and ADAMTS metalloproteinases in cancer. Biochimie 90,
369-379 (2008).

Karsdal,M.A. et al. Matrix metalloproteinase-dependent activation of latent transforming growth factor-f8
controls the conversion of osteoblasts into osteocytes by blocking osteoblast apoptosis. J. Biol. Chem.
277, 44061-44067 (2002).

George,S.J., Johnson,J.L., Smith, M.A., Angelini,G.D., & Jackson,C.L. Transforming growth factor-f is
activated by plasmin and inhibits smooth muscle cell death in human saphenous vein. J. Vasc. Res. 42,
247-254 (2005).

Egeblad,M. & Werb,Z. New functions for the matrix metalloproteinases in cancer progression. Nat. Rev.
Cancer 2, 161-174 (2002).

Huber,M.A., Kraut,N., & Beug,H. Molecular requirements for epithelial-mesenchymal transition during
tumor progression. Curr. Opin. Cell Biol. 17, 548-558 (2005).

Scharpfenecker,M. et al. BMP-9 signals via ALK1 and inhibits bFGF-induced endothelial cell
proliferation and VEGF-stimulated angiogenesis. J. Cell Sci. 120, 964-972 (2007).

Levine,R.J. et al. Soluble endoglin and other circulating antiangiogenic factors in preeclampsia. N. Engl.
J. Med. 355, 992-1005 (2006).

Pampaloni,F., Reynaud,E.G., & Stelzer,E.H. The third dimension bridges the gap between cell culture and
live tissue. Nat. Rev. Mol. Cell Biol. 8, 839-845 (2007).

Rangarajan,A. & Weinberg,R.A. Opinion: Comparative biology of mouse versus human cells: modelling
human cancer in mice. Nat. Rev. Cancer 3, 952-959 (2003).

Corpet,D.E. & Pierre,F. How good are rodent models of carcinogenesis in predicting efficacy in humans?
A systematic review and meta-analysis of colon chemoprevention in rats, mice and men. Eur. J. Cancer
41, 1911-1922 (2005).

Yuhas,J.M., Li,A.P., Martinez,A.O., & Ladman,A.J. A simplified method for production and growth of
multicellular tumor spheroids. Cancer Res. 37, 3639-3643 (1977).

Kunz-Schughart,L.A., Freyer,J.P., Hofstaedter,F., & Ebner,R. The use of 3-D cultures for high-throughput
screening: the multicellular spheroid model. J. Biomol. Screen. 9, 273-285 (2004).

Kunz-Schughart,L.A. Multicellular tumor spheroids: intermediates between monolayer culture and in vivo
tumor. Cell Biol. Int. 23, 157-161 (1999).

Sier,C.F., Gelderman,K.A., Prins,F.A., & Gorter,A. Beta-glucan enhanced killing of renal cell carcinoma
micrometastases by monoclonal antibody G250 directed complement activation. Int. J. Cancer 109, 900-
908 (2004).

Farnie,G. et al. Novel cell culture technique for primary ductal carcinoma in situ: role of Notch and
epidermal growth factor receptor signaling pathways. J. Natl. Cancer Inst. 99, 616-627 (2007).
Hauptmann,S. et al. Induction of apoptosis in the centre of multicellular tumour spheroids of colorectal

adenocarcinomas--involvement of CD95 pathway and differentiation. Apoptosis. 3, 267-279 (1998).

-43 -



Chapter 1

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.
299.

300.

Sonoda,T., Kobayashi,H., Kaku,T., Hirakawa,T., & Nakano,H. Expression of angiogenesis factors in
monolayer culture, multicellular spheroid and in vivo transplanted tumor by human ovarian cancer cell
lines. Cancer Lett. 196, 229-237 (2003).

Grinnell,F. Fibroblast biology in three-dimensional collagen matrices. Trends Cell Biol. 13, 264-269
(2003).

Seidler,D.G. et al. A physiologic three-dimensional cell culture system to investigate the role of decorin in
matrix organisation and cell survival. Biochem. Biophys. Res. Commun. 332, 1162-1170 (2005).
Kunz-Schughart,L.A., Wenninger,S., Neumeier,T., Seidl,P., & Knuechel,R. Three-dimensional tissue
structure affects sensitivity of fibroblasts to TGF-B1. Am. J. Physiol Cell Physiol 284, C209-C219 (2003).
Santini,M.T., Rainaldi,G., & Indovina,P.L. Apoptosis, cell adhesion and the extracellular matrix in the
three-dimensional growth of multicellular tumor spheroids. Crit Rev. Oncol. Hematol. 36, 75-87 (2000).
Boyden,S. The chemotactic effect of mixtures of antibody and antigen on polymorphonuclear leucocytes.
J. Exp. Med. 115, 453-466 (1962).

Gottfried,E., Kunz-Schughart,L.A., Andreesen,R., & Kreutz,M. Brave little world: spheroids as an in vitro
model to study tumor-immune-cell interactions. Cell Cycle 5, 691-695 (2006).

Kunz-Schughart,L..A., Heyder,P., Schroeder,J., & Knuechel,R. A heterologous 3-D coculture model of
breast tumor cells and fibroblasts to study tumor-associated fibroblast differentiation. Exp. Cell Res. 266,
74-86 (2001).

Pervez,S. et al. Effect of polarity and differentiation on antibody localization in multicellular tumour
spheroid and xenograft models and its potential importance for in vivo immunotargeting. /nt. J. Cancer
44, 940-947 (1989).

Kammerer,R., Ehret,R., & von Kleist,S. Isolated extracellular matrix-based three-dimensional in vitro
models to study orthotopically cancer cell infiltration and invasion. Eur. J. Cancer 34, 1950-1957 (1998).
Mueller-Klieser,W. Three-dimensional cell cultures: from molecular mechanisms to clinical applications.
Am. J. Physiol 273, C1109-C1123 (1997).

Goodwin,A.M. In vitro assays of angiogenesis for assessment of angiogenic and anti-angiogenic agents.
Microvasc. Res. 74, 172-183 (2007).

Korff,T., Kimmina,S., Martiny-Baron,G., & Augustin,H.G. Blood vessel maturation in a 3-dimensional
spheroidal coculture model: direct contact with smooth muscle cells regulates endothelial cell quiescence
and abrogates VEGF responsiveness. FASEB J. 15, 447-457 (2001).

Korff,T. & Augustin,H.G. Integration of endothelial cells in multicellular spheroids prevents apoptosis
and induces differentiation. J. Cell Biol. 143, 1341-1352 (1998).

Bielenberg,D.R. Metastasis: two assays explore the two roads traveled. Nat. Methods 5, 384-385 (2008).
Bruyere,F. et al. Modeling lymphangiogenesis in a three-dimensional culture system. Nat. Methods 5,
431-437 (2008).

Alajati,A. et al. Spheroid-based engineering of a human vasculature in mice. Nat. Methods 5, 439-445
(2008).

-44 -



