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AMT amoeboid-mesenchymal transition
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SUMMARY

Tumour cell invasion is one of the most critical steps in malignant
progression. It includes a broad spectrum of mechanisms, including both
individual and collective cell migration, which enables them to spread towards
adjacent tissue, and form new metastases. Understanding the mechanisms of cell
spreading, and invasion, is crucial for effective anticancer therapy. Two modes of
individual migration of tumour cells have been established in a three-dimensional
environment. Mesenchymally migrating cells use proteases to cleave collagen
bundles, and thus overcome the ECM barriers. Recently described protease-
independent amoeboid mode of invasion has been discovered in studies of cancer
cells with protease inhibitors.

During my PhD study, | have focused on determining the molecular
mechanisms involved in amoeboid invasion of tumour cells. We have examined
invasive abilities in non-metastatic K2 and highly metastatic A3 rat sarcoma cell
lines. We have shown that even though highly metastatic A3 rat sarcoma cells are
of mesenchymal origin, they have upregulated Rho/ROCK signalling pathway.
Moreover, A3 cells generate actomyosin-based mechanical forces at their leading
edges to physically squeeze through the collagen fibrils by adopting an amoeboid
phenotype.

Amoeboid invasiveness is also less dependent on integrin adhesion to the
extracellular matrix, and we have suggested the potential role of NG2
proteoglycan in amoeboid cell adhesion and invasion. We found that NG2
knockdown leads to decreased invasion, as well as reduced level of active Rho in
both highly metastatic A3 rat sarcoma and A375M2 human melanoma cells.
Conversely, overexpression of NG2 proteoglycan correlated with elevated Rho-
GTP expression, and increased invasiveness of non-metastatic K2 rat sarcoma
cells. Our findings strongly suggest the role of NG2 proteoglycan as an adhesive
molecule involved in amoeboid invasion as well as its potential connection to the
Rho/ROCK signalling pathway.

We have also compared invasive properties of G3-EM parental primary
breast cancer cells and its derived neoplastic transformed G3S1 line. Our results

have shown elevated cytoskeletal dynamics in more invasive G3S1 cells.



SUMMARY IN CZECH

vvvvvv

maligni progrese. Je charakterizovana Sirokym spektrem mechanismi, které
zahrnuji jak individualni, tak kolektivni migraci buné¢k. Béhem procesu invasivity
se nadorové buiky §ifi do okolnich tkani, kde zakladaji nové metastazy. | proto je
pochopeni mechanismi buné¢né invasivity zasadnim krokem k ucinné
protinadorové terapii. Individualné migrujici buniky vykazuji ve 3D prostfedi dva
zpusoby invasivity. Mesenchymalné invadujici buniky produkuji béhem své
migrace proteazy, které vyuzivaji Kk degradaci kolagenovych vlaken. Studie
sriznymi typy naddorovych bunék zamétené na inhibici protedz poukézaly na novy
amoeboidni mechanizmus invasivity bunck, ktery neni zavisly na degradaci
extracelularni matrix pomoci proteaz.

Béhem mé disertatni prace jsem se zaméfila na studium molekularnich
mechanismu uplatiyjicich se v amoeboidni invasivité nadorovych bunék. Pro nase
experimenty jsme vyuzili potkani sarkomovy model sestavajici z parentalni
nemetastazujici linie K2 a od ni odvozené vysoce invasivni linie A3. Ukézali jsme,
ze 1 kdyZ je vysoce metastatickd sarkomova linie A3 bunék mesenchymalniho
puvodu, jeji invasivni vlastnosti jsou zavislé na upregulaci Rho / ROCK signalni
drdhy, ktera vede ke generovani protrusivnich sil na vedoucich okrajich
amoeboidné migrujicich bunék.

Amoeboidni invasivita je malo zavisla na integrinové bunééné adhezi k
extracelularni matrix, a proto byl na§ dali vyzkum zaméteny na ulohu NG2
proteoglykanu jako molekuly schopné zprostiedkovat adhezi nezavisle na
integrinech. Zjistili jsme, Ze umlceni NG2 prostiednictvim siRNA vede k poklesu
invasivity a k snizeni aktivity Rho GTPasy jak u potkani, vysoce metastatické
linie A3, tak i u lidské melanomové linie A375M2. Naopak, overexprese NG2
proteoglykanu korelovala se zvySenou hladinou Rho-GTP a také se zvySenym
invasivnim potencidlem u nemetastatické, parentalni potkani sarkomové linie K2.
Tyto nase vysledky naznacuji moznost uplatnéni NG2 proteoglykanu jako
adhesivni molekuly, ktera se podili na amoeboidni invasivité, stejné jako jeji

propojeni na Rho/ROCK signalni dréhu.



Dale jsme srovnavali vlastnosti G3-EM linie primarniho karcinomu prsu a
jeho odvozené transformované G3S1 linie. Zjistili jsme, Ze neoplasticky
transformovand invazivngj$i G3S1 linie vykazuje oproti méné invasivnéjsi G3-

EM linii zvySenou dynamiku aktinového cytoskeletu.



1. INTRODUCTION

Cancer is one of the world’s leading causes of death. In 2010, it was the main
cause of death, responsible for over 8 million deaths worldwide. It has been
described as a multistage process, which results in the transformation of a normal
cell into a tumour cell. One defining characteristic of cancer is the rapid formation
of abnormal cells that grow and invade adjacent parts of the tissue and spread to
the distinct target organs, where they seed secondary tumours, termed metastasis.
This process is the major cause of death in cancer patients. The most crucial
features in the metastatic cancer dissemination are cell invasion and migration, by
which the tumour cell overcomes barriers. During their distribution into the
neighbouring tissues, cancer cells have to undergo various changes in gene
expression, cell-matrix adhesion, remodelling their actin cytoskeleton and other
dramatic changes in their signalling pathways. Recent studies have shown that
metastatic dissemination of cancer cells is also dependent on changes in tumour
microenvironment (Bissell et al., 2002, Hanahan and Wienberg, 2000). During
the process of metastases, cancer cells involve several critical steps, which are

known as metastatic cascade (Ahmad and Hart, 1997).

1.1 METASTATIC CASCADE

The metastatic cascade includes following steps during which cancer cells
detach from the primary solid tumour, penetrate the basement membrane and
through the bloodstream or lymphatic system translocate into the target organs,
where they seed and proliferate as secondary tumours (Lauffenburger and
Horowitz, 1996, Friedl and Wolf, 2003, Friedl, 2004). The process of successful
metastasis of malignant cancer cells includes whole series of cellular and
molecular changes which are required for overcoming barriers.

It includes: 1. Loss of cell-cell adhesion contact and epitelial-mesenchymal
transition
2. Invasion into the surroundings tissues and angiogenesis
3. Intravasation into blood or lymphatic system and transport through

the vessels



4. Extravasation from vessels and micrometastasis formation.
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Figure 1. Metastatic cascade. Cells grow and proliferate as benign tumour.
After break through the basement membrane the tumour cells invade and enter the
bloodstream by process called intravasation. Cancer cells spread and adhere to the
capillary walls and extravasate blood system. They adapt to new
microenvironment, proliferate and form metastases (adapted from websites by ©
Agendia 2009-2011).

The epithelial-mesenchymal transition (EMT) is the conversion from
multicellular growth and invasion to mesenchymal single cell migration (reviewed
in Thiery, 2002). The major mechanism of epithelial-mesenchymal transition is
the disruption of the tight epithelial cell-cell adhesion contacts. This process is
predominantly caused by downregulation of epithelial protein E-cadherin from the
adherent junctions, serving as a suppressor of invasiveness, but also catenins,
which are implicated in the regulation of cell-cell adhesion. This low expression
of E-cadherins during tumour progression is compensated by upregulation of
mesenchymal N-cadherins in a process called “cadherin switch” (Umbas et al.,
1994). The cadherin switch results in dramatic changes in the adhesive properties

10



of metastatic cells and thus enable them to detach from the primary tumour (Hulit
et al., 2007, Nieman et al., 1999). During EMT, the cells usually lose their cell
polarity and acquire typical spindle-shaped morphology. Importantly, metastazing
cancer cells usually produce high amounts of various proteases, which allow them
to degrade and thus invade surroundings extracellular matrix (Stetler-Stevenson et
al., 1993). Spreading of tumour cells within the tissue activate growth of new
vessels, mainly from existing ones by a process called angiogenesis (Holash et al.,
1999). Without vascularization, the tumour nodules cannot grow, as they need
constant supply of oxygen and nutrients (Folkman et al., 1972).

When tumour cells migrate, they overcome the basement membrane; enter
the blood vessels or lymphatic system through the gaps in the endothelial wall, by
a process called intravasation (Carr et al., 1980, Wyckoff e al., 2004). In the
bloodstream, circulating cancer cells may interact with platelets and leukocytes, to
adhere to the endothelium and extravasate from the vessels. These interactions
with blood cells are very important for successful extravasation, which is also
facilitated by integrin, ezrin and selectin proteins (Wang et al., 2004, Felding-
Habermann et al., 2001, Khanna et al., 2004). Spreading of the cancer cells to the
specific tissues, their colonization and establishment of the new micrometastasis
and secondary tumours is strongly dependent on the tumour cells and

microenvironment in the metastatic target organs (Brabek et al., 2010).

1.2 MECHANISMS OF SINGLE CELL TUMOUR INVASION IN
3D ENVIRONMENT

Tumor cell invasion and migration is a process that involves specific patterns
and mechanisms. The single cancer cells can employ two different modes of
migration in 3-dimensional environment. The first type is a fibroblast-like strategy
or mesenchymal migration, for which there is a typical protease-mediated
degradation of the extracellular matrix (Sahai and Marshall, 2003). This form of
motility is associated with elongated cell morphology, Rac-dependent F-actin
protrusions and integrin mediated adhesion (Ridley et al., 1992). The second type
is a leukocyte-like strategy or amoeboid migration, which is dependent on the
Rho/ROCK signalling pathway. Migrating tumour cells have a typical rounded
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shape and they do not require pericellular proteolysis for degradation of ECM
(Wolf et al., 2003). Both of these modes of motility use different molecular

mechanisms.

(a) Receptors sense chemokine gradient
and trigger actin polymerisation

Actin polymerisation at leading
edge of cell. Rac, Cdc42 and
Arp2/3 involved

~ Cells move through matrix by
Contractile force generated by using MMPs to degrade ECM
thick actin cables enables Large integrin-rich focal

translational of movement  g4hesions connect cell

to ECM Small integrin-rich focal
contacts formed close to
Direction of movement leading edge
(b) Cells squeeze in between

gaps in the ECM

Receptors sense chemokine gradient
)Z _«— and trigger actin polymerisation. This
may spread through the cell cortex in
a wave.

ROCK-dependent
contractile force in cortical
actin generates hydrostatic
pressure and promotes
remodelling of cell shape.

Uniform diffuse integrin
——> distribution

Direction of movement

Key: | Integrins | Adnerens junction — F-actin

| Receptor < MMP —  ECM fibre

Figure 2. Mechanisms of cancer cell motility. (a) Mesenchymal motility is
characterized by elongated morphology, and is dependent on MMPs. (b)
Amoeboid motility is characterized by an amorphous cell shape and rapid changes
in direction. (adapted from Sahai E. (2005). Mechanisms of cancer cell invasion.
Curr Opin Genet Dev. 15,87-96. Review)
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1.3 MESENCHYMAL INVASION

Single cells, using mesenchymal mode of invasion exhibit fibroblast-like
morphology, are commonly observed as fibroblasts, keratinocytes, endothelial cell
or various types of tumour cells (reviewed in Grinnell, 1994). This specific
elongated shape of cell is dependent on f1 and B3-integrin mediated adhesion. As
adhesive interactions between the cell and ECM are present on the both cell edges,
emerging contractile actin stress fibres, in 2D or cortical cytoskeleton in 3D,
generate high traction forces on both of the cell poles (Tamaritz et al., 2002,
Ballestrem et al., 2001). One of the most important feature for mesenchymal
invasion is upregulated production of activated matrix metalloproteases and other
secreted proteases, which are essential for proteolytical cleavage of the
extracellular matrix. This degradation and remodelling of ECM enables migration
of cells through interstitial tissue barriers (Stetler-Stevenson et al., 1993). Friedl
and colleagues have described proteolytic migration of mesenchymal cell in five
steps. At the beginning, chemokine or adhesion receptor-mediated signalling
results in the formation of pseudopods, functionally alternative to lamellipodia,
which are observed in cell migrating in 2D (Wang et al., 2002). After that,
integrins interact with laminins in substrate, and form focal adhesion complexes.
Increased cell traction force generation is transmitted towards the ECM, which
becomes pulled and realigned. The leading edge of cells has a tip-like shape and
usually becomes anchored to the ECM. Local proteolysis, together with focalized
filamenous actin, clustered integrins and surface proteases. After actomyosin
contraction, mediated by myosin Il, the rear end moves forward and a track of
remodelled ECM becomes apparent. The process of single mesenchymal cancer
cell migration is driven by the small Rho-family GTPases Racl and Cdc42, which
generate formation of actin rich filopodia and lamellipodia at the leading edges of
migrating cells (Ridley et al., 1992, Nobes et al., 1995). The velocity of migration
by mesenchymal cells is relatively low, approximately 0,1-1 pm/min. (Friedl et al.,
1998).

In addtion to proteolytic degradation of the ECM, there are also actin rich
adhesion structures, termed as invadopodia and podosomes, which are required

for tumour invasion and metastasis. Invadopodia and podosomes are
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proteolytically active structures, which contain actin regulatory proteins, such as
cortactin, cofillin and talin, and adhesion molecules, such integrins, vinculin and
paxillin and proteases (Baldassarre et al., 2003).

Their formation is mediated by small Rho GTPase protein Cdc42-WASP
(Wiskott-Aldrich Syndrome protein) /N-WASP (neural WASP)-Arp2/3 complex
signalling pathway. WASP and N-WASP proteins belong into the WASP family,
involved in actin polymerization and thus cell protrusions (reviewed in Miki et al.,
2003, Millard et al., 2004).

1.4 MATRIX METALLOPROTEASES

The mesenchymal invasion is very tightly associated with the pericellular
degradation of the extracellular matrix. This process is mediated by the production
of matrix metalloproteases (MMP), serine proteases and catepsins (Wolf et al.,
2003). The cleavage of components of the ECM and thus its remodelling is one of
the first steps in tumour invasion and metastasis. More than 20 proteolytic
enzymes have been described, which are able to cleave specific components of the
extracellular matrix. MMPs are produced as latent proenzymes. After cleavage of
the MMPs prodomain by activating proteases and its dissociation from catalytic
domain, metalloprotease becomes activated (Visse et al., 2003).

The structure of matrix metalloproteases contains some accessory domains,
which are responsible for the recognition of specific substrate or cellular
localization, propeptide domain, catalytic domain, zinc-binding motif and mostly
also hemopexin-like domain. Their N-terminal prodomain consists from 80 amino
acids and it is responsible for the blocking of catalytic activity via organization of
a conserved cysteine residue, within a PRCGxPD motif “the cysteine switch” to
the catalytic zinc (Visse et al., 2003, Tallant et al., 2010).

The catalytic domain of MMPs has a globular shape containing 160-170
amino acids with highly conserved HExXxHxxGxxH zinc binding motif. This motif
it seems to be responsible for chelating the catalytically critical zinc ion at the
enzyme active site (Tallant et al., 2010). Catalytic domain also contains a region
for the binding of endogenous tissue inhibitors of metalloproteinases (TIMPs)

(Nagase et al., 2006). Moreover, catalytic domain of gelatinases such as MMP-9
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and MMP-2 is enriched by three fibronectin repeats that are important for binding
to gelatin, collagens, and laminin (Opdenakker et al., 2001).

C-terminus of most MMPs may contain hemopexin domain, which is
connected via flexible linker to the catalytic domain (Bertini et al., 2009). It has
been described that hemopexin domain mediates recognition of the specific
binding substrates as well as interaction with tissue inhibitors TIMPs (Roeb et al.,
2002, Monaco et al., 2007). Moreover interactions between PEX domains and
integrins in mammary epithelial cells facilitate MMP activation, and localize
soluble MMPs to sites of proteolysis (Piccard et al., 2007).

Membrane-bound metalloproteases (MT-MMPs) are cell membrane-
anchored proteases with a transmembrane domain, moreover some of them share

a glycosyl-phosphatidyl inositol anchor (reviewed in Sohail et al., 2008).

MMP-7, -26
Gelatin 22 Activation
Binding ?f E Mechanism
MMP-2, -9 (CL) Unknown
Released Hinge L i
SP :ﬂ ' Catalytic ; Hemopexin-like
Tvoical  MMP-1(and MColA, MCo), 3, -8, 10, -12,-13, -18, -19, -20, -22, -27 ]
T8 -
L MMP-11, .28
A DN
22k & QIR S WO DD E-
MMP-14, -15, -16, -24 Furin
Integral Activated
Membrane Typell am A——E— 9 MMPs
o | . S QD QUSRI R
Membrane MMP-23
Anchored
GPI e } "
s © QUEID CICEEID @IS
- MMP-17, -25 -
SAP Signal peptide ‘ Transmembrane ﬁ Fibronectin repeat
@ Prodomain Cs Cytosolic Q Collagen-iike
3 Furin cleavage ' GPI anchor SA  N-terminal signal anchor

Cysteine array

Figure 3. Structures of mammalian MMPs. (adapted from Hyun-Jeong Ra
and William C. Parks (2007). Control of Matrix Metalloproteses catalytic
Activity. Matrix Biol, 26, 587-596).
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Metalloproteases can be regulated by inhibitors, such as a2-macroblobulin
and thrombospondin, which controls clearance of extracellular MMP-2, or by
more specific tissue inhibitors (TIMPs). Four TIMP inhibitors have been
identified, TIMP1-4. All TIMP inhibitors share twelve cysteine residues that form
six disulphide bonds, and created conformations are essential for the inhibition of
MMPs. The C-terminus of all TIMPs contains various regions, which are
necessary for binding specificity to MMPs. It has been reported that TIMPs
inhibit MMPs by creating a strong noncovalent complex in stechiometry 1:1.
Nevertheless, various MMPs can be inhibited by different TIMPs (Bigg et al.,
1997, Douglas et al., 1997).

Many studies have pointed at strong correlation between overexpression of
metalloproteases in tumour cells and their malignant progression. For example, it
has been observed that MMP-9 and MMP-2 overexpression, and their activity,
strongly correlates with the process of metastasis and poor prognosis (Lubbe et al.,
2006). MMP-9 has been found as a regulator of the activity of another serine
protease: urokinase-type plasminogen activator uPA. Its degradation of uPA
inhibitor nexin-1 promotes invasion of tumour cells (Xu et al., 2010).

Many studies have also reported that MT1-MMP is the key regulator of
invasion and metastasis via activation of proMMP-2 and thus direct degradation
of collagen type I, Il and Ill (Poincloux et al., 2009). Furthermore, MT1-MMP
plays the important role in growth of tumour cells during their invasion (Nannuru
etal., 2010, Sabeh et al., 2009).

For process of tumour progression, the balance is critical between inhibitors
of MMPs, such as TIMPs and activated MMPs. It has been shown that decreased
expression of TIMPs leads to increased expression levels of activated MMPs, and
thus to increased capability of cancer cells. There is also evidence that
overexpression of TIMPs can also act in tumour suppression. The ability of
TIMPs to inhibit tumour invasion and metastasis, as well as early and late stages
of tumorigenesis, was documented (Watanebe et al., 1996, Stetler-Stevenson et al.,
1993). Proteases enriched in structures are called invadopodia. Coordinated
adhesion to the substrate and proteolytic interaction with the extracellular matrix

can be mediated either by membrane-bound proteases, which bind to the B1 or B1-
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integrins, or by interaction of soluble metallopoteases to the cell receptors

(Deryugyna et al., 1998).

1.5 AMOEBOID TYPE OF INVASION

The cells use the amoeboid mode of migration share a typical “rounded”
morphological feature, characterized as “amoeboid”. They are translocated with
fastly repeated cycles of expansion and contraction, and in comparison to the
mesenchymal motility, the velocity of amoeboid movement is also higher, about
2-30 um/min. (Friedl et al., 1998). It was shown that different amoeboid cell
types exhibit various mechanisms which lead to two typical amoeboid phenotypes
described as either contraction-based blebbing, or the second type as the entire
actin polymerization-driven migration (Lammermann et al, 2008).

A few years ago, it was surprisingly discovered that amoeboid tumour cell
invasion is independent on proteolytic activity, which is required for matrix
degradation. This finding was very important for the elucidation of metastatic
cancers, and the reason for poor results obtained when using metalloproteases
inhibitor treatment in clinical trials (Overall et al., 2006). Following a very
detailed investigation, the new type of invasion was established, called amoeboid.

It was shown that amoeboid invasion is enabled by forced generation of
polarized actomyosin cytoskeleton carried out by upregulation of RhoA/ROCK
signalling pathway (Watanabe et al., 2005, Rosel et al., 2008). Furthermore, it was
also suggested that amoeboid motility, promoted by ROCK upregulation, is very
tightly correlated with the increased metastatic potential of cancer cells (Wyckoff
et al., 2000, Rosel et al., 2008).

During amoeboid movement, the cortical actin dynamics is controlled by
small GTPase protein RhoA, and its effector Rho-associated serine threonine
protein kinase ROCK. Rho/ROCK signalling promotes the formation of a dense
contracting actomyosin mesh at the invading cell edge (Wyckoff et al., 2006).
Notably, in amoeboid migrating tumour cells there were neither stress fibres nor
visible focal contacts (Friedl et al., 1998, Wolf et al., 2003).

ROCK can regulate actomyosin activity by direct phosphorylation of MLC

and it is localized at the leading edge of the migrating cell, immediately behind
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actin-rich protrusions. Moreover, the ROCK-dependent phosphorylation of MLC
is crucial for its correct organization and force generation that enables cell
movement within ECM without proteases. ROCK also regulates the localization
of MLC to the cell cortex (Wyckoff et al., 2006). In the Rho/ROCK signalling
pathway, the one major substrate for ROCK is the myosin binding subunit of
myosin phosphatase, MLCP, which dephosphorylates myosin Il light chain MLC2.
Phosphorylation of regulatory subunit of MLCP at Thr-853 and Thr-696 by
ROCK leads to its inactivation (Kimura et al., 1996). ROCK phosphorylates and
activates LIMK that leads to phosphorylation and thus inactivation of cofilin that
was described as actin-depolymerization factor (Maekava et al., 1999, Amano et
al., 2010). MLC2 can also be phosphorylated and activated by myosin light chain
kinase MLCK (Amano et al., 1996). RhoA/ROCK signalling cascade is
implicated in the stiffness generation and maintenance of roundish cell
morphology of the cells (Worthylake et al., 2001, Smith et al., 2003).

As it was mentioned above, the extracellular proteases or calpain are not
required for amoeboid migration, due to the enhanced contractile force at the
leading edges of cells, which promotes them to squeeze through the gaps and
spaces within the extracellular matrix (Sahai and Marshall, 2003). It has been
observed, that during 3D migration the cells adapt their cytoplasm and nucleus to
minimize resistance towards tissue barriers in both mesenchymal and amoeboid
migration (Wolf et al., 2003). Moreover, Provenzano and his colleagues have
shown that migrating tumour cells that use Rho/ROCK mediated forces, generated
by cellular myosin-based contractility are able to actively deform and reorganize
the three-dimensional collagen matrice (Provenzano et al., 2008). It was observed
that migrating cells, using the amoeboid type of invasion, form only “short-lived”
and relatively weak integrin-free interactions without tightly adhering to the
adjacent environment (Lammermann et al., 2008, Friedl et al., 1998, Werr et al.,
1998).

18
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Figure 4. Rho/ROCK mediated actomyosin contraction involved in
amoeboid mode of invasion. RhoA signals through ROCK to
increase MLC phosphorylation that generates actomyosin contraction.

Phosphorylation of LIMK leads to phosphorylation and inactivation of cofilin.

The amoeboid tumour cells also use blebbing movement as another
migratory strategy. The blebbing migration is driven by a hydrostatic pressure
gradient and it has been considered as an alternative mechanism to the
lamellipodia-driven movement in 3D (Charras et al., 2005). The blebs are
preferently developed at the leading edges of the moving cells, and their formation
in cancer cells is also associated with enhanced migration and invasiveness
(reviewed in Fackler et al. 2008, Charras et al., 2008). The blebbing migration
requires myosin activation and its contraction, which is generated by small
GTPase, RhoA, and its effector, Rho-kinase ROCK or myosin light chain kinase
MLCK (Yanai et al., 1996, Coleman et al., 2001). This signalling pathway leads
to contraction of the cortical actin meshwork at the sides and rear of the cells and

thus generates hydrostatic pressure (Wyckoff et al., 2006).
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Figure 5. The three phases of bleb cycle: bleb initiation (nucleation),
expansion and retraction. a) Bleb initiation can result from a local detachment a
local detachment of the cortex from the membrane (left model) or from a local
rupture of the cortex (right model). b) Hydrostatic pressure in the cytoplasm (Pint)
then drives membrane expansion by propelling cytoplasmatic fluid through the
remaining cortex (left model) or through the cortex hole )right model).
Concomitantly, the membrane can detach further from the cortex, increasing the
diameter of the bleb base (dashed line). c) As bleb expansion slows down down, a
new actin cortex reforms under the bleb membrane. d) Recruitment of myosin to
the new cortex is followed by the cbleb retraction (Pext) extracellular hydrostatic
pressure (adapted from Charras and Paluch (2008). Blebs lead the way: how to
migrate without lamellipodia. Molecular Cell Biology. 9, 730-736).

1.6 MESENCHYMAL-AMOEBOID TRANSITION

Many reports have shown that migrating tumour cells can change their mode

of migration. This conversion can be influence by many conditions. It has been
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named mesenchymal-amoeboid (MAT) or amoeboid-mesenchymal transition
(AMT). It has been reported, that one of the reason of MAT could be the blockage
of proteases in tumour cells. Wolf and colleagues found out that this transition,
from proteolytic mesenchymal to nonproteolytic amoeboid cell migration,
represents a putative escape mechanism in tumour cell dissemination after
abrogation of pericellular proteolysis. It has been shown, that mesenchymally
migrating, highly invasive fibrosarcoma HT-1080, as well as MDA-MB-231
mammary carcinoma cells, that exhibit spindle-shaped morphology, have
converted to less polarized and more spherical “amoeboid” morphology in the
presence of proteases inhibitors (Wolf et al., 2003). This induced proteases-
independent “amoeboid” migration is caused by cellular and molecular adaptation
of tumour cells on environmental conditions and may represent an escape
mechanism upon protease inhibitor-based therapy in aggressive tumour cells
(Zucker et al., 2000, Kruger et al., 2001). Another known mechanism that leads to
MAT is the activation of the Rho/ROCK signalling pathway.

As mentioned above, Rho/ROCK signalling is implicated in actomyosin
contractility, as well as in the maintenance of a rounded shape of migrating cells.
Sahai and colleagues have observed that constitutive activation of ROCK kinase
results in transition from mesenchymal to amoeboid migration in HT1080 cells
(Sahai and Marshall, 2003). Conversely, silencing of Rho/ROCK pathway in
amoeboidly migrating A375M2 melanoma cells leads to the mesenchymal
phenotype. A very recent study has shown that silencing of NG2/MSCP
transmembrane proteoglycan results in transition from amoeboid to mesenchymal
migration in both melanoma A375M2 and rat sarcoma A3 cells. This inhibition of
NG2 led not only to conversion in phenotype but also to increase in proteolytic

degradation of components of the extracellular matrix (Panikova et al., 2012).

1.7 NG2 PROTEOGLYCAN

NG2/CSPG 4 chondroitin sulphate proteoglycan 4 is 250 kDa, membrane-
bound, cell surface protein. It was first identified in rat as a Neuron — glia 2
progenitor marker (Stallcup et al, 1981, Nishiyama et al., 1991). It is also known
as High Molecular Weight-Melanoma Associated Antigen (HMW-MAA) or
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melanoma chondroitin sulphate proteoglycan (MSCP) (Pluschke et al, 1996). Its
homolog was found in mouse as neural antigen 2 (AN2) (Niehaus et al., 1999), as
well as in C. elegans as C48E7.6.p and in Drosophila as CG10275. (Celniker et
al., 2002). NG2 was found widely expressed by several tissue specific immature
progenitor cells during development, including glial precursor cells, skeletal
myoblasts, chondroblasts of developing cartilage, and brain capillary endothelial
cells (Nishiyama et al., 1991, Grako et al., 1995, Burg et al., 1999, Schlingemann
etal., 1990, 1996).

NG2/MSCP as a membrane-spanning protein facilitates the communication
between extracellular environment and intracellular compartments of the cell. It
belongs to the proteoglycan family, which contains glycosaminoglycan chains that
are covalently linked to their core protein. NG2/MSCP, as well as several other
proteoglycans, are known for their involvement in various aspects of cells
behaviour, including cell/matrix interaction and migration (Rapraeger et al., 1986,
Perris et al., 1987), cell proliferation (Yamaguchi and Rouslahti, 1988) and cell
adhesion (Yamagata et al., 1989). Interestingly, there is growing evidence that
NG2/MSCP proteoglycan has a significant role in tissue invasion, metastasis and
tumour progression (Burg et al, 1999, lida et al., 2001).

Recent work has demonstrated the association of NG2 with the tumour
progression and poor prognosis (Cattaruzza et al., 2008, Benassi et al., 2009).
Upregulation of NG2 proteoglycan was found in different types of tumours as
melanomas (Burg et al., 1998), soft tissue sarcomas (Benassi et al., 2009),
glioblastomas (Shoshan et al., 1999) and acute myeloid leukemia (Behm et al.,
1996, Mauvieux et al., 1999). Moreover, a recent study also showed that NG2 also
promotes wound healing and neovascularization of a tumour mass (Stallcup and
Huang, 2008, Schlingemann et al., 1990, Levine 1994). Increased tumour
angiogenesis allows metastases formation and tumour growth (Burg et al, 1998,
Chekenya et al, 2002). These processes, mediated by NG2 proteoglycan, are very
important for tumour invasion and also strongly influence the metastatic potential
of cancer cells (Chekenya et al., 2002, Burg et al., 1997, Makagiansar et al., 2007).
As the strong correlation between the expression of NG2 proteoglycan and
metastases formation, in a soft-tissue sarcoma patient, has been confirmed, NG2
could be used and considered as a predictive marker for metastatic formation

(Cataruzza et al., 2008). In addition, Cavanna and colleagues also showed that
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NG2 expression is strongly upregulated in highly metastatic sarcoma cells
(Cavanna et al., 2007), which use the amoeboid mode of invasion (Rosel et al.,
2008). This data points out the fact that NG2 proteoglycan could be the long-term
searched, non-integrin adhesion molecule involved in amoeboid mode of invasion
(Pankova et al., 2012).

1.8 STRUCTURE OF NG2 PROTEOGLYCAN

NG2, a chondroitin sulphate proteoglycan, is a type 1-transmembrane protein,
which is initially synthesized as a 250 kDa polypeptide. NG2 consists of 3
domains: extracellular, transmembrane and cytoplasmatic. The large extensive
extracellular domain has 2225 amino acids, transmembrane domain with 26
residues and very short 76 amino acid cytoplasmatic domain. Unfortunately, there
are no 3-dimensional structural data for NG2.

The extracellular domain consists of three domains. An ectodomain, which is
composed of two globular domains that form a structure described as “dumbbell-
shaped” (Tillet et al., 1997), and it is stabilized by intramolecular disulfide bonds
(Nishiyama et al., 1991). This ectodomain contains two laminin G-type specific
motifs that are important for ligand binding (Stegmuller et al., 2002). In the
central domain of the NG2 ectodomain, there is a consensus sequence at ser-999
for chondroitin sulphate attachment, (Stallcup and Dahlin-Huppe, 2001) binding
sites for collagen V and collagen VI (Burg et al., 1997, Tillet el al., 1997), and a
glycosaminoglycan chain. There is growing evidence that the glycosaminoglycan
chain is important for targeting the NG2 molecule to specific molecules within
microdomains of the cell membrane (Stallcup and Dahlin-Huppe, 2001).

The globular, juxtamembrane part of the extracellular ectodomain of NG2
contains N-linked oligosaccharides that are involved in the binding of galectin-3
(Fukushi et al., 2004). In this domain, there are also binding sites for -1 integrins
and sites for proteolysis of NG2. This proteolytic cleveage leads to its release
from the cell surface (Nishiyama et al., 1995) and its enhanced presence has been
observed in some types of injuries (Jones et al., 2002).

The cytoplasmatic domain of the NG2 proteoglycan includes a few motifs

and several cytoplasmatic threonine residues, which are essential for the correct
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function of NG2. The C-terminus of the cytoplasmatic domain contains a PDZ-
binding motif, QYWYV, which is involved in the interaction with multi-PDZ
scaffold protein MUPP1 (Barrit et al., 2000), GRIP1 (Stegmuller et al., 2003) and
syntenin-1 (Chatterjee et al., 2008). In the cytoplasmatic domain of NG2, there is
also a proline-rich segment and one serine and seven threonine residues
(Nishiyama et al 1991), however only two of them are phosphorylated. The Thr-
2256 is phosphorylated by PKCa, and this phosphorylation leads to enhanced
motility. The second phosphorylation is catalyzed by ERK at threonine 2314, and

is responsible for stimulating cell proliferation (Makagiansar et al., 2004).
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Figure 6. Structure of NG2. Extracellular domains: ectodomain 1: violet
bars, with laminin G domains and S-S, disulfide bonds. Ectodomain 2: yellow bar
with collagen binding domain; irregular red line represents chondroitin sulfate
chain. Ectodomain 3: Blue Y-shapes, N-linked oligosaccharides; orange
arrowheads represent sites of proteolytic cleavage. Transmembrane Domain:
double green lines. Cytoplasmic Domain: blue circles, sites of threonine
phosphorylation; green circle, PDZ binding motif; gray grid lines, proline-rich
segment. (adapted from Willam B. Stallcup and Feng-Ju Huang. (2008). A role

25



for the NG2 proteoglycan in glioma progression. Cell Adhesion and Migration, 2,
192-201).

1.9 NG2 PROTEOGLYCAN AND ITS FUCTION IN AXON
REGENERATION

Several studies have indicated the potential connection of NG2 proteoglycan
with the Rho/ROCK signalling pathway. The first clue came from the axon
regeneration study. The researchers have pointed on inhibitory effect of the
CSPG4 proteoglycans on neurite outgrowth in vitro and axonal growth in vivo
(Dou and Levine, 1997, Gates et al., 1996, McKeon et al., 1991). Even if the
mechanism is still not entirely known, recent studies have discussed the potential
involvement of the Rho/ROCK signalling pathway (Fournier et al., 2003, Borisoff
et al., 2003, Monnier et al., 2003).

It has been reported that activation of the RhoA/ROCK signalling pathway,
in neurons, has an inhibitory effect on axon growth that results in a neurone cone
collapse and its retraction. These data has been supported by experiments in which
treatment with pharmacological inhibitors of both RhoA and ROCK lead to
neurite growth of retinal axons and outgrowth of dorsal root ganglion cells in vitro
(Monnier et al., 2003, Fournier et al., 2003). In addition, in vivo blocking of
RhoA by C3 exoenzyme, as well as using of nonsteroidal anti-inflammatory drugs
against RhoA, caused axon regeneration (Fournier et al., 2003). To confirm the
inhibitory effect on neurite outgrowth, experiments were performed on CSPG-rich
substrates. The axonal regeneration was observed in the presence of ROCK
inhibitors (Borisoff et al., 2003, Monnier et al., 2003), as well as after the
treatment with NG2 antibody (Dou and Levine, 1994).

A very recent study also reported the possible interconnection between NG2
proteoglycan and Rho/ROCK signalling pathway in tumour cells. Authors have
shown that NG2 mediated activation of Rho is tightly associated with amoeboid

invasiveness of tumour cells (Pankova et al., 2012).

26



1.10 NG2 AND ITS POSSIBLE INTERACTION WITH Rho/ROCK
SIGNALLING PATHWAY

There is growing evidence that NG2 mediates remodelling of the actin
cytoskeleton, which leads to migration and invasion of tumour cells via the
activation of Rho family GTPases (Lin et al.,, 1996, Eisenman et al., 1999,
Majumdar et al., 2003). Nevertheless the mechanism is still not entirely clear. A
recent study has reported that downregulation of NG2 leads to inactivation of Rho
GTPase which is associated with reduced invasiveness of tumour cells (Pankova
etal., 2012).

Many recent studies have indicated that the interconnection of NG2
proteoglycan with Rho/ROCK signalling pathway is indirect, and it is mediated
by a scaffold protein. One of the most presumptive candidates is MUPP1, which
has already been identified as a binding partner for the cytoplasmatic domain of
NG2. MUPP1 is a scaffold protein also implicated in many other signalling
pathways. It is multi PDZ domain-containing scaffold protein, which directly
binds to the PDZ binding motif of NG2 proteoglycan (Barrit et al., 2000). The
paralogue of MUPP1, Patj, has been identified as a scaffold protein in the
Amot:Patj/MUPP1:Syx ternary complex activating the RhoA signalling pathway,
which leads to the migration of endothelial cells. Importantly, this complex
controls the activity and localization of RhoA at the leading edges of migrating
cells (Erngvist et al., 2009).

Angiomotin (Amot) is the membrane-associated protein with a C-terminal
PDZ binding motif. Syx has been recognized as a RhoA GTPase exchange factor
(Rho-GEF), which is responsible for activating small GTPases (Ridley et al.,
2001). Because Syx contains a RhoGEF domain, a plextrin homology domain
and only a PDZ-binding motif at its C-terminus, its interaction with angiomotin is
mediated via the scaffold protein Patj/MUPP1 (Erngvist et al., 2009). There is
thus a possibility that NG2 controls local GTPase activity through
NG2/MUPP1/SY X/RhoA complex.
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Figure 7. Possible mechanism of connection between NG2 proteoglycan
and Rho/ROCK signalling pathway. (adapted from Trotter et al.,(2010) NG2
cells: Properties, progeny and origin. Brain Research Rev. 63,72-82).
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1.11 THE FUNCTION OF NG2/MSCP IN TUMOUR CELLS

The possible mechanism by which NG2 influences motility is by the
activation of Rac or Cdc42 GTPases, which directly activate Pak-1, a signal
molecule responsible for the regulation of cell morphology and cell motility (Sells
et al., 1999). Pak-1 also regulates myosin light chain phosphorylation, although
NG2 can also promote cell migration and cell spreading.

NG2 is often regarded as a co-receptor mediating ligand-dependant activation.
Previous studies have demonstrated that NG2 interaction with hyaluronic acid,
fibronectin or CD44 negatively influences adhesion of melanoma cells (Burg et al.,
1998). NG2 ability to activate B1-integrins has also been described (lida et al.,
1995, Eisenmann et la., 1999). Chondroitin sulphate glycosaminoglycan chain is
required for this specific activation, which mediates the linkage between NG2 and
B1-integrins, and it is a component of the NG2 extracellular domain (lida et al.,
1998). NG2-mediated B1-integrin activation promotes cell adhesion, cytoskeletal
reorganization and spreading of melanoma cells (lida et al., 1995, Eisenmann et
al.,, 1999, Fang et al., 1999). NG2-mediated cell spreading is promoted via
activated Rho-family GTPase Cdc42 and its effector Act-1 (activated Cdc-42-
associated kinase), which phosphorylates p130cas and thus recruits B1-integrin
(Eisenmann et al., 1999).  Furthermore, NG2-dependent B31-integrin activation
also has an effect on cell survival through PISBK/AKT pathway (Chekenya et al.,
2008).

As it was mentioned above, NG2/MSCP is implicated in migration and
proliferation of cancer cells (Burg et al., 1996, Tillet et al., 1997). NG2-driven
migration and proliferation can be regulated by two different phosphorylations of
NG2 cytoplasmatic domain at two different threonines. It seems that both
phosphorylation and dephosphorylation of NG2 could be very important not only
for NG2 interaction with others molecules but also for surface localization of NG2.
As it has been previously reported, the non-phosphorylated form of NG2 is
localized at the small plasma membrane protrusions, which are widely presented
on most of the cell surface and can serve as a scaffold for various molecules that
mediate communications between cells and the extracellular matrix (Garrgues et
al., 1986).
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Although, recent studies have shown that NG2/MSCP can be
phosphorylated by PKCa or ERK at its two cytoplasmatic threonines, and both
phosphorylated stages mediate two different processes. First, PKCa
phosphorylates NG2 at Thr-2256 at its cytoplasmatic domain, resulting in
enhanced cell motility. After this phosphorylation, NG2 is translocated to the
lamellipodia at the cell periphery prominently to the leading edges of the cells.
Even if the mechanism of NG2 relocation is not entirely clear, its redistribution is
accompanied by a noticeable increase in cell motility (Makagiansar et al., 2004).
This phosphorylation could also modify the interaction of NG2 with the
cytoplasmatic binding partners or extracellular ligands.

The second phosphorylation is mediated by ERK at Thr-2314 of the
cytoplasmatic domain of NG2/MSCP and leads to NG2-dependent proliferation.
In addition, this phosphorylation localizes NG2 to the apical microprotrusions and
it seems to be also responsible for their formation (Makagiansar et al., 2007).
Makagiansar and colleagues showed that signals generated via Thr-2256
phosphorylation by PKCa are dominant over the ERK-mediated phosphorylation
at Thr-2314. Conversely, phosphorylation by PKCa has an inhibitory effect on
cell proliferation and ERK mediated phosphorylation at Thr-2314 blocks the
motility of cells. Although, the mechanism by which both phosphorylations are
regulated is still not clear. One possible mechanism is the conformational change
of NG2 after its phosphorylation by PKCa.

Previous studies have reported that both phosphorylations of NG2 are
dependent on clustering with B; integrins. They have discussed two possible
mechanisms which control both phosphorylations. It was suggested that
phosphorylated variants of NG2 could be differentially influenced by interacting
with the different B-integrin heterodimers; or the second possibility that NG2
phosphorylation pattern determines various localization of NG2-integrin
complexes, and thus it leads to integrin signalling in the different microdomains
of the cells (Makagiansar et al., 2007).

NG2 was described as a potential regulator of membrane microdomains in
melanoma cells, where it contributes to the cellular adhesion (Garrigues et al.,
1986). NG2 is colocalized with ezrin, PKCa and agf; integrin in these NG2 rich
microspikes and membrane protrusions (Fukushi et al., 2004, Makagiansar et al.,

2004, Ng et al., 2001). Unfotunately, there is no evidence to support the indication
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that there is a direct interaction between ezrin and NG2. This could potentially be

a co-mechanism of linkage to the actin cytoskeleton (Lin et al., 1996).

1.12 NG2/MSCP AND CELL INVASION

Recently, there is growing evidence which suggests NG2/MSCP as a
potential therapeutic target. Previous work has highlighted the implication of NG2
In aggressive phenotypes in human melanoma, gliomablastomas and myeloid
leukemias (Chekenya and Pilkington, 2002, Shoshan et al.,, 1999). As
NG2/MSCP serves as a signal transduction molecule, many publications have
discussed its interaction with collagen type VI as a possible mechanism involved
in invasion and metastasis in cancer cells (Stallcup et al., 1990, Burg et al., 1996,
Tillet et al., 1997). It is known that collagen VI is an essential component of the
extracellular matrix, where it forms a flexible, microfibrillar network in various
connective tissues (Chu et al., 1987). It specifically binds to the binding site found
in the central part of the extracellular domain of NG2 (Burg et al., 1997, Tillet et
al., 1997). Previous studies have shown that the interaction between collagen VI
and NG2 proteoglycan, besides tumour progression, also controls cytoskeletal
rearrangement, cell spreading, formation of lamellipodia (Tillet et al., 2002), all
accompanied by enhanced cell motility (Burg et al., 1997). NG2 binding to the
collagen VI preferentially activates ERK-PKCa-MAPK cascade, which is
associated with modulation of cytoskeletal dynamics.

Studies with animal models have shown that NG2 positive tumours grew
more rapidly. Furthermore, NG2 overexpression induced highly aggressive
tumours accompanied by increased angiogenesis and invasive tumour properties.
Conversely, disruption of NG2 function significantly reduced tumour growth and
angiogenesis, as well as proliferation (Wang et al., 2010).

It was reported that NG2 interaction with one of its binding partner galectin-
3 mediated malignant properties (Fukushi et al., 2004). Galectin-3 belongs to the
family of mammalian lectins. Lectins usually contain conserved carbohydrate
recognition domains (CRDs), which are responsible for oligosaccharide-
dependent binding to the ligand (Liu and Rabinovich, 2005). This CRD domain of
galectin-3 also serves as a mediator of binding to the N-linked oligosaccharides
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within the extracellular domain of NG2. Wen and colleagues showed that
disruption of the NG2/galectin-3 interaction led to a decrease in aggressive
properties of tumour cells (Wen et al., 2006).

Membrane-type 3 matrix metalloprotease (MT3-MMP) is another
extracellular binding ligand for NG2. The presence of the chondroitin sulphate
chain of NG2 is necessary for activation and direct binding to MT3-MMP. This
complex is crucial for local invasion and degrading on type | collagen in

melanoma cells. (lida et al., 2007)

2. DISCUSSION

My postgraduate study upon supervision of associate Professor Jan Brabek in
the Laboratory of invasion of sarcoma cells was focused on characterization of

mechanisms of invasion in tumour cells.

1. The first part of my study was concentrated on the determination of
molecular mechanism of amoeboid invasion in rat sarcoma cells. | have
also analysed the role of cytoskeleton in invasiveness of the primary
breast tumour cells.

2. The second part of my study was to determine the role of NG2/MSCP in
amoeboid type of invasion and its implication in Rho/ROCK signalling

pathway.

Up-Regulation of Rho/ROCK Signalling in Sarcoma Cells Drives Invasion
and Increased Generation of Protrusive Forces
(the 1™. publication)

To analyse the mechanisms of sarcoma cells invasion, we have used the rat
sarcoma model of metastasis, which was developed by Pavel Vesely in inbred
Lewis rats. The model includes four populations of sarcoma cell lines with
different capacities to induce metastases in animals. Cell populations have been

developed by isolation from neoplastic rat embryo fibroblast cells and then
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spontaneously transformed in vitro. To compare differences, we have analysed the
parental non-metastatic fibroblast-like LW13K2 (K2) and highly metastatic
A337/377RP (A3) cells, derived from K2 cell line. Both cell populations are
closely, genetically related, that it offers specific advantage for studying in vitro
metastatic transformation (Cavanna et al., 2007).

Because sarcoma cells are from mesenchymal origin and their mesenchymal
invasion is dependent on degradation of extracellular matrix by the production of
proteases, we have analysed their gelatinase activity. We surprisingly have found
out that highly metastatic sarcoma A3 cells secreted only very low levels of the
inactive pro-form of MMP-2 and no active form of MMP-2 protease as well as we
have not observed any gelatine degradation of A3 cell seeded on FITC-gelatine.
Conversely non-metastatic K2 cells exhibited low level of gelatinase activity that
was sensitive for proteases inhibitors. These findings have suggested us to
hypothesize that A3 mesenchymal sarcoma cells can use alternative, protease-
independent mode of invasion.

Subsequent KINEX protein microarray analysis between K2 and A3 sarcoma
cells has showed 83 significant changes and confirmed up-regulation of
Rho/ROCK signalling pathway in highly metastatic A3 sarcoma cells. Increased
Rho/ROCK signalling is crucial for amoeboid mode of invasion as the tumour
cells with amoeboid mode of invasion do not utilize pericellular degradation of
the surrounding extracellular environment (Wolf et al., 2003). By using of Rho-
GTPases assay we have also confirmed higher expression of both RhoA-GTP and
RhoC-GTP levels in highly metastatic A3 cells, compared to non-metastatic K2
cell line, that activate ROCK (Sahai and Marshall, 2002). Our microarray data
have shown significant increased level of caspase-1 that is responsible for
degradation of Rho-GDI. According to these findings we have hypothesized that
this downregulation of Rho-GDI enables elevated expression of active Rho
GTPases in highly invasive A3 cells. To confirm involvement of Rho/ROCK
signalling pathway in invasiveness of A3 sarcoma cells, we have established
greatly increased of phosphorylated form of MYPT-1 that is the key substrate of
ROCK. Conversely, we have observed decreased expression of B-integrin in
highly metastatic A3 sarcoma cells. Upregulation of B-integrin is one of the most
features of mesenchymally invading cells. These data have pointed out a very

interesting fact that the mesenchymal sarcoma A3 cell line has the ability to use
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amoeboid mode of invasion, without proteolytic degradation of matrix, which has
not been established before.

As it has been reported that the Rho/ROCK signalling pathway regulates
actomyosin cytoskeletal dynamics (Amano et al., 1997), our next analyse was
focused on measurement of dynamics in K2 and A3 sarcoma cell lines. For these
experiments we have used collaboration with the laboratory of Professor Ben
Fabry in Erlangen. Using of nanoscale particle tracking methods we have
observed elevated dynamics of cortical actin in A3 cell line that is involved in
cytoskeleton remodelling and thus can be implicated in higher invasion of A3
cells. These our findings correlated with analysed KINEX microarray data that
have shown upregulated expression of cofilin and its phosphorylated form in A3
sarcoma cells. Increased cofilin phosphorylation has led to increased dynamics of
F-actin polymerization and depolymerisation and thus to higher cytoskeletal
dynamics in highly metastatic A3 cells. We have also shown that F-actin is
prominently observed cortically and localized in ruffles at the leading edges in the
A3 cells. This arrangement is typical for metastatic cells with higher cytoskeletal
dynamics (Vesely et al., 1987), whereas in non-metastatic K2 cells, F- actin was
arranged into the stress fibres. These great differences in cytoskeletal dynamics
are due to enhanced invasiveness and migration of A3 cells in comparison to K2
cells. We have also confirmed that upregulation of Rho/ROCK signalling pathway
in A3 rat sarcoma cells leads to increased phosphorylation of MLC that generates
actomyosin traction forces, predominantly localized at the leading edges of
migrating cells. Using of Y-27632 inhibitor of ROCK has resulted decreased of
invasiveness of A3 sarcoma cells although no changes have been observed in their
invasion by using of inhibitor of proteases. Taken together, in this study, we have
confirmed for the first time that highly metastatic mesenchymal sarcoma cells can
primarily use amoeboid mode of invasion, which is depend on the Rho/ROCK
signalling pathway.

Our data have pointed on a very important fact, that many tumours from
mesenchymal origin can very effectively use amoeboid mode of invasion via
upregulation of the Rho/ROCK signalling pathway. Our findings could signify an
important step in cancer therapy of tumour cells using the mesenchymal mode of
invasion. As cancer cells are able to undergo mesenchymal-amoeboid transition as

an efficient escape from proteases inhibitor cancer therapy, one possibility of how
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to prevent tumour cell invasion is the use of treatment based on a combination of
ROCK/proteases inhibitors.

Confocal Microscopy Reveals Myzitiras and Vthela Morphotypes as New

Signatures of Malignancy Progression

Neoplastic progression of the human breast cancer cell line G3S1 is
associated with elevation of cytoskeletal dynamics and upregulation of MT1-
MMP

(the 2" and 3". publications)

In two other studies, we analysed the role of cytoskeletal dynamics in
invasiveness of breast cancer cells. For this study, we used the newly established
G3S1 cells, derived from primary human infiltrating EM-G3 ductal breast
carcinoma. G3S1 cells have been exposed in vitro to chronic nutritional stress by
deprivation of specific growth factor and treatments with an activator of protein
kinase C (12-O-tetradecanoyl-phorbol-13-acetate).

As neoplastic progression in carcinoma cells usually correlates with
enhanced invasiveness of tumour cells through the connective tissues, our data
confirmed enhanced invasion of G3S1 cells in comparison to their parental EM-
G3 cell lines. Increased invasiveness of G3S1 cells was accompanied with a
higher incidence of specific mysitiras (sucker-like cell) morphotype. This
mysitiras morphotype has been characterized by roundish band of adhesion
enriched with F-actin and phosphorylated tyrosine residues. The unusual
appearance of mysitiras morphology could indicate an escape mechanism upon
exposure to stressful conditions on the G3S1 cell line, and also an element of
epithelial-mesenchymal transition, which is attributing of malignant progression
of carcinomas. Elevated invasive potential in G3S1 breast cancer cells correlates
with their increased gelatin degradation that has been resulted by activation of
matrix metalloproteases. We have shown that more invasive G3S1 cells employ
the proteolysis-dependent mode of invasion, which is accompanied by
upregulation of MT1-MMP matrix metalloproteases compared to EM-G3 cells.

As accumulation of MT1-MMPs plays a crucial role in invasiveness and

metastases, in most tumours (Shiomi et al, 2003), we hypothesized that increased
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expression of MT1-MMP in G3S1 could be partially responsible for elevated
invasiveness. Although, besides proteolytic degradation of ECM, enhanced
dynamics of actin cytoskeleton in G3S1 breast cancer cells facilitates their
invasiveness in contrast to EM-G3 cells. Taken together, our results have shown
that neoplastic progression and invasiveness of the human breast cancer cell line
G3S1 is dependent on increased expression of MT1-MMP matrix metalloprotease
and enhanced dynamics of actin cytoskeleton.

NG2-mediated Rho activation promotes amoeboid invasiveness of cancer
cells.
(the 4™, publication)

My second project was connected to our previous study from protein
microarray analyses KINEX between highly metastatic A3 sarcoma cells and their
parental non-metastatic K2 cells. As we surprisingly found a significant decrease
in B1-integrin expression in highly metastatic A3 sarcoma cells, we suggested that
B1-integrin, is not responsible for their amoeboid adhesion. It was recently
speculated that amoeboid cell adhesion to the ECM can be mediated via non-
integrin receptors, such as glycoproteins (Friedl, 2004). As our previously
reported microarray data of A3 and K2 cells have shown highly upregulated levels
of NG2 in A3 cells (Cavanna et al., 2007), we have suggested that NG2
proteoglycan could represent the non-integrin ECM receptor of amoeboid cell
adhesion. We have analysed the role of NG2 in amoeboid invasiveness, as well as
its potential connection in the Rho/ROCK signalling pathway, which is crucial for
amoeboid invasion. For our study, we used two independent systems: rat sarcoma
K2 and A3 cells; and A375M2 human melanoma cells. We have shown that
siRNA-mediated knockdown of NG2 induced amoeboid-mesenchymal transition
(AMT) of morphology in both highly metastatic amoeboid cell lines, A3 and
A375M2. Both cell lines A3 and A375M2 use amoeboid mode of invasion, thus
NG2 inhibition has led to conversion from roundish to elongated morphology,
which is typical for mesenchymal mode of invasion. Conversely, overexpression
of NG2 proteoglycan has led to mesenchymal-amoeboid transition, increased

invasiveness and higher levels of activated Rho in predominantly mesenchymal
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K2 cell line. These data suggests the potential of pro-amoeboid role of NG2
proteoglycan. Moreover, knockdown of NG2, in A3 and A375M2, was
accompanied with reduced ability of cells to invade through the 3D collagen, as
well as great decrease in Rho-GTP expression.

These results have highlighted a previously reported study about potential
implementation of NG2 proteoglycan, with Rho/ROCK signalling, in the process
of inhibition of neurite outgrowth or promotion of amoeboid invasion. There is an
important question of how NG2 could be connected to the Rho/ROCK pathway.
We have hypothesized that crucial for this linking is intracellular PDZ binding
motif of NG2 proteoglycan that interacts with multivalent PDZ scaffold protein
MUPP1 (Barrit et al., 2000). MUPP1 also interacts with Rho-GEF Syx and thus
creates the NG2/MUPP1/Syx complex, which promotes localized activation of
Rho at the leading edge in migrating cells. (Erngvist et al., 2009)

The amoeboid-mesenchymal transition in knockdown of A375M2 cells was
associated with enhanced ability of the cells to form invadopodia and thus degrade
the ECM. However, this enhancement of matrix degradation activity was not a
substitution for reduced invasive ability caused by downregulation of Rho/ROCK
signaling. Furthermore, overexpression of NG2 proteoglycan in K2 cells has led
to decreasing of ECM degradation.

These results have led us to suggest that for the inhibitory effect of NG2 on
invadopodia and invasive protrusion formation, a very similar molecular
mechanism that has been described in NG2-mediated inhibition of neurite
outgrowth could be responsible, and that it is also mediated by Rho/ROCK
signalling pathway. Taken together, our data have strongly pointed out the NG2
proteoglycan-mediated invasion via its activation of Rho/ROCK signalling
pathway. Moreover, we have suggested that NG2 proteoglycan could serve as a

non-integrin adhesive molecule involved in amoeboid cell invasion.
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3. CONCLUSIONS

Cancer treatment is very complicated and development of targeted therapies
requires the identification of proper targets that are known to play a key role in
cancer cell growth and survival, our results imply a few suggestions for new
cancer medications and treatments.

Our research focused on the mechanisms of invasion of tumour cells, and
was the first to highlight the new finding that highly metastatic sarcoma cells,
from mesenchymal origin, primarily use amoeboid mode of invasion, which is
mediated by the Rho/ROCK signalling pathway. These data have pointed on the
fact that many mesenchymal tumours can promote their invasion via amoeboid
type of invasion. Treatment based on combination of both proteases inhibitors and
inhibitors against Rho/ROCK pathway could be a good strategy to prevent both
amoeboid and mesenchymal type of migration of tumour cells and thus more
effectively to block individual cancer cell invasion.

We have also identified NG2 proteoglycan as a potential non-integrin
adhesive molecule responsible for amoeboid type of invasion. Treatment directed
on NG2 inhibition could prevent the invasion promoted by NG2 proteoglycan

whose signalling is potentially connected with Rho/ROCK pathway.
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