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1. Summary

Cell migration is not only crucial for a range diysiological processes, such as embryonic
development or wound healing, but also a majorrdetant for pathological processes,
including cancer dissemination and metastasis. €@arell migration relies on two
coordinated and interdependent functions, adheaiwh proteolysis. While cell adhesion
receptors of the integrin family orchestrate intdcns between cells and the extracellular
matrix (ECM), matrix metalloproteinases (MMPs) dedg matrix barriers and subsequently
create space for cell movement. Most studies oneracell migration are based on two model
systems: collagen gels and reconstituted basememibnane extracts. The ECM however, is
a highly complex structure that consists of severamponents whose function and
contribution to cell migration in physiological arghthological conditions is still poorly
understood. Hence, new model systems are requrgdin a more profound understanding
about the interactions between tumor cells and tm&groenvironment, which in turn drive
malignancy. Accordingly, fibronectin (FN), an adivesfibrillar ECM protein, came into
focus, since its expression levels are upregulstegveral tumors and it has been associated
with the formation of premetastatic niches. In thigesis, cell migration of human
fibrosarcoma cells was investigated in two-dimenaid2D) and three-dimensional (3D) FN
environments. In 2D environments, FN moleculeshiairt globular form were physisorbed
onto surfaces to form a thin, homogenous layereBiironments were assembled via a cell-
driven process leading to the formation of fibrileN networks. Cell migration behavior in
these two types of FN environments was examinedguisitegrin blocking approaches and
FN cell-binding site mutation. Here, it was demaoaigtd that on 2D FN coatings, cell
migration is strongly dependent agp; integrin, whereas within 3D FN matrices neithgf$;

nor a,B3 mediate cancer cell migration. Furthermore, theaaot of proteolytic activity on
cancer cell migration within both FN environmentaswnvestigated. The results of this thesis
suggest that general inhibition of MMPs does ndlueance fibrosarcoma cell migration on
FN, regardless of its topography. However, as detnated by RNA interference, silencing
of a membrane-type MMP, namely MT1-MMP, had opposifects on cancer cell migration
behavior in both FN environments. Depletion of MWMP on 2D FN resulted in reduced
migration speed and loss of directionality througactivation of cofilin activity, which is
associated with reduced actin dynamics. On 3D FNrices, migration speed and cofilin

activity was increased upon MT1-MMP silencing.



Since cancer cells are able to switch between g@igatis-driven and actomyosin-based
migration modes, the influence of the myosin Il ibitor blebbistatin on cancer cell
locomotion was further investigated. In this theSlsrosarcoma cell migration in 3D fibrillar
FN was highly dependent on myosin Il contractiliyhereas blebbistatin treatment did not
influence the migratory behavior on 2D FN coatingberefore, cell migration on both
substrates showed remarkable differences regaetihgsion, protease activity and myosin I

mediated contractility.

These results highlight the importance of substrap@graphy for regulating cell migration

and the need for more physiological model systamswestigate cancer cell migration. They
further suggest that targeting of matrix molecutather than cellular receptors or proteolytic
enzymes, is a promising approach to inhibit met&spaocesses.



Zusammenfassung

2. Zusammenfassung

Zellmigration ist nicht nur ein essentieller Vorgafiir eine Vielzahl biologischer Prozesse,
wie der Embryonalentwicklung oder der Wundheilusgndern auch ein bestimmender
Faktor pathologischer Prozesse, wie etwa der Ausbge von Krebs oder der
Metastasierung. Krebszellmigration beruht auf zweaiufeinander abgestimmten,
ineinandergreifenden  Vorgangen, der Adhesion undr deroteolyse. Wahrend
Zelladhasionsrezeptoren der Integrinfamilie dieedaktionen zwischen Zellen und der
extrazellularen Matrix regulieren, bauen Matrixnlefaroteinasen Matrixbarrieren ab und
schaffen somit den notwendigen Raum fir die Zeltatign. Die meisten Studien, die sich
mit Zellmigration beschéftigen, basieren auf zweoddllsystemen: Kollagengelen oder
Basalmembranextrakten. Die extrazellulare Matrixjgsloch eine hoch komplexe Struktur,
die aus vielen unterschiedlichen Komponenten aafigeist. Funktionen und Einfluss dieser
Komponenten auf die Zellmigration unter physiolebgesn und pathologischen Bedingungen
sind noch wenig verstanden. Aus diesem Grund wendgerartige Modellsysteme bendtigt,
mit deren Hilfe man ein tieferes Verstandnis Ubegjethigen Interaktionen zwischen
Tumorzellen und ihrem Mikromilieu gewinnt, welche dMalignitat férdern. Hierbei riickte
Fibronektin, ein adhesives fibrilliares Protein datrazellularen Matrix, in den Fokus, da
dessen Expression in vielen Tumoren hochregulistt und es die Bildung von
prametastatischen Nischen induzieren kann. In dieSmoktorarbeit wurde das
Migrationsverhalten von Fibrosarkomzellen sowohleiner zweidimensionalen als auch in
einer dreidimensionalen Fibronektinmikroumgebungtersucht. Die zweidimenionale
Mikroumgebung wird durch Physisorption globularebrbnektinmolekilen auf geeigneten
Oberflachen als homogener Film hergestellt. Die idimeensionale Mikroumgebung
hingegen, besteht aus einem fibrillaren Fibroneldinwerk, welches durch zellgesteuerte
Prozesse gebildet wird. Durch Blockieren von Integn und Mutation der
Fibronektindoméne welche die Interaktion mit Zelleermdglicht, wurde das
Zellmigrationsverhalten auf beiden Mikroumgebungamtersucht. Dabei konnte gezeigt
werden, dass Zellmigration auf Fibronektinfilmerarkt von Integrinasp; abhéngig ist,
wéhrend Zellen zur Migration innerhalb des Fibrdmetetzwerkes weder Intergm; noch
Integrin a3 bendtigen. Dariiber hinaus wurde der Einfluss vaneplytischer Aktivitat auf

die Krebszellmigration untersucht.



Zusammenfassung

Die Ergebnisse dieser Arbeit legen nahe, dass egamerelle Inhibition von
Matrixmetalloproteinasen das Migrationsverhaltem \Fabrosarkomzellen nicht beeinflusst
und zwar unhabhangig von der Beschaffenheit deetzmtgnen Fibronektinmikroumgebung.
Interessanterweise konnte durch RNA Interferenzeiggézwerden, dass eine Membran-
assoziierte Metalloproteinase, ndmlich MT1-MMP ,egirentgegengesetzten Einfluss auf die
Zellmigration innerhalb beider Mikroumgebungen disiuf den Fibronektinfilmen fihrte
die Herunterregulierung der MT1-MMP Expression zunee Verminderung der
Migrationsgeschwindigkeit und dem Verlust von derater Zellmigration. Diesem
Phanomen liegt eine Inaktivierung von Cofilin zugtle, die wiederum eine reduzierte
Aktindynamik zur Folge hat. Auf den fibrillaren Fdnektinnetzwerken erhéhte sich die
Migrationsgeschwindigkeit durch entsprechende $teigg der Cofilinaktivitat, infolge der
MT1-MMP Stilllegung.

Da Krebszellen zwischen proteolytisch-gesteuertet aktinmyosin-basierter Zellmigration
umschalten kénnen, wurde der Einfluss des MyosinnHibitors Blebbistatin auf die
Krebszellmigration untersucht. Es konnte gezeigtrder, dass die Migration von
Fibrosarkomzellen auf dreidimensionalen Fibronelgimwerken stark von Myosin I
abhangig ist. Im Gegensatz dazu, wurde das Zelanagrsverhalten auf zweidimensionalen
Fibronektinfilmen durch die Behandlung mit Blebhist nicht beeinflusste. Demnach konnte
hier gezeigt werden, dass die Zellmigration auf #erden Fibronektinmikroumgebungen
bemerkenswerte Unterschiede hinsichtlich Zelladiresiproteolytischer Aktivitdt und

Myosin Il vermittelter Kontraktilitat aufweist.

Die Ergebnisse dieser Arbeit verdeutlichen, welBseleutung die Substrattopographie fur
Regulierung von Zellmigration hat und dass neuesjohygischere Modellsysteme zur
Erfoschung von Krebszellmigration bendtigt werd&me legen weiterhin nahe, dass die
direkte Manipulation von Matrixmolekilen und wenigen proteolytischen Enzymen oder
zellularen Rezeptoren, ein vielversprechender Ansst Metastasierung erfolgreich zu

inhibieren.
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Introduction

3. Introduction

After cardiovascular diseases, cancer is the seomygt common cause of human deaths in
industrial nations [1, 2]. In fact, every third pen falls victim to this disease [3]. In the EU, it
accounted for 166.9 deaths per 100,000 inhabitantee years between 2000 and 2010
Since there is a strong correlation between age camter risk, aging of the European
population will lead to a strong increase in canneidences and death rates [4]. Accordingly,
almost every second person will be diagnosed vaticer during their life-time [1]. Despite
many discoveries made in cell and molecular biolsgyar, the development of potent anti-
cancer drugs shows one of the poorest clinicalessceates [5, 6]. These difficulties in anti-
cancer drug development originate from the compfexind heterogeneity of this disease. In
the following chapter, the current state of canasearch and current challenges for basic
research are discussed.

3.1 Cancer — a complex disease

The human body consists of billions of cells forgnmultiple tissues with diverse functions.
Under physiological conditions, tissues are in hostasis whereby cells proliferate only
when necessary and undergo apoptosis when thegither not needed anymore or show
signs of genomic damage beyond repair. These @esewe controlled by complex cellular
mechanisms. Over time, cells may acquire mutatithed overcome regulatory control
processes resulting in the transformation of norroalls into tumor cells. Usually,
transformed cells first form benign tumors whichynf@ter progress into malignant neoplasm
through additional genomic alterations. Dependingh®ir genotype and origin, cancers can
be classified into more than 100 distinct types amdor subtypes [7, 8]. In fact, even within
a single carcinoma, genetic alterations and ph@estymay vary from cell to cell [8],
suggesting that there might be no two tumors alidgs heterogeneity impedes not only
diagnosis but also the development of generalioden anti-cancer therapies.

Hanahan and Weinberg suggest that genomic ingtabilid mutations enable cancer cells to
acquire a specific set of capabilities which arseasial for tumor growth and cancer
progression [7, 9]. These so-called hallmarks aifcea (figure 1) help categorizing the vast

amount of tumor promoting genomic alterations araVide a common framework for tumor

! http://epp.eurostat.ec.europa.eu/statistics_explained/index.php/Causes_of death_statistics
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biology. According to this, cancer cells not onlged to sustain proliferative signals and
inhibit growth suppression, but also have to eveeledeath and gain a limitless replicative
potential to survive. In addition, cancer cells éidv be able to induce angiogenesis to sustain
the supply of oxygen and nutrients within the tumuarthermore, malignant cancer cells
acquire the ability of invasion and formation of tastases at distant sites. Beside these six
well established capabilities characterizing caroedls, two new hallmarks have emerged in
the past few years [9]. First, cancer cells oftdjust their metabolism to provide enough
energy for sustained cell proliferation. Secondjcea cells develop mechanisms to evade
eradication by immune cells. The immune system dussonly fight cancer cells, on the
contrary, especially cells of the innate immunepoese show tumor-promoting abilities.
While inducing inflammation in the tumor tissue,nmane cells excrete a variety of molecules
including growth factors, survival factors, proamggnic factors as well as proteolytic
enzymes, such as matrix metalloproteinases (MMPgt remodel the tumor
microenvironment enabling angiogenesis, invasiah raetastasis [10]. In doing so, immune

cells contribute to the acquisition of hallmark ahjities [9].

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
energetics destruction

Enabling
replicative
immortality

Resisting
cell death

Genomic
instability &
mutation

El established hallmarks

Inducing Activating O emerging hallmarks
invasion &

angiogenesis ) i isti
giog ——— Q enabling characteristics

Figure 1: Hallmarks of cancer (adapted from [9])

Enabling characteristics (indicated as pentagoli@yaancer cells to acquire a specific set of itibd, the so-
called “hallmarks” of cancer, which are crucial foalignancy. Each hallmark can be obtained throwagfous
mechanisms and thus represents a mean to cate¢jmegizeast amount of cellular alterations presentancer.
Established hallmarks (indicated as rectanglesyrides validated abilities that can be attributed each
carcinosis, whereas emerging hallmarks (indicateelbpses) are not yet generalized and need ttuibleer
evaluated.

12



Introduction

3.2 Metastasis

The actual death of cancer patients is mainly @hlse metastases [8, 11]. Accordingly,

inhibition of metastasis is a promising strategy feducing cancer-associated deaths.
Metastasis is a multistep process through whiclceanells disseminate from the primary

tumor to some distal tissue [9, 11] (figure 2).

) \ - ¥

U Y
Basement membrane Basement membrane |\‘Jr . /l
degradation |

Invasion -y

Dormant

metastases -

_ No proliferation

P

_— Circulation —

\ Proliferation, angiogenesis,
microenvironment activation

Growing metastases
||

Figure 2: Scheme of the metastatic process [12]

Transformation of epithelial cells is characterizbdough detachment of cells from the epitheliund dhe
formation of a carcinomm situ. After breaching the basement membrane, tumor oellEde the local stroma,
enter the blood or the lymph system and circulat#l arrest in small capillaries of distant tisswasurs. Here,
they extravasate into the local stroma and evelgtaalonize.
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Introduction

More than 80 % of human cancers originate withie ¢ipithelium [13]. In this case, tumor
cells first need to breach the basement membrabe tible to invade the surrounding tissue
[9, 11, 12]. Subsequently, they enter the bloodutatory system directly via blood vessels or
indirectly through the lymphatic system, a procealied “intravasation”. The blood flow
carries cancer cells to nearby organs where theyaarested in small capillaries by size
restriction and subsequent extravasate in the lpaenchyma. These steps are performed
with high efficiency, as most of the invading cancells successfully reach secondary sites
[11].

However, only a small percentage of these cellable to form micrometastases and even
fewer persist to progress into vascularized mactastases [14, 15], a process termed
“colonization”. The inefficient formation of solitbmors at secondary sites is based on the
different microenvironments cancers cells are egdo®. Different tissues show specific
extracellular as well as cellular compositions waistinct proteomic expression patterns.
Hence, the mechanisms cancer cells acquired foriveug at primary sites might be
ineffective at their new location. As such, metastaformation only occurs if the cancer cell
obtains hallmark abilities that ensure its surviwal the new site [16] and if the

microenvironment favors tumor cell proliferatiori]1

14
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3.3 The tumor microenvironment

The metastatic process depends on more than gaitrations in malignant tumor cells
[17]. In fact, cancer can be referred to as a cempissue which contains, in addition to
neoplastic cells, various non-malignant cell typss;reted molecules (such as MMPs) and
non-cellular structures (such as fibrillar ECM mios). These components form the so-called
“tumor microenvironment”. In the following paragtag the contribution of non-neoplastic

cells and of the ECM to malignant progression,diseussed.

3.3.1 Non-neoplastic cells

Normal cells in the body are recruited by cancdéis¢e participate in tumorigenesis [7, 9]. As
mentioned in paragraph 3.1, some immune cellsrar@\ied in cancer progression, causing
tumor promoting inflammation. In addition, endotihtlcells are stimulated to form new
blood vessels to supply the growing tumor mass witggen and nutrients and recycle
metabolic waste products [18]. In contrast to ndrbiaod vessels, which are formed by a
monolayer of tightly connected endothelial cellamobr vasculature shows a defective
endothelial monolayer with intercellular openingel dranscellular holes [19]. This leakiness
of tumor vasculature facilitates cancer cell inaisation as well as immune cell infiltration
and subsequent cancer progression. Another cedl tgpnd in multiple carcinomas is the
fibroblastic cell type [9]. By secreting diversengoonents of the ECM as well as MMPs,
cancer-associated fibroblasts (CAFs) form the strahmany malignant tumors and thus

promote tumorigenesis.

3.3.2 The ECM in cancer

The ECM is a crucial regulator of organ homeostasi function [20]. Hence, its production,
degradation and remodeling is tightly regulated].[21 cancer patients, ECM dynamics are
disturbed, promoting tumor growth and disseminafii3]. As mentioned above, MMPs are
key players in matrix remodeling (for more informoaton MMPs see 3.7). Their expression
is highly upregulated in almost every tumor [22],d8ading to destruction of the healthy
ECM and its subsequent replacement by a microemviemt that favors tumor cell

proliferation and promotes malignancy [13]. Accogly, deposition of the ECM components
collagen and fibronectin (FN) by CAFs is increasadmalignant tissue [24]. Another

common ECM alteration is the enhanced stiffnesshef tumor stroma in comparison to

healthy tissue, which can be elevated up to tethifothe case of breast cancer [25-27]. It has

15
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been shown recently, that these changes in thegahysoperties of the ECM are already
present in pre-malignant tissue and drive malignd@]. The increased stiffness is mainly
caused by enhanced crosslinking of collagen throlyglyl oxidases and subsequent
linearization of collagen fibers [27]. This increas tissue stiffness leads to clustering of cell
adhesion receptors of the integrin family [28] f@uuced in 3.6). Integrin clustering
accompanied by increased mechanotransduction enable migration, (discussed in 3.9)
which is crucial for metastasis.

Moreover, the ECM surrounding tumor blood vessttls, so-called basement membrane, is
more porous and fragmentary than in healthy vaso@d29], contributing to leakiness of
tumor blood vessels. Interestingly, remodelinghaf ECM is not only a local phenomenon. In
fact it has been observed recently, that yet unifieth growth factors excreted by different
tumor cell lines (LLC and B16 cells) implanted incenled to enhanced deposition of FN at
distant sites, initiating the formation of pre-nsttdic niches [30, 31]. The location of these
pre-metastatic niches shows a tumor-specific #stion pattern, suggesting that each tumor
synthesizes its own set of soluble factors thas aciy in specific tissues. Hence, tumors
actively create sites for future formation of métass.

In contrast, there is some evidence that cancés meght be restored to a normal phenotype
if their surrounding ECM is manipulated accordin{g].

For the development of new anti-cancer drugs, il We important to gain a better
understanding on how the tumor microenvironmenparticular the ECM, influences cancer

progression and tumor invasion during metastasis.
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3.4 Composition and function of the ECM

Since the ECM is a crucial determinant of tumorggs, more information on its function
and composition within healthy tissue is presemtdtie following paragraphs.

Within tissues, cells are surrounded by a complexsoluble network of various
macromolecules that form the ECM [33, 34]. The E@Mvides the structural support for
tissues and plays a pivotal role for mediating aigrthat regulate cell fate [20, 33, 34]
(figure 3). Such signals are transmitted throudfedént mechanisms. First, cells can interact
with ECM components via specific receptors suclngegrins that induce cell adhesion and
signal transduction. Depending on the tissue tiipe ECM is composed of a different set of
molecules with distinct physical, biochemical andamanical properties. In fact, even within
tissues the ECM is constantly remodeled to ensugaro function [35]. Cell adhesion
receptors mediate ECM characteristics inside thleacel induce the appropriate molecular
responses. A second mechanism is based on thaatnter of cells with soluble growth
factors. Their distribution, activity and availatyilare regulated by ECM components which
bind these factors and enzymes such as MMPs tleaiseethese molecules. Hydrolyzed ECM

fragments generated by proteases provide furtgeabng cues.
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Figure 3: ECM functions [18]

This scheme provides an overview of the diverse HGMtions which are based on its physical, biodham
and mechanical properties. Accordingly, it provid@sanchorage site for epithelial cells (1). Depemdn the
context, the ECM functions either as migration igar¢2) or migration track (3). By binding to diger soluble
molecules, it acts as a signal reservoir and duuties to create diffusion gradients (4). While Inigdsoluble
factors, some ECM components function as co-recgff) or signal presenters (6). After processhmgugh
MMPs, ECM fragments provide further signaling c(igs Mechanical properties such as ECM stiffnegsiliae
cell behavior (8).
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There are two main structural types of ECM [33,:34 ECM present in the connective
tissue and a specialized ECM sheet that organizésegulates epithelial tissues, the basal
lamina or basal membrane. Both types of ECMs dexeal during tumorigenesis to promote
cancer progression [18]. In the following paragiapheir composition and functions are

discussed.

3.4.1 Composition and function of the basal membran

The basal lamina is a 2D sheet-like meshwork withiekness of only 40-120 nm [33, 34]. It
surrounds not only individual cells (e. g. muscieai cells), but also entire tissues, such as
endothelia and epithelia. Within epithelia, the dasnembrane constitutes a cellular
anchorage site and thus separates the epithelmm thie connective tissue and concomitant
connects both structures. Furthermore, it proviciéss for the establishment of basal cell
polarity and cell differentiation [13] and acts @msgration pathway during development or
tissue regeneration [33, 34].

The basal membrane is mainly formed by the fibrigycoproteins laminin and collagen IV
as well as the proteoglycan perlecan. While lamamd collagen IV form branched networks,
perlecan functions as their cross-linker. Dependinghe tissue type, a variety of additional
ECM components are intertwined in this meshwor&luding FN.

3.4.2 Composition and function of the ECM in the conective tissue

In the human body, the connective tissue has tgkelt variety of ECM components [33,
34]. Depending on its composition, the ECM can beeaolid, as in the case of calcified
bone or teeth, it can form hydrogel structureshsas thecorpus vitreumof the eye or
structures such as the tendons that have to withstatremely high tensile strengths. The
main components of these different structures &reogaminoglycans (GAGs) and fibrillar
proteins.

GAGs are unbranched polysaccharide chains thaisarally covalently bound to proteins as
proteoglycans. They form porous hydrated gels,waflg the ECM to resist compressive
forces. The fibrillar components of the ECM are edtded in these GAG gels. Collagen | is
the most abundantly expressed fibrillar proteinhwitthe connective tissue that assembles
into large polymers called “collagen fibers”, whitlestow upon the matrix the ability to
withstand stretching forces. Another type of fibpresent in the ECM is elastin fibers that

provide resilience. The final class of fibrillar EIC components consists of adhesive

18
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molecules that allow cells to attach to the maamd are crucial for cell migration. The key
member of this group is FN. Structure and functb&N is discussed below.

3.4.3 Fibronectin and its assembly into a fibrillarmatrix

FN is a multi-adhesive fibrillar protein of the ECiat is not only able to bind other FN
molecules, but also provides binding sites for GA@bker extracellular proteins as well as
cellular receptors [36]. There are two major classieFN molecules, namely plasma FN and
cellular FN [34]. Plasma FN is excreted by hepatesynto the blood in a soluble, compact,
inactive form [37]. It has an important functionrohg early stages of wound healing by being
incorporated into the fibrin clot that closes theen wound. Cellular FN is expressed by many
cell types, in particular fibroblasts, and assemilgo a complex fibrillar network which
constitutes a part of the ECM [33, 34].

FN forms a 440 kDa large dimer through a pair dipamallel c-terminal disulfide bonds [38].
Each subunit shows a modular multidomain structfigeire 4) [36]. In humans, there are 20
isoforms that are generated by alternative splieinthree domains (EIIIA/EDA, EIIIB/EDB
and the variable region V). The molecular weighttlidse subtypes ranges between 230-
270 kDa. All FN subtypes consist of three typesmafdules: the type |, Il and Il repeats.
Cells can interact with FN via the cell binding dammconsisting of two type 1l repeats, the
lll g synergy site and the {§ RGD site. The RGD site contains the tripeptideusegeArg-
Gly-Aspand can induce integrin binding even if the sygesige is lacking [36]. There are at
least nine integrin receptors that are able torawtewith FN, namelyisfa, asfa, aspi, agpPi,
agB1, avP1, owPs, avPe, andaypPs [39, 40]. Except for integrimsps, asPs andagB; all integrins
bind to the RGD sequence of FN [40, 41]. Of all BiNeling integrinsasp; integrin has the
highest affinity to bind FN and the highest FN bingdstrength [36]. A single point mutation
exchanging the amino acid aspartic acid (D) toaghdte (E) results in the formation of an
inactive RGE site which does no longer supportgnitebinding [42].In vivo, mice embryos
with a homozygous FN-RGE mutation develop sevesewature defects and die before birth
[43].
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Figure 4: Schemata of FN with its different domainsand binding sites [36]

Dimer
cysteines

FN is depicted as multi-domain protein consistinfg tree different types of modules, namely type |
(hexagonal), type Il (quadratic) and type Ill (egric) repeats. Domains that are necessary for Ftrixn
assembly are highlighted in red. Alternative splicsites are indicated in white. All other domaane shown in
green. Important domains and binding sites areatdd by name.

FN in solution has a compact conformation and showself-assembly ability, even at high
concentrations [36]. For the formation of insoluBl matricesn vivo, cellular participation

is crucial. In figure 5, the process of FN matmxrhation is depicted schematically [36]. FN
dimers bind to integrins (mainkyp; integrin) via their RGD and synergy sites. Interegy,
cells are also able to assemble FN matrices cangaen RGE sequence through binding of
ayB3 integrin to an iIsoDGR motif present in the FN ma&dll[43]. FN binding induces local
clustering of integrins that triggers the recruibhef multiple cellular molecules to the
integrin cytoplasmatic domains and connect thegime with the actin cytoskeleton [44].
This connection allows the transmission of forcesegated by actin-myosin Il contractility to
the FN dimers resulting in unfolding of FN moleail&@hese stretch-induced conformational
changes render cryptic FN-binding sites accessiBk.a consequence, multiple FN-FN
interactions via the N-terminal assembly domaigand other FN binding sites (I}, lll4-5

and lll;»-14 are induced, resulting in the formation of extthéhsoluble FN fibers.
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Figure 5: Scheme of FN matrix assembly [36]

The four main steps in FN matrix assembly are degi@) First, FN dimers (dark and light orange) bind to
integrin receptors (gray) recruiting varies celtulemolecules (pink, blue, yellow) which connect the
cytoplasmatic tail of integrins with the actin cskeleton.b) Second, the FN dimers are unfolded through
contractile forces transmitted via the integrinkaatonnectionc) Unfolding of the FN molecules and integrin
clustering induce FN-FN interactions and furthenfoomational changes in FN resulting in the assgmolblan
insoluble fibrillar FN networkd). The red box indicates FN-FN interactions thadléo FN fiber formationi)

FN dimers associated via their n-terminal regidind.ateral interactions between FN fibers are manki X.
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3.5 Cell-matrix adhesions

Cell-matrix adhesions are crucial for cell migratiodifferentiation as well as tissue
organization and subsequently regulate embryonieldpment and tissue homeostasis [45].
In addition, adhesion-mediated signaling is a funelatal requirement for physiological
processes such cell survival or cell proliferateord pathological indications, such as wound
healing or tumorigenesis [45]. The molecular contpws stability and shape define several
different types of cell-matrix adhesions. Most loé$e structures have been identifieditro

on 2D surfaces. Their existence within 3D environtaéhas also been demonstrated, though

with varying molecular composition and morpholog$]|.

3.5.1 Nascent adhesions and focal complexes

The first adhesive structures that can be observeadigrating cells on 2D environments are
nascent adhesions and focal complexes [46]. Nasci@sions are small structures that either
continue to mature into focal adhesions (FAs) sassemble fast. They are formed within the
lamellipodium and are dependent on actin. Due &ir tihansient nature and small size, it is
challenging to observe them. Focal complexes awmdoat the lamella-lamellipodium
boundary and are associated with myosin [46]. Type of adhesion is larger than nascent

adhesions, but shares their transient nature.

3.5.2 Focal adhesions

Mature 2D adhesion structures, so-called FAs, felowly over time [47] and are usually

linked to prominent actomyosin stress fibers [48As are complex structures that contain
more than 150 molecules [49]. By using 3D supeoltg®n fluorescence microscopy, the
organization of some key molecules within FAs heently been revealed [50]. As shown in
figure 6, the cell binds to the ECM with multipletegrins. Integrin clustering induces talin
binding and the recruitment of other molecules fikeal adhesion kinase (FAK) and paxillin

to the cytoplasmic tail of integrins forming thetegrin signaling layer. Recently, an

alternative mechanism has been published, accotdinghich talin is recruited to adhesive
structures by FAK [51]. FAK is a key regulator integrin signaling and modulates FA
formation and turnover, processes that are crdoiatell migration and invasion [52]. Upon

activation through autophosphorylation at tyrosasidue 397 (Tyr397), FAK can interact
with diverse adaptor proteins and subsequentlgeriglifferent signaling pathways including

the mitogen-activated protein kinase (MAPK) / eséltular-signal-regulated kinase-2

22



Introduction

(ERK2) cascade [12]. ERK2 activation is importaat tell proliferation and survival. In
addition, it can influence adhesion dynamics innatigg cells. Due to its vertical orientation,
talin further functions as a direct linker betwabe cytoplasmic tails of integrins and actin
filaments [50]. Together with vinculin it forms amtermediate force transduction layer. Zyxin
and vasodilator-stimulated phosphoprotein (VASRYdmate the assembly of actin filaments
at FAs and are hence located in close proximitgdiin. Other proteins lika-actinin help to

organize actin-filaments.
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Figure 6: Schematic model of focal adhesion archit¢ure [50]

The organization of some important molecules witi#s is depicted as a non-stoichometric model.

3.5.3 Invadopodia

Malignant tumor cells often form adhesive membrar@rusions termed “invadopodia” [53,
54]. These structures have no defined adhesiveel®rand display an invasive potential,
since they are associated with proteases such aBdMMo-localization of ECM degradation
and actin polymerization is a main characterisfichese structures. Although it has been
demonstrated that integrigp; anda,f3 are important components of invadopodia in diffiere
cancer cells [55, 56], no major integrin clusters detectable. Accordingly, the mechanism
how these protrusions interact with the ECM remé&inise determined [54].

Non-neoplastic cells can form similar structurescalled podosomes, that also show matrix
degrading abilities [54].
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3.6 Cell adhesion receptors of the integrin family

In vertebrates, integrins constitute the major <lak cell adhesion receptors. They are not
only major determinants in many physiological pssss such as embryonic development,
immune response and homeostasis, but are alsovet/ah pathological events including
cancer [41]. Intergin receptors are heterodimeridecules consisting of am and a-chain
that are non-covalently linked. In mammals,dl@nd 8 subunits have been identified that
can form 24 different receptors. Both integrin sulsiare transmembrane proteins with a
large N-terminal extracellular domain and a smate@ninal intracellular tail [33, 34]. The
extracellular part of an integrin binds to its resjwve ligands and the cytoplasmic tail
interacts with numerous proteins that eventuallgnext the integrins to the cytoskeleton,
enabling cell migration. Ligand specificity is detened by the combination af and 3
subunits. An overview of integrins and their regpecligands is given in figure 7. Integrins
can be activated through either ligand binding gm&-in activation) or via intracellular
regulatory molecules that induce talin binding ytoplasmatic domains of integrgisubunits
(inside-out activation) [33, 34]. Although someeigtins share the same ligands, various
knockout experiments in mice demonstrated that eatgyrin has specific, non-redundant

functions [41].

Collagen receptors Leukocyte-specific

@ receptors

@

Laminin receptors |

4

Figure 7: Integrin receptors and their ligands [41]

The associations of the IBand 8p integrin subunits into 24 distinct receptors aepidted. They are further
classified into subfamily according to evolutionaejations (indicated by coloradsubunits), ligand specificity
or exclusive expression on leukocytes.
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3.6.1 Integrins in cancer

As discussed above, integrins regulate adhesioEG@M components and subsequently
transduce various signals inside the cell that leggucell fate. In doing so, integrins also
modulate cancer cell proliferation, survival, inkes migration as well as angiogenesis [57].
One common characteristic of cancer cells is thbitity to upregulate the expression of
integrins, such as,fs, asf1 and oPs, Which positively regulate proliferation, survivahd
migration. In contrast, the expression of integrinat context-dependently suppress tumor
progression, such asp; andosPs, is usually lost [57, 58]. Integrin mediated FAKjsaling
which is associated with tumor growth, metastasi$ @ancer cell migration, is activated in
many tumors [59, 60]. Furthermore, integrins areoimed in ECM remodelling during
tumorigenesis, since they recruit and activategasgs, including MMPs. Accordingly,f3
integrin localizes pro-MMP2 to the plasma membramegre it forms a complex with tissue
inhibitor of matrix metalloproteinases 2 (TIMP2)damMT1-MMP, thus resulting in its
activation [61, 62].
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3.7 Matrix metalloproteinases (MMPSs)

Remodeling of the ECM by production and degradatbits components is important for
organ development and for maintaining organ fumctiés such, these processes are tightly
regulated [21]. In cancer, ECM dynamics are abngritus resulting in defective organ
homeostasis and function [18]. During the last desaa family of proteolytic enzymes, the
matrix metalloproteinases (MMPs), have become gbmaterest due to their role in tissue
remodeling under physiological and pathologicaldibons [21, 22, 61]. The expression of
many MMPs is upregulated in various cancer typeas their involvement in almost every
step of tumorigenesis has been demonstrated [32F@B efficient ECM degradation during
tumor cell invasion, MMP activity is confined andncentrated to the pericellular
microenvironment [63].

MMPs are multidomain calcium-dependent zinc-comtgrendopeptidases. In 1962, the first
member of this family was discovered as an enzyrmsemt in different tissues of a tad pol,
being able to degrade fibrillar collagen [64]. Update, at least 26 different MMPs have been
identified in human [65].These enzymes can be s#pdrinto two major groups, soluble
enzymes that are excreted into the extracellularaenvironment and so-called membrane
type MMP (MT-MMPs) that are present at the celfsce. Almost all MMPs contain at least
three domains (figure 8), namely the aminotermisighal sequence (Pre), important for
transport in the endoplasmatic reticulum (ER), pne-peptide (Pro), usually containing a
furin-cleavage site, and a catalytic domain [28]atdition, many MMPs have a hemopexin-
like domain which is usually connected with theatgtc domain through a flexible hinge
region. MT-MMPs are inserted in the plasma membmitiger via a transmembrane region
which is linked to a cytoplasmatic tail, or throughglycosylphosphatidylinositol (GPI)

anchor.

=

Structure of MMPs

Minimal domain

I SH -
m Catalytic i Hemopexin
inge ————-—0 — '
He cRERERED
SH -l
=3
m FN domains GPI

€I Do cakp

26



Introduction

Figure 8: Domain composition of MMPs (adapted from{23])

This scheme provides an overview on the domainsemtan MMPsPre; aminoterminal signal sequené&po:
pro-domain containing a thiol-group and an optidoaih-cleavage siteCatalytic: catalytic domain including a
zinc-binding site and optional FN domaindinge: hinge regionHemopexin hemopexin-like domainTM :
transmembrane domai€y: cytoplasmatic tail anGPI: a GPI-anchor. MMP23 has a unique structure inomd
SA: an amino-terminal signal anch@A: a cysteine array arig-like: an immunoglobulin (1g)-like domain.

MMPs are synthesized as inactive zymogens. A gysteesidue within in the pro-domain
blocks the catalytic center of the enzyme throughraction with the zinc ion present in the
catalytic site. Activation occurs through pro-domaieavage or chemical alteration of the
cysteine residue, a process called “cysteine-siviz3]. The main physiological mechanisms
to regulate the activity of MMPs are the conversirihe zymogen to the active protease as
well as the expression of physiological MMP inhdlo#, in particular tissue inhibitors of
metalloproteinases (TIMPs). For membrane type Iimatetalloproteinase (MT1-MMP) an
additional activity control mechanism has been regub Its catalytic active domain can be
shed through autocatalytic or MMP-2 mediated clgayaesulting in the generation of a
44 kDa metabolite [66, 67].

Each MMP is able to degrade a specific set of E@whmonents with partially overlapping
substrate specificities to other members of itsiliankence, the variety of MMPs not only
enables the degradation of nearly every comporfehed=CM, but also the compensation for
the loss of one member. This has been demonstratdt¥lP-knockout experiments in mice,
where the loss of a single MMP did not stronglyeeffthe development of the animals, with
the exception of MT1-MMP [68-70]. MT1-MMP deficiemhice showed severe defects in
organization of the connective tissue due to iogdfit collagen turnover resulting in

dwarfism, osteopenia and arthritis [68].
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3.8 Membrane type 1 — matrix metalloproteinase (MTAMMP)

MT1-MMP, a 66 kDa protease, was the first MT-MMP lde discovered in 1994 [71lts
expression levels are highly upregulated in inv@sand metastatic cancer [72] as well as
during angiogenesis [62Ind tumor progression in general [73]. Therefdres a potentially
important target for the development of therapeirtterventions.Up to date, only general
MMP inhibitors against the catalytic activity of MR were developed. However, clinical
trials did not yield the desired benefits for patse[74, 75].

The proteolytic function of MT1-MMP is well undeostd. MT1-MMP is able to activate pro-
MMP2 [71] as well as pro-MMP13 thereby acting apamemaker of proteolytic cascades
[76]. Moreover, it cleaves different extracellularatrix (ECM) components, for instance
collagen or fibronectin as well as various celfface associated molecules including integrins
[77, 78]. By doing so, MT1-MMP alters the pericédiu microenvironment and influences
cellular fate. It is known that MT1-MMP proteolydicactivity is necessary for degrading the
basement membrane during cancer invasion [P8ticellular matrix degradation at FAs, an
important process during cell invasion, is mediatedugh a complex between MT1-MMP
and FAK-p130Cas [80]In addition, MT1-MMP degrades the ECM surroundibigod
vessels during angiogenesis [81, B2jond its function in degrading ECM components to
create space for cell migration, MT1-MMP directiyaracts with integrins and subsequently
regulates locomotion of cancer cells in a morerdefiway. In fact, MT1-MMP acts as an
integrin convertase by processing different prav®iof integrins including, andos subunits
[83]. MT1-MMP processeda,ps integrins are more efficient in promoting FAK
phosphorylation and cancer cell migration [84)w#s further demonstrated that MT1-MMP
co-localizes witha,Bs-integrin at motility-associated structures whetedegrades ECM
components and promotes endothelial cell migraf@®b]. In 3D collagen matricesp:
integrins localize with MT1-MMP at the leading edgé cancer cells, promoting matrix
degradation and cancer cell migration [86].Durihg tast decade, non-proteolytic functions
of MT1-MMP came into focus. As a membrane-boundyere, MT1-MMP possesses a
cytosolic domain that is important for its traffing and intracellular signaling processes [87].
Thus, it has been demonstrated that MT1-MMP is &blenhance ERK and reduce FAK
autophosphorylation, promoting FA turnover and egpent cell migration in a 2D FN
environment [88Despite the information on single aspects of MT1-Rlflinction, it is still
not completely understood which changes withindbm@plex interplay of MT1-MMP and the

ECM drive cancer cell migration within 3D environmi®, especially concerning FN.
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3.9 Tumor cell migration

Adhesion and proteolysis represent the main meshanthat govern the metastatic process
and are essential for cancer cell invasion and atigr [12]. According to Friedl and Wolf

[89, 90], cancer cells move either as a collectivas individuals assuming an amoeboid or
mesenchymal migration mode. Here, only single sedration types are introduced, since

fibrosarcoma cells — the cell type studied in thissis - disseminate as single cells [90].

3.9.1 Mesenchymal migration

Mesenchymal migration is observed in 2D as welh&D environments [45]. It is maybe the
best characterized migration mode and can be divici® multiple steps [33, 34, 90]. First,
membrane protrusions extend at the leading edgjeeatell by actin polymerization. The cell
binds to a component of the ECM via cell adhesieceptors (mainly integrins). These
interactions induce integrin clustering and therfation of focal contacts that may evolve into
FAs. Actin filament contraction mediated by the oroprotein myosin Il results in forward
movement of the cell body [91, 92]. Therefore, MM&sendent, pericellular proteolysis of
the surrounding substrate creates the requiredesf@@]. Finally, FAK mediates the
disassembly of FAs and subsequent recycling of t@nponents at the trailing edge [90].
This process is further enhanced by MMP-dependegrtadiation of the substrate.

Migration speed is dependent on the turnover rateAs [93, 94]. On the one hand, cells
have to form FAs to be able to exert forces reguioe their forward movement. On the other
hand, FAs that are not disassembled fast enougtehmigration. As such, an intermediate
level of adhesion is favorable for fast cell migrat[93, 94]. Beside the importance of FA
turnover, dynamic modulation of the actin cytoskateis crucial for fast cell migration. A
main regulator of actin dynamics during cell migrat in cancer is cofilin [95-99].
Depolymerisation of actin filaments by cofilin ctea a pool of free actin monomers for new
actin polymerization and subsequently enhancea &tément dynamics [100]. In addition, it
leads to the formation of free barbed ends that reveded for the initiation of actin
polymerization [101]. Activity of cofilin is inhilied by phosphorylation of serin at residue 3
(Ser3) [102].
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3.9.2 Amoeboid migration

Besides the mesenchymal migration type, cells @&sbibit a less adhesive amoeboid
movement in 3D environments [90, 103, 104]. Chamstics of amoeboid migration are
weak and transient interactions between cells beit substrate as well as the lack of FAs
and actin stress fibres. In fact, cell movementinsen by cortical filamentous actin and
myosin activity. Instead of using proteolytic adivto degrade migration barriers, amoeboid
cells are highly deformable and squeeze their byugh holes in the ECM meshwork. The
absence of FAs enables these cells to move 1043@stifaster than cells showing

mesenchymal migration [104].
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4. Motivation

During metastasis, cell migration is driven by ratgion of cancer cells with the tumor
microenvironment, including the ECM. In order tad¢ such interactions vitro, two main
model systems, namely 3D fibrillar collagen gels Matrigel (reconstituted basement
membrane) have been used [79]. The study of ot aroteins, in particular FN, has not
received much attention in the context of 3D masicFN is usually studied in a non-
physiological state, where globular FN molecules inysisorbed onto 2D plastic or glass
surfaces. Experiments with fibroblasts demonstrated that scethow differences in
morphology, adhesion, proliferation and cell sigmpbetween 2D and 3D FN environments
[105]. These findings highlight the need for mohg/siological systems to study the influence
of 3D FN environments on cancer cell migratidn. this thesis, a more physiological
approach, using cell derived 3D fibrillar FN magisc is proposed.

The aim of this work was to compare HT1080 cell naiign behavior on 2D FN coatings and
3D FN fibrillar matricesUsing time-lapse microscopy HT1080 cell migratioaswnonitored
on both substrates. While cell morphology and titeraction between cells and FN fibers
were studied qualitatively, average velocity an@ctionality of cell migration were analyzed
in a quantitative mannefhe involvement of some key molecules in ECM reeliog and
cancer cell migration, namelwsp; and o,p3 integrins as well as MT1-MMP, were

investigated.

In this thesis, the following questions were adslees

1) Do HT1080 cells show the same phenotype and magratiode on 2D and 3D FN
environments?

2) Are there any differences concerning average ugioand directionality of cell
migration between both FN environments?

3) Which impact dausps ando,f3 integrins have on cancer cell migration on 2D abd 3
FN environments?

4) How do MMPs, and in particular MT1-MMP, influencancer cell migration on both

FN environments?
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5. Materials and Methods

5.1 Cell Culture

All experiments in this section were performed unaesterile bench (# 51022515, Herasafe
KS12, Thermo Fisher Scientific, Kendro LaboratorpdRicts GmbH, Germany) with sterile
equipment from Greiner Bio-One GmbH, (Germany) d&Bid Biosciences (Falcon™,

Germany}o prevent contamination of samples and cells.

5.1.1 Cell lines and culture conditions

Different cell lines (see table 1) were culturediie respective medium supplemented with
10 % (v/v) fetal bovine serum (FBS; # F7524, Sightdrich Chemie GmbH, Germany) or
newborn calf serum (NCS; # 16010, Life TechnologisbH, Gibc8, Germany), 1 % (v/v)
L-Glutamine (# 25030, Gib&) and 1 % (v/v) Penicillin/Streptomycin (# 1514021 %ibcd)
(see table 1).

Table 1: Information on cell lines and culture meda

Cell line Origin Culture medium
HT1080 [106] Homo sapiens DMEM (# 10938, Gibc%)
connective tissue; +10 % FBS
fibrosarcoma + 1 % L-Glutamine
+ 1 % Penicillin/Streptomycin
MCF7 [107] Homo sapiens RPMI (# 31870, Gibc%)
mammary gland (breast); | + 10 % FBS
adenocarcinoma + 1 % L-Glutamine
+ 1 % Penicillin/Streptomycin
MV3 [108] Homo sapiens RPMI
epithelial cell ling; +10 % FBS
melanoma + 1 % L-Glutamine
+ 1 % Penicillin/Streptomycin
COS [109, 110] Cercopithecus aethiops oaMEM (# P04-21250, Pan Biotech
fibroblast cell line from GmbH, Germany)
kidney; +10 % FBS
SV40 transformed + 1 % L-Glutamine
+ 1 % Penicillin/Streptomycin
NIH3T3 FN-YPef [111] Mus musculus DMEM
embryonic fibroblast stably| + 10 % NCS
expressing YPet-fibronectin + 1 % L-Glutamine
+ 1 % Penicillin/Streptomycin
FNRCERGE3[43] Mus musculus DMEM
embryonic fibroblast stably| + 10 % FBS
expressing fibronectin with| + 1 % L-Glutamine
mutated cell binding domain + 1 % Penicillin/Streptomycin

?Kindly provided by T. Ohashi and HP Erickson, Dukeiversity, USA
* Kindly provided by R. Fassler, Max Planck Institéne Biochemistry, Martinsried, Germany
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Cells were kept in an incubator at 37 °C under 6@ atmosphere. After reaching 90-100 %
confluence, culture medium was removed and the roelholayer was washed once with
warm Dulbecco’s phosphate buffered saline (DPB&1%002, GE Healthcare, PAA
laboratories GmbH, Germany) to remove residual oradiCells were detached by using
0.05 % Trypsin-EDTA (# 25300, Gib& The enzymatic reaction was neutralized by adding

culture medium and cells were passaged in a 1it@ah.

5.1.2 Preparation of fibronectin (FN) and vitronecin (VTN) coatings

Human cellular fibronectin (# F2518, Sigma-Aldricdmid human plasma vitronectin (VTN;
# V8379 Sigma-Aldrich) were shipped as lyophilizedwder. The FN stock solution
[1 mg / ml] was prepared by adding 0.5 ml sterildlid-water to 0.5 mg FN. For optimal
solubilization, the FN solution was incubated f@ r8in at room temperature (RT) without
agitation. In contrast, 50 pg VTN was resuspended ml sterile MilliQ-water. The VTN
stock solution [50 pg / ml] was filtered througle.2 pm sterile cellulose mixed esters syringe
filter (# KH54.1, Carl Roth GmbH & Co. KG, Germanyoth solutions were aliquoted and
stored at -20 °C.

The FN working solution [10 pg/ml] was obtained dijuting the FN stock solution with
sterile DPBS. For coating of 35 mm high u-dishe&156, ibidi GmbH, Germany), 300 ul of
FN working solution was pipetted in the inner arof the dish (area: 3.5 &rand incubated
for at least 45 min at RT. For coating of 8-wellslides (# 80826, ibidi), 200 ul of FN
working solution was pipetted in each well (areanf) and incubated for at least 45 min at
RT.

The VTN working solution [0.5 pg/ml] was obtaineg diluting the stock solution with
sterile MilliQ-water. 200 pl/crhworking solution was pipetted in the inner cirofea 35 mm
dish. The surfaces were incubated at 37°C for 1Relfiore cell seeding, excess solution was
removed and surfaces were gently rinsed with DPBS.

5.1.3 Preparation of fibrillar fibronectin matrices

An overview of the preparation of fibrillar FN mig&s is shown in figure 9. Either 35 mm
high p-dishes or 8-well u-slides were used. Alusohs/liquids were applied at a volume of
1 ml per 35 mm dish and 250 pl per well of an 8hweklides respectively. Dishes/slides
were coated with a silane solution containing 514100 % ethanol (EtOH; # A3678,

AppliChem GmbH, Germany), 400 ul MilliQ-water an20lul 3-aminopropyl triethoxysilane
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(# A3648, Sigma-Aldrich) for 1 h at RT. The usedhdis/slides were plasma-treated by the
manufacturer to render them hydrophilic (ibiTredtence, the silane reacted with available
OH-groups and bound covalently to the surfacesntiee dishes/slides were washed twice
with 100 % EtOH as well as MilliQ-water, followed/la 30 min incubation in a 2 % (v/v)
glutaraldehyde solution (# G7651, Sigma-Aldrichutld in MilliQ-water. After rinsing with
MilliQ-water the dishes/slides were incubated iagpha FN solution [10 pug / ml] (# F1141,
Sigma-Aldrich) for 15-30 min. The cross-linking ageglutaraldehyde reacted with amino
groups of the silane and immobilized FN on theae$. This procedure helped to increase
adhesiveness of cells and their produced FN manixthe culture dishes/slides. Before
plating NIH3T3 FN-YPet or FRFER%Ecells (3.5 x 10 cells per 35 mm p-dish, 0.5 x°1€ells

per well of the 8-well u-slides), the dishes wensed with MilliQ-water. Cells were cultured
for four days until reaching confluence. Duringsttime the fibroblasts expressed cellular FN
and preassembled it into FN matrices. To obtaihfret FN matrices, cells were washed
once with warm DPBS and then lysed according tadapted protocol published in [112]. In
brief, cells were washed once with buffer 1 (100 NBHPCO,, 2 mM MgCh, 2 mM EGTA;

pH: 9.6). Cell lysis buffer (8 mM N&IPO, 1 % NP-40; pH: 9.6) was added and the samples
were incubated for 10 min at 37 °C, followed by additional 20 min incubation at 37 °C
with fresh lysis buffer. The FN matrix was washeat® with buffer 2 (300 mM KCI, 10 mM
NaHPQy; pH: 7.5) and subsequently rinsed with MilliQ-wates well as DPBS. Although
FN matrices can be stored for several days at 4K€y were freshly prepared for each

experiment.
A

plasma FN
I, . cish

D
seeding of NIH3T3 YPet
or FNRGE/RGE cells

2 fibrillar FN Matrix

Figure 9: Preparation of fibrillar FN matrices

Here, an overview of the preparation of fibrilla¥ atrices is showra) Surfaces were crosslinked with plasma
FN by silane and glutharaldehyds). NIH3T3 FN-YPet or FRC®REcells were seeded on the substratescind
cultured until reaching confluence. During thisditie cells expressed cellular FN and preassenithiletd FN
matricesd) Fibroblasts were lysed am) HT1080 cells were seeded on the FN matrices ftindéu analysis.
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5.1.4 MT1-MMP silencing via small interfering ribonucleic acids (SIRNAS)

RNA interference (RNAI) is a widely-used method &dfective and selective inhibition of
protein expression. Cells are transfected withtssized single stranded RNA molecules that
are designed to bind selected mRNA transcripts. fbinmation of double stranded RNA
molecules activates the ribonuclease Dicer, whielgrades these complexes and hence
prevents their transcription. The reduction in pnotexpression is further dependent on the
stability/half-life of the respective protein.

For silencing MT1-MMP protein transcription, the GMRGETplusHuman MMP14 siRNA
SMARTpool (# L-004145-00-0005, Thermo Fisher Sdfemt Abgene Ltd, Dharmacdh
UK) was chosen. In the text, it is named “siMT1-MM#t “siM”. As non-targeting control
siRNA#1 was selected (# D-001210-01-05, Dharm&rardicated with “siControl” or “siC”.

A 100 uM siRNA stock solution was prepared by resuasliing 5 nM siRNA with 50 pl of
siRNA buffer (5x) (# B-002000-UB-100, Dharma&dndiluted in RNase-free water (# B-
002000-WB-100, Dharmac8ph For optimal solubilization, the siRNA solution as/
incubated on an orbital shaker for 30 min at RTe BiRNA was aliquoted and stored at
-20 °C.

The optimal conditions for MT1-MMP silencing in HT&0 cells were determined. One day
before siRNA-transfection, HT1080 cells were seede@ 24-well plate at different cell
densities: 0.6 x 10 1.2x 18 and 1.8 x 10cells per well (area: 2 ch The SiRNA-
transfection was performed with the DharmaFECTd@etion reagent number 4 (# T-2004-
01, Dharmacof) according to manufacturers’ instructions. A 5 gMNA working solution
was prepared by diluting the 100 uM stock solutth siRNA buffer. For each well 2.5 pl
of this siRNA solution was mixed with 47.5 pl OMEM® (# 31985, Gibc8). Meanwhile,
DharmaFECT transfection reagent 4 (recommendettdnsfecting HT1080 cells) was mixed
with Opti-MEM®to a final volume of 50 pl. Different volumes o#misfection reagent (0.5 pl,
1 pl, 1.5 pl or 2 ul) were used to find the optirnahditions for MT1-MMP silencing. The
siRNA and the transfection reagent solutions weilbated for 5 min at RT. Then, both
solutions were combined, gently mixed and furtheubated for 20 min at RT. Culture
medium was removed and HT1080 cells were washed with warm DPBS. Finally, 400 pl
antibiotic-free complete medium was added, followsd dropwise pipetting of 100 ul
transfection mix per well. The next day, the mediwas replaced by standard culture
medium. Subsequent steps (e.g. FACS-staining, Ri#Aaction, western blot) were

performed 48 h and/or 72 h after siRNA-transfectfarot indicated otherwise.
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5.1.5 Integrin blocking approach

To study the influence afsp1 anda,B3integrin binding to FN matrices, the blocking effet
antibodies directed against these integrins wassinyated. FN and VTN coatings were
prepared according to recommendation of the matwic (see 5.1.2). Bovine serum
albumin [10 pg/pl in DPBS] (BSA; # B4287-5G, Sigwkrich) coated surfaces were used
as a negative control.

After removing culture medium and washing HT1080sceith DPBS, cell were incubated
with cell dissociation buffer (# 13150-016, Gii¢dor 5 min at 37 °C. After adding standard
culture medium, the cell number was determined wvathNeubauercounting chamber
(# 718605; Brand GmbH & Co. KG, BlauBrdhdsermany). Then, 1.5 x iCcells were
centrifuged at 500 x g for 5min in a microcentgéu (5417R, Eppendorf Vertrieb
Deutschland GmbH, Germany). Cell pellets were msoaded in 50 pl serum-free DMEM
containing 2 mg/ml BSA and a 1:20 dilution of primantibodies against,f; (# MAB1976,
Millipore, Merck KGaA, Germany)osBi (# MAB1969, Millipore, Merck) or mouse 1gG
(# 15381, Sigma-Aldrich). Cells were incubated oa for 30 min, centrifuged at 500 x g for
5 min at 4 °C, resuspended in culture medium aate@lon coated surfaces. After 1 h, non-
adherent cells were removed by DPBS rinsing. Imagesy five different fields were
acquired per sample with a brightfield microscopaofert 40C and an A-PLAN 10 x Phl
phase contrast objective (both Carl Zeiss AG, Gagnalhe experiment was performed in
three biological replicates. Cell number was debeeah with the cell counter plugin of

Image J [113]. For data analysis and statisticsirtg see paragraph 5.7.1.
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5.2 Analysis of integrin mRNA expression in differat cell lines

5.2.1 Phenol-chloroform based RNA extraction

To determine integrin mRNA expression in differeall lines, 2.4 x 19cells of each cell line
were seeded in 100 mm plates and cultured untilpbet@ confluence was reached. RNA was
extracted using peqGOLD RNAPure (# 30-1010, Pe&mbechnologie GmbH, Germany)
according to the manufacturers’ instructions. Adntifugation steps were performed at
12,000 x g in a precooled centrifuge at 4 °C. Celse lysed by mixing with 6 ml peqGOLD
RNAPure reagent. Samples were kept at RT for 5tmiansure dissociation of nucleotide
complexes. After adding 1.2 ml chloroform, sampiesre shaken vigorously for 15 s,
followed by an incubation on ice for 3-10 min. Sedpsent centrifugation for 5 min leads to
separation of the solution in three different plsaselower yellow phenol-chloroform phase,
an interphase and an upper aqueous phase contdmen&®NA. The watery phase was
transferred into a fresh 1.5 ml tube. Precipitatddrihe RNA was achieved by adding equal
volumes of isopropanol. After 15 min incubation ioe, RNA-lysates were centrifuged for
10 min. The supernatant was removed and the RNAiptate was washed with 1 ml
75 % EtOH followed by another centrifugation forrhih. The RNA pellet was air dried and
then resuspended in RNAse-free water. Heating thA Bolution to 55-60 °C facilitated the
solubility. Quality and quantity of the RNA weretdemined using the spectrophotometer
ND-1000 (Peglab).

5.2.2 CopyDNA (cDNA) synthesis

For cDNA synthesis with the RevertAidfirst strand cDNA synthesis kit (# K1622, Thermo
Fisher Scientific Inc., Fermentas GmbH, Germanyp,gltotal RNA was used. Oligo(dT)
primer (1 pul) were mixed with the RNA solution adakthylpyrocarbonate (DEPC) treated
water to a final volume of 13 pl. After incubatiah the RNA-oligo(dT) mix for 5 min at
70 °C, 7 pl of a mastermix containing 4 pl reactiwffer (5 x), 1 pl inhibitor and 2 pl dNTP
mix [10 mM] were added. The reaction mixture waslimated for 5 min at 37°C. Finally, 1 ul
of reverse transcriptase was added and the reationvas placed in a PCR machine (Bio-
Rad Laboratories GmbH, DNAEngifieGermany). The samples were first incubated for
60 min at 42 °C, followed by an incubation at 70f&€ 10 min. Quality and quantity of
cDNA samples were determined using the spectropietier ND-1000. The cDNAs were

stored at -20 °C until usage.
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5.2.3 Polymerase chain reaction (PCR) of integrirréanscripts

PCR-products of different integrin transcripts waraplified with sequence specific primers
(Table 2) using the HotSTARTaqg Master Mix Kit (#3233, Qiagen GmbH, Germany).
Therefore, 1 pl of cDNA [500 ng/pl] was mixed widh625 pl forward and 0.625 pl reverse
primer (final concentration 0.25 uM each), 12 plafmaster mix (2 x) (containing Taq
polymerase, dNTPs PCR-buffer and MgCGind 10.75 ul PCR water. In table 3 the applied

PCR program is shown.

Table 2: Primers used for integrin PCR
Primers were purchased from Life Technologies. Uaaival, nuclease-free water (# C7112985, US Rjwial,
Biomol GmbH, Germany) was added to each vial taioka primer stock concentration of 100 uM.

Name Sequence (5’ to 3’) Fragment sizg  Reference

ay for AGAATCATTCCTATTCTCTG 260 bp [114]

ay rev TTCTTCTTGAGGTGGCCGGA DNA-sequence: NM_002210.3
homo sapienmtegrin, alpha v

ab for CCTCACTTACGGCTATGTCA 347 bp designed with NCBI Primer-

ab rev CGATGGCCACATCATTTAG BLAST Primer designing tool,

DNA-sequence: NM_002205.2
homo sapienmtegrin, alpha 5
B, for CAAGGTAGAAAGTCGGGACA 308 bp designed with NCBI Primer-
Byrev TGGCATTCATTTTCTCCTTTTCA BLAST Primer designing tool,
DNA-sequence: NM_033667.2
homo sapienmtegrin, beta 1

fBsfor CCTACATGACGAAAATACCT 516 bp [114]

Bsrev AATCCCTCCCCACAAATACTG DNA-sequence: NM_000212
homo sapienmtegrin, beta 3

GAPDH for | GCATCCTGGGCTACACTG 305 bp [114]

GAPDH rev | GTGAGGAGGGGAGATTCAG DNA-sequence: NM_002046.3

homo sapien&APDH

Table 3: PCR program for the amplification of integrin transcripts

Time Temperature Number of cycles Description
15 min 95 °C 1 activation step for Taq polymerase
30s 95 °C denaturation of double stranded cDNA
30s 51°C 35 cycles annealing of sequence specific primer
1 min 72 °C amplification of target sequences
10 min 72 °C 1 final extension
0 4°C 1 storage
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5.2.4 Agarose gel electrophoresis of integrin amplons

2 % (w/v) agarose (#11404.05, Serva ElectrophorésitoH, Germany) was dissolved in
Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 1 mM HB, 40 mM acetic acid) by heating
it until obtaining a viscous solution. After a brmooling, the solution was poured into a gel
chamber, where 0.5 pg/mthidium bromide solution (# E1510-10ML, Sigma-Adt) was
added and evenly distributed with a pipette tig. the formation of wells in the agarose gel, a
comb was mounted. The polymerized agarose gel Ve&gg in an electrophoresis chamber
filled with TAE buffer. The amplicons generated VIR (see 5.2.3) were mixed with
loading dye solution (6 x) (# R0611, Fermentas) éwated together with GeneRuler™
100 bp DNA ladder (# SM0243, Fermentas) as a mafkeparation of PCR fragments was
achieved by applying 150V for 1-2 h. The amplicamsre detected in a transilluminator
(Peqglab).
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5.3 Analysis of gene expression with RProfiler * PCR Arrays

By means of the PCR Array Human Cell Motility (#0231 PAHS-128G, Qiagen GmbH,
SABiosciences, Germany), it was investigated if MMMP silencing has an effect on the
expression of genes that are involved in cell ntigna This array is provided in a 384-well
plate format (4 x 96), where four different samptes be analyzed at once. In total, the
MRNA expression of 84 genes involved in cell migratan be investigated. Here, cells were
either transfected with siMT1-MMP or left untreat&@ h after siRNA transfection, 1.5 x°10
cells were plated on 35 mm ibiTreat dishes or esltfty prepared FN matrices. Samples were
incubated at 37° C for 16 h before extraction ofARN

5.3.1 RNA extraction
RNA extraction was done with the RNe&sMini Kit (# 74104, Qiagen) as described in the
RNeasy Mini Handbook. Cells were lysed directly by addiBg§0 pl Buffer RLT. Cell
lysates were collected with a cell scraper, tramsfeto a microcentrifuge tube and mixed
thoroughly to avoid the formation of cell clumpan$ples were pipetted into a QlAshredder
spin column (# 79656, Qiagen) and centrifuged g0@Dx g for 2 min. Cell lysates were
mixed with 350 pl of 70 % EtOH for homogenizatiorhe mixture was transferred to an
RNeasy spin column. After centrifugation at 8,009 for 15 s, the spin column membrane
was washed by adding 350 ul of Buffer RW1, follovigdanother brief centrifugation. Then,
an on-column DNA digestion was performed with thRARe-free DNAse set (# 79254,
Qiagen). 10 pl of DNAse | stock solution was mixedh 70 ul Buffer RDD and then
carefully applied on the spin column membrane. A& min incubation at RT, 350 ul of
Buffer RW1 was added and the samples were cengdfuag 8,000 x g for 15 s. The spin
column membrane was washed with 500 pl Buffer RR& eentrifuged at 8,000 x g for
2 min. To avoid carryover of EtOH that may affectnhstream reactions, the spin columns
were centrifuged at 20,000 x g for an additionatifi. The RNA was eluted by adding 30 pl
of RNase-free water and by centrifuging the samate,000 x g for 1 min. Quality of RNA
was measured with the spectrophotometer ND-100@. RNA was only used for cDNA
synthesis if it matched the following criteria (S&T> Profiler’ PCR Array System
Handbook):

- Aseo: Axzogreater than 1.7

- Aoeo: Axgoratio 1.8 to 2.0

- Concentration by A > 40 pg / ml total RNA
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5.3.2 cDNA synthesis for RTProfiler © PCR Arrays

The cDNA synthesis was performed as described énRii Profiler’ PCR Array System
Handbook with the RTFirst Strand Kit (# C-03/330401, SABiosciences)efieby, 400 ng
total RNA was used. The genomic DNA (gDNA) elimioat mixture was prepared by
pipetting 2 pl of gDNA Elimination Buffer (5 x) tthe RNA. Water was added to a final
volume of 10 ul. The solution was mixed by gentlpefting, followed by a brief
centrifugation. After 5 min incubation at 42 °Cetbamples were directly placed on ice for at
least 1 min. Meanwhile, the RT-PCR cocktail wasppred. Therefore, 16 pul of RT Buffer
(5 x), 4 pul of Primer and External Control Mix, 8@f RT Enzyme Mix 3 and 12 ul of water
were combined. The first strand cDNA synthesistieaavas prepared by adding 10 pl of the
RT-PCR cocktail to each 10 pl gDNA elimination noisét. The solution was gently mixed
and incubated at 42 °C for exactly 15 min. The cD&¥Athesis was immediately stopped by
heating the samples to 95 °C for 5 min. To each AD&kaction mix 91 ul water was added.
The solution was mixed and then placed on ice pn¢iparation of the RTPCR.

5.3.3 RT-PCR with RT?Profiler " PCR Arrays

The reaction mixes were prepared by combining 950f1 RT> SYBR®Green gPCR
Mastermix (2 x) (# 330509, Qiagen) with 102 plloé respective cDNA and 448 pl of water.
The experimental cocktails were dispensed in & RCR Array Loading Reservoir
(# 338162, SABiosciences). With help of a multioman pipette and the provided 384
EZLoad" Covers 10 ul of the experimental cocktails weradkd per well. The 384-well
plate was analyzed with a LightCy&e480 System (Roche Diagnostics Deutschland GmbH,
Germany) kindly provided by the Genomics and Prmies Core Facilities (Microarray Unit)

at the DKFZ. The programs for RPCR and for melting curve analysis respectively ar

shown in table 4 and 5.

Table 4: Two-step cycling program for the RE-PCR Array

Time Temperature Number of cycles Description
10 min 95 °C 1 activation step for HotStart DNA yrokerase
15s 95 °C denaturation of double stranded cDNA
1 min 60 °C 45 cycles annealing of sequence specific primer and
amplification of targeted sequences

* More detailed information about the instrumentisgs can be found in the Instrument Setup guidelaie
on the Sabioscience Hompagé#p://sabioscience.com/pcrarrayprotocolfiles.php
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Table 5: Program for melting curve analysis

Temperature Hold | Acquisition mode | Ramp rate Descrigion
60 °C 15s none 4.8 °Cls all cDNAs are double sednd
denaturation of double stranded cDNA;
95 °C - continuous 0.3 °C/s | denaturation temperature depends on length
of the transcripts and their GC content

The data was analyzed with an online tool from S¥Bience that was further used for the
generation of graphs.

® Seehttp://sabiociences.com/pcrarraydataanalysis.php
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5.4 Protein expression analysis

5.4.1 Preparation of protein lysates

Culture medium was removed and cells were washed with ice cold DPBS. The 12-well
plates were placed on ice, 150 pl of cell lysisféul % NP-40, 0.25 % DOC, 50 mM Tris-
HCI, 5M NaCl, 0.67 M EDTA, 100 mM PMSF, 200 mM N4D,) supplemented with
protease inhibitor (# 11836170001, Roche) was ageéedvell. Cells were detached from the
culture dish/well with a cell scraper and incubatedice for 45 min while shaking. Lysates
were transferred into tubes and centrifuged inexqoled centrifuge at 20,000 x g for 15 min
at 4 °C. After centrifugation, protein extracts weransferred into new tubes and the pellet
containing cell debris was discarded. Protein Bsatere stored at -20 °C.

5.4.2 Determination of protein concentration with BCA Protein Analysis Kit (Pierce)

To load equal amounts of cell lysates, the proteamcentration of each sample was
determined with the BCA Protein Analysis Kit (# 232 Pierc&, Thermo Fisher Scientific,
p/a Perbio Science, Germany) according to manufadu instructions. The assay was
performed in a 96-well plate format. First, BSArgtards with the following concentrations
were prepared by dissolving BSA in cell lysis buff@ mg/ml, 1.5 mg/ml, 1 mg/ml,
0.75 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, Za0ng/ml and a blank sample (lysis
buffer only). Then, 25 ul of the BSA standards aathples were pipetted in each well. After
adding 200 pl of the working reagent (50:1 mixtafesolutions A and B), the 96-well plate
was shaken for 30 s followed by an incubation at@7%or 30 min. The 96-well plate was
equilibrated to RT and absorption of the solutiomas measured at 562 nm with the
microplate reader InfinifeM200 (Tecan Deutschland GmbH, Germany). Data wasyaed
with the provided Magellan data analysis software (Tecan Software Compet&eeer

GmbH, Germany) calculating standard curve and pratencentration of each sample.

5.4.3 Sodium dodecylsulfate polyacrylamide gel el@ophoresis (SDS-PAGE)

The SDS-PAGE was performed with Life Technologigsipment. Equal amounts of total

protein lysates were mixed with LDS sample buftex) ((# NP0007)sample reducing agent

(10x) (# NP0O009) as well as MilliQ-water and heated 10 min at 70 °C. Samples were

loaded either on 4-12 % Bis-Tris gels (# NP0321B@XMOPS SDS running buffer (20x)

(# NPO00O1) or on 3-8 % Tris-Acetate gels (# EA0O3@3B in Tris-Acetate SDS running
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buffer (20x) (# LA0041) according to the moleculaeight of the protein of interest.
Precision Plus Protein Standard Dual Color (# 161-037, Bio-Rad Labora®riGmbH,
Germany) was used as a molecular weight markerar&gpn of proteins was achieved by
applying 150 V for 1.5 h.

5.4.4 Western blot

Transfer of proteins from the polyacrylamide gel dopolyvinylidene fluoride (PVDF)
membrane was achieved with the iBldbel Transfer Device, a dry blotting system (Life
Technologies). After protein transfer, the membramas blocked with 5 % (w/v) milkpowder
(# T145.2, Carl Roth GmbH und Co. KG, Germany) iPH% including 0.1 % (v/v)
Tweerf 20 (# 9127.1, Carl Roth) while incubating on a shidor 1 h. Then, the membrane
was incubated in 5% (w/v) milk powder/DPBS-T comitag the primary antibody while
shaking (see table 6) either for 1 h at RT or ogtn(ON) at 4 °C. The membrane was
washed three times for 10 min with DPBS-T, followsdan incubation at RT in 5 % (w/v)
milk powder in DPBS-T containing the secondary laomily on a shaker (see table 7) for
45 min. After washing the membrane as described/gbihe protein bands were detected
with the luminescent imaging analyzer LAS-3000 {fita) Europe GmbH, Germany) using
the ECL Plus Western Blotting detection Kit (# RAN2, GE Healthcare Europe GmbH,

Amersham, Germany).

5.4.5 Dot Blot

The purity of FN matrices and presence of collageare tested with a dot blot. NIH3T3 FN-
YPet and FNC¥RCEcells were seeded and cultured as described i8 $1135 mm dishes.
Protein cell lysates were obtained as describé&ddiri.

5 g of each lysate was pipetted on a nitroceltulwansfer membrane (ProtfaBA 79,

# 10402096, Schleicher und Schuell BioScience GnBetmany). As positive control for
FN, human FN was used. Rat tail collagen | (# 384BD Biosciences) was taken as control
for collagen | detection. BSA was chosen as negationtrol. Per control 5 ug protein
solution was applied on the nitrocellulose membrane

To ensure the complete binding of proteins to tleenforane, the membrane was incubated for
1 h at RT until it was completely dried. Empty bimgl sites were blocked with 5 % (w/v)
milk powder in DPBS-T for 1 h at RT. Then, the mearte was incubated in 5 % (w/v) milk
powder/DPBS-T containing the primary antibody (&d#e 6) while shaking ON at 4 °C. The
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membrane was washed three times for 10 min with ®FPBfollowed by an incubation in
5% (w/v) milk powder in DPBS-T containing the sedary antibody (see table 7) on a
shaker for 45 min at RT. After washing the membrasedescribed above, samples were
analyzed with the ECL Plus Western Blotting detactKit in the luminescent imaging
analyzer LAS-3000.

Table 6: Information on primary antibodies for blotting techniques

Antigene / Clone Host / Isotype Manufacturer / Concentration
Order number — Dilution

a-Tubulin / B-5-1-2 mouse / 1gG Sigma-Aldrich / T6074 2 mg/ml

— 1:1000
B-Actin / AC-15 mouse / Ig& Sigma-Aldrich / A1978 ~2 mg/ml

— 1:4000
Cofilin rabbit / polyclonal Cell Signaling / 3312S NA

— 1:500
Collagen 1/ COL-1 mouse / 1gG Sigma-Aldrich / C2456 NA

— 1:1000
ERK / 16/ERK (pan ERK) mouse / 1g6& BD Biosciences / 610123 250 pg/ml

— 1:1000
FAK / 77/FAK mouse / Ig& BD Biosciences / 610087 250 pg/ml

— 1:1000
FAK (pY397) / 14/FAK(Y397) mouse / IgG BD Biosciences / 611722 250 pg/ml

— 1:1000
Fibronectin rabbit / polyclonal Sigma-Aldrich / F&® 0.5-0.7 mg/ml

1:1000
Integrinas / 1/CD49e mouse / Igfs BD Biosciences / 610633 250 pg/ml

— 1:1000
IntegrinB, / 18/CD29 mouse / IgG BD Biosciences / 610467 250 pg/ml

— 1:1000
MMP14 /| EP1264Y rabbit / IgG Epitomics / 2010-1 NA

— 1:1000
p44/42 MAPK (Erk1/2) / 137F5 rabbit / IgG Cell Sajimg / 4695S NA

— 1:1000
Phospho-Cofilin (Ser3) / 77G2 rabbit / IgG Cell &idjng / 3313S NA

— 1:500

Table 7: Information on secondary antibodies for bbtting techniques

Reactivity / Conjugate Host / Isotype Manufacturer/ Concentration /
Order Number Dilution
a-mouse / HRP conjugated goat / 1gG Santa Cruz2208% 400 pg/ml
— 1:4000
a-rabbit / HRP conjugated goat/ IgG Santa CruzZ@e4 400 pg/ml
— 1:4000
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5.5 Fluorescence staining techniques

5.5.1 Indirect immunofluorescence staining (lIF) ofcells

Medium was removed and cells were washed with DPPSollowing steps were performed
at RT. First, cells were fixed with 3.7 % (w/paraformaldehyde (PFA) in DPBS for 30 min.
Then, cells were permeabilized by incubation in%.2Zv/v) Triton-X 100 diluted in 3.7 %
PFA/DPBS for 1 min. After rinsing three times wiliPBS, samples were kept in 1 % (w/v)
BSA/DPBS for 30 min to reduce background signakeAfards, cells were incubated with
the primary antibody (see table 8) diluted in 1wWtvj BSA/DPBS for 1 h. Samples were then
rinsed three times with DPBS and incubated withsiseondary antibody (see table 9) diluted
in 1% (w/v) BSA/DPBS for 45 min. After rinsing #& times with DPBS, samples were
mounted with ibidi mounting medium (# 50001, ibidi)

5.5.2 IIF staining of FN matrices

FN matrices were incubated in 1 % (w/v) BSA/DPB836 min. Then, cells were incubated

with the primary antibody (see table 8) dilutedOiil % w/v BSA/DPBS for 1 h. Samples

were rinsed three times with DPBS and incubatedi wie secondary antibody (see table 9)
diluted in 0.1 % (w/v) BSA/DPBS for 45 min. Afteinsing three times with DPBS, samples

were stored in DPBS.

Table 8: Information on primary antibodies for IIF stainings

Antigene / Clone Host / Isotype Manufacturer / Orde number | Concentration
/ Dilution
MMP14 / EP1264Y rabbit / 1I9G Epitomics / 2010-1 NA
1:200
Fibronectin rabbit / polyclonal|  Millipore / AB2033 1 mg/ml
1:80
Vinculin mouse / IgG Sigma-Aldrich / V9131 NA
1:400

Table 9: Information on secondary antibodies for IF stainings

Reactivity / Conjugate Host / Isotype Manufacturer/ Order number | Concentration
/ Dilution

a-rabbit / Alexa Fluor® 488 goat/ 1gG Life Technologies / A-11034 2 mg/ml
1:200

a-mouse / Alexa Fluor® 647 | goat/1gG Life Technologies / A-21236 2 mg/ml
1:200
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Table 10: Information on additional fluorescence mekers

Name Target structure | Manufacturer / Order number | Concentration
/ Dilution

Phalloidin-TRITC F actin Sigma-Aldrich / P1951 0.5 mg/ml
/1:200

5.5.3 Fluorescence activated cell sorting (FACS) alysis

For analysis of integrin surface expression 2.9XHT1080 and 3.5 x POMCF7 cells were
seeded per well of a 12-well plate (area of ond:\8e8 cnf) and cultured until they reached
100 % confluence. In contrast, for MT1-MMP silergircells were seeded in a 24-well plate
at different cell densities: 0.6 x 3.2 x 16 and 1.8 x 10cells per well. FACS-staining was
performed 48 h and 72 h after sSiRNA-transfecti@e(S.1.4).

Culture medium was removed and cells were washeeé anith DPBS. Cells were gently
detached with 100 pl cell dissociation buffer whiteubating for 5 min at 37 °C. The
reaction was stopped by adding 500 pl of culturelioma. For each sample two aliquots of
200 pl were prepared. Cells were centrifuged atX60n a pre-cooled centrifuge for 5 min
at 4 °C. The medium was removed and the cell peistispended in 50 ul FACS-buffer
(DPBS, 5 % (v/v) heat inactivated NCS, 0.5 % (WBSA, 0.5 % (w/v) N) containing the
corresponding primary antibody (see table 11). 3émond sample was resuspended in 50 pl
FACS-buffer without antibody (non-antibody controfjfter 20 min incubation on ice, cells
were washed with 500 ul FACS-buffer and centrifugediescribed above. The FACS-buffer
was discarded and the cell pellet resuspended i BACS-buffer containing the secondary
antibody (see table 12). After a 20 min incubatperiod on ice, cells were washed with
500 pl FACS-buffer and centrifuged as describedvrabBACS-buffer was removed and the
cell pellet was resuspended in 150 pul FACS-buffartaining 2 % (w/v) PFA dissolved in
DPBS. Cells were stored at 4 °C until measuremadtit asFACS machine (FACScan, Becton
Dickinson GmbH, Germany) at the Institute of Immiagy (University Heidelberg).
Fluorescence intensity of 4@ells was measured for each sample. The genedatadwas
analyzed with the flow cytometry data analysis wafe FlowJo (Tree Star, Inc., USA). For

information on statistical testing, see paragraghls
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Table 11: Information on primary antibodies for FACS

Antigene / Clone Host / Iso type Manufacturer / Orér number | Concentration
/ Dilution
Integrinas/ SAM-1 mouse / IgG GeneTex / GTX26131 2 mg/ml
— 1:100
Integrina, / AV1 mouse / IgG Millipore / MAB2021Z ~110ug/ml
— 1:10
Integrina,fs/ LM609 mouse / IgG Millipore / MAB1976 1 mg/ml
— 1:50
IntegrinB,/ LM534 mouse / IgG Millipore / MAB1981 NA
— 1:10
Integrinfs/ B3A mouse / IgG Millipore / MAB2023Z 1 mg/ml
— 1:25
MMP14 / EP1264Y rabbit / 1I9G Epitomics / EP1264Y NA
— 1:50
Table 12: Information on secondary antibodies for RCS
Antigene / Conjugate Host / Iso type Manufacturer Order number | Concentration
/ Dilution
a-mouse / PE goat / F(ab")2 fragment Dianova / 116-146 NA
— 1:200
a-rabbit / PE donkey / F(ab’)2 fragment  Dianovd1-116-152 NA
— 1:200
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5.6 Imaging techniques

5.6.1 Fluorescence microscopy
Fluorescence images were acquired with an invdhbedescence microscope (Olympus IX,

Olympus Europa Holding GmbH, Germany) and a Delisiovi system (Applied Precision
Inc., Canada). Three different objectives were uae2D x UPlan FL PHI (Olympus), a 40 x
Plan NEOFLUAR (Zeiss) and a 60 x PlanApo Oil (Olymsp

5.6.2 Confocal laser scanning microscopy

Confocal images or image stacks were acquired avitonfocal laser scanning system (C1-
CLEM) on a fully automated, inverted Nikon micropeo(Eclipse Ti) equipped with three
lasers (405 nm, 488 nm and 561 nm) at the NikorgintaCenter Core Facility (University
Heidelberg, Germany). The following Nikon objecsweere used: a 40 x Plan Fluor Oil DIC
objective and a 60 x Plan Apo VC Water PFS objectiv

5.6.3 Live cell imaging of HT1080 cells on differerFN surfaces

HT1080 cells were seeded on freshly prepared Fiiceator on FN coatings (for preparation
of surfaces see 3.1.2 and 3.1.3) for migrationietud

Cells were detached from the culture dishes witliEBTA-based cell dissociation buffer for
5 min at 37°C. For each condition 1.5 X 1¢®lls were resuspended in 1 ml Opti-MEM
containing a final concentration of 10 uM of an pedfic cytoplasma labeling dye,
CellTracker’ Red CMTPX (# C34552, Life Technologies, Molecukobe§). Cells in
suspension were first incubated for 30 min at 3&h@ then centrifuged at 500 x g for 5 min.
The labeling solution was removed by aspirating thedcell pellet was resuspended in 1.2 ml
culture medium. For general MMP inhibition, the &despectrum hydroxamic acid inhibitor
of matrix metalloproteinases GM6001 (# 364205, Mefzalbiocherfl) and GM6001 control
(# 364210, Calbiochem) respectively were addethéoctlture media to a final concentration
of 10 uM each. SIRNA transfected cells were used 48ter transfection (see 3.1.4 for
transfection protocol). Integrin receptor blockings performed as described under 3.1.5.
Cells were seeded on FN matrices or on FN coatigs density of 2.5 x f@er well. For
myosin |l inhibition, blebbistatin (#B0560-1MG, $m-Aldrich) was added to a final
concentration of 50 uM or 25 uM, directly beforeagmg. Table 13 gives an overview of the

different conditions. Live cell imaging was perfathat a constant temperature of 37 °C
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under 5 % CQ@ atmosphere. The migration behavior was monitorgdguan Olympus IX
inverted fluorescence microscope and a 20x obje¢tee 5.6.1)

For a quantitative analysis of FN dependent cefjration, images of at least three different
areas were acquired every 10 min for an observaperiod of 15h per condition.
Experiments were repeated at least three timeds @wht left the observation field (i),
underwent apoptosis (i), did not move at all (iNyere affected in their movement by
neighboring cells (iv), migrated in areas where BN matrix was either lacking or very
sparse (v), or mitotic cells (vi) were not consetefor further analysis. All other cells were
tracked by a manual tracking plugin of Image Jveaife [113]. The distance the cells moved
during each time step was used for calculating atign speed values. The average velocities
were determined by dividing the complete trajectength by the duration of the observation

period.

Table 13: Information on different conditions for cell migration experiments

Presentation of Blocked integrin SiRNA treatment Inhibitor
fibronectin receptor
a5l - -
afls - -
a3 and g3, - -
a3 SiMT1-MMP [5 pM] -
fibrillar FN matrix - SIMT1-MMP [5 pM] -

- sicontrol [5 uM] -
- - GM6001 [10 uM]

- - GM6001 control [10 uM]
- - blebbistatin [50 uM]

- - blebbistatin [25 uM]
fibrillar FN-RGE matrix - - -

a3 - -

alds - -

a3, and gl - -

_ asly SIMT1-MMP [5 pM] -

FN coating - siMT1-MMP [5 pM] -

- sicontrol [5 uM] -
- - GM6001 [10 uM]

- - GM6001 control [10 uM]
- - blebbistatin [50 uM]

- - blebbistatin [25 uM]
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In order to determine the directionality of cell gration another variable was analyzed,
namely the persistence. The persistence is defisdatie ratio between the linear distance of
start and end point of the trajectory and the ceteplength of the trajectory. This ratio gives
a factor of 1 if cells migrate in a perfectly sgfai line and is smaller otherwise [115]. Time
dependent migration behavior was estimated by gnguphe trajectories into 2 h-long

segments for both average velocity and persistdatze
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5.7 Statistical analysis

5.7.1 Statistical analysis of integrin blocking andMT1-MMP silencing experiments
Considering the integrin blocking experiments (8de5), average number of cells counted on
all five images was calculated for each experimeanta Accordingly, average fluorescence
intensity levels were calculated for each treatmgrdgup in the MT1-MMP silencing
experiment (see 5.1.4). Next, the mean of the geenambers and fluorescence intensities of
all biological replicates were determined. Theistiaal analysis was conducted using the
software Sigma Stat 3.0 (SSPS Inc. USA). In ordesimilarities between the mean values,
the data was analyzed by a one way analysis chvegi (ANOVA) adjusted by Holm-Sidak.
The Null-hypothesis was that the mean values aveleand it was rejected at= 0.05. The
alternative hypothesis was that the mean valuésrdibm each other. Significant differences
between the mean values are differentiated withlfigignificant (P < 0.005) and extremely
significant (P < 0.001)The respective bar chart were generated in OrigirtRd (OriginLab

Corporation, USA) and indicate mean values witihégsad error of the mean (SEM).

5.7.2 Statistical analysis of cancer cell migratioexperiments

For each treatment group approximately 100 cetimfthree to five experimental runs were
evaluated. The statistical analysis and the geioerat graphs were kindly performed by Dr.
Tamas Haraszti (University Heidelberg, Germany)e Phnogramming language R was used
for all statistical testing as well as for geneatof box-and-whisker plots. Gnuplot was used
for plotting polar histograms of angular persiseerangles, the histograms of average
velocities or migration persistence. Considering thox-and-whisker plots, each box is
defined by the fand & quartile of the data with the median marked bine.IThe whiskers
either extend to the extreme of the data, or toimamn 1.5 times the interquartile range. Data
values that exceed the whiskers, the so-calledesitlare indicated by black squares.

The polar plot show persistence migration as namedl histogram of the angles between
consecutive steps, generated for 10 degree bradceiso(with 36 values between—m), The
direction of the bars indicate the middle valuetld histogram pockets, whereas the bar
length is proportional to the probability densityaacertain angle. The velocity histograms
were generated based on the calculation of 50 pedetween the minimum and maximum
of the data set. They were plotted as scatter ptatading a line calculated by a cubic spline
interpolation.
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In order to test similarities between the mean eslof data sets (for velocities or persistence
angles), the Wilcoxon rank sum test was used. THiengpothesis was that the difference of
the means is zero. Hence, the alternative hypaihess that the means are not equal. For data
sets with more than 50 elements, p-values wereuledtzl according to a normal
approximation. Similarities of sample distributiongere evaluated using the two-sided
Kolmogorov-Smirnov test. The null hypothesis waat thoth tested data sets show the same
distribution. Since all samples have data with ties which exact p-values cannot be

calculated, asymptotic distributions were used.
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6. Results and Discussion

FN is an important mediator of cell adhesion andration [33, 34]. In cancer, FN is often
overexpressed by CAFs and can initiate pre-metastathe formation [30]. So far, FN-
dependent cancer cell migration was mainly inveaséid on 2D environments. Studies on
fibroblasts highlighted the importance of more pblggjical FN model systems, since the
conformation of FN (e.g. 2D FN: globular; 3D FNbfilar) strongly influences cell behavior
[105]. The aim of this thesis was to characteraecer cell migration on 2D FN coatings and
3D fibrillar FN matrices. Here, the main emphaseswplaced on the interaction of FN with
asp1 and a, B3 integrins as well as MT1-MMP, proteins that haverbeeported as important
regulators of cancer cell migration on 2D FN envments [88, 116].

6.1 Analysis of integrin and MT1-MMP expression indifferent cell lines

Since one aim was to create a more physiologicaitro model system for FN-dependent
cancer cell migration, a tumor cell line was saddcthat endogenously expressed the FN-
binding integrinsusp; and ayB3 as well as MT1-MMP. Accordingly, no molecules Hadbe
introduced artificially.

6.1.1 Evaluation of integrin mRNA expression via P& analysis

First, three human cancer cell lines (MV3, MCF7 &L080 cells) and a transformed cell
line originated from a green monkey (COS), eachheim being widely used for studying
cancer cell migration [84, 88, 104, 117], were snexl for expression of the relevant FN-
binding integrinsat the MRNA level. PCR analysis revealed a distmn&NA expression
pattern of the tested integrin subunitsa,, B; andps for each cell lingfigure 10). HT1080
cells were the only ones that expressed all relevaegrin transcripts and were thus chosen
for all further experiments. This cell line origiea from a fibrosarcoma biopsy and is
characterized by a highly invasive phenotype armgh potential to form metastasis [106].
This qualifies HT1080 cells as an optimal cell lie study FN-dependent cancer cell

migration.
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MV3 MCF7 COS HT1080 neg. ctrl.
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integrin f, + + + +
integrin f, =k - - +

Figure 10: Agarose gel electrophoresis of integritranscripts

MRNA expression of the integrin subunits a,, B; andp; was analyzed in different cell lines (MV3, MCF7,
COS and HT1080) via PCR and agarose gel electreptsorGAPDH G) was chosen as an external positive
PCR control. As DNA standard/ 8 ul GeneRuler™ 100 bp DNA ladder was loaded on thecsgagel. To
verify that the PCR components (e. g. water, priema Taq polymerase) were not contaminated with ADéN
negative controlr{ieg. ctrl.) containing no template was used for each primaér p

The results are summarized in a table indicatirigeeino expression (-) or expression (+) of theeetve
integrin subunits, independent on the fluorescémemsity of the detected bands.

6.1.2 Evaluation of integrin and MT1-MMP protein expression via flow cytometry

In order to confirm that the studied integrins suitios, ay, B1, andPs were expressed also at
the protein level and presented at the plasma nmambrprotein surface localization was
investigated by flow cytometry. All four integrinulBunits were detected at the plasma
membrane of HT1080 cells (figure 11 A). These rssaite congruent with former studies on
integrin expression in HT1080 cells [118, 119].

In addition, MT1-MMP protein expression in HT1088lls was validated by flow cytometry
analysis (figure 11 B) in agreement with previogsarts [120].
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Figure 11: Flow cytometry histograms of integrin ad MT1-MMP IIF stainings in HT1080 cells

Cell surface expression of the integrin subunitsfs, as, p1, the wholea,ps receptor and MT1-MMP was
analyzed via flow cytometry as described in panalgra.5.3. The histograms reflect the relative faszence
intensities of differentially stained cell poputais. Here, relative fluorescence intensity is plbtin a
logarithmic scale on the x-axis and cell countl@tpd on the y-axis. The black histograms markéith wms
PE andu-rb PE, represent the autofluorescence intensifiesistained cells. As control for unspecific bimgliof
the secondary antibody, cells were stained with ititecated PE-labeled secondary antibodies (redtedi
histograms). In all other figures, black histogramefer to the fluorescence intensities of cell$nstd with these
corresponding secondary antibodies. The red taimgdgrams in those figures mark the cell popatastained

for the indicated molecules. Three biological regies of this experiment were performed. For easked
protein a representative measurement was chosen.
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6.1.3 Evaluation of MT1-MMP protein localization via IIF stainings

Further information on the intracellular localizati of MT1-MMP molecules is provided
through IIF images (figure 12). MT1-MMP was detectt cellular protrusions associated
with migration where it co-localizes with filament® actin. In addition, strong fluorescence
signals were observed in the middle of the cellss Rrea is interpreted to be the ER, where
MT1-MMP is synthesized. Moreover, fluorescent panticalized between the ER and
membrane protrusions were visible. Similar locdl@a of MT1-MMP has already been
demonstrated in other cell lines [85, 121, 122]riby cell migration, MT1-MMP is targeted
to lamellipodia for local degradation of FA and tl&CM barrier [121, 123, 124].
Accordingly, the observed fluorescent puncta dcelyi MT1-MMP-rich vesicles transported
from the trans-Golgi network to membrane protrusitm sustain the amount of enzymes at
the cell surface [125].There, MT1-MMP co-localizeth actin filament, which is important

for remodeling of the ECM in invading tumor cellp].

Figure 12: IIF staining of MT1-MMP in HT1080 cells
Cells are seeded at a density of 6 X @6lls per 35 mm dish and kept ON at 37°C and urilés CQ

atmosphere. IIF staining of MT1-MMP (green) is penfied as described in paragraph 5.5.1. Actin filsisare
stained with TRITC-Phalloidin (red). Each confotabge represents a maximum projection of 48 z-stadth
a step size of 0.3 um. Scale bar, 25 pm.
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6.2 Quality assessment of fibrillar FN matrices

In contrast to fibrillar collagens that spontandpuderm 3D matricesn vitro, FN does not
form fibers by self-assembl34]. FN fibrillogenesis is a cell-mediated proceshkich is
dependent on the interaction of dimeric FN molesuhgth integrins, in particulansfps
integrin, and requires contractile forces [36].

Here, FN matrices were prepared using a modifiedgumure published previously [112]. For
improved adhesion of the cell-derived FN matriddsoblasts were seeded on ibiTreat dishes
with immobilized plasma FN as described in 3.1.BisTprocedure improved matrix integrity
and organization of the cell-free FN matrices. Afim FN matrices assembled by NIH3T3-
YPet cells, FNIC®RCE cells were used for the generation of FN-RGE netaioFN-RGE
contains a point-mutation in the RGD site, wher@spartic acid (D) is replaced through
glutamic acid (E). This alteration impairs bindioigintegrin to the RGD motif [42].

6.2.1 Evaluation of FN matrix quality by fluorescerte microscopy

First, the structure of cell-derived FN matricessvexamined by fluorescence microscopy.
NIH3T3-YPet cells express YPet-labeled FN whichl@es direct analysis of fibrillar FN
networks (figure 13 A). For imaging FN-RGE matricessembled by FRFERCE cells, FN
fibrils were immunostained (figure 13 B). Althoughe antibody staining shows a higher
background which complicates the identificationF®¥ structures, the fibrillar organization

and pore size of both types of FN matrices is aersd as comparable.
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Figure 13: Fluorescence images of preassembled FNatrices

A) The FN matrix was preassembled by NIH3T3-YPet cellsnfGoal ilmages were acquired after lysis of
fibroblasts with an inverted microscope and a Gibjective. Image represents a maximum projectio@3f-
stacks with a step size of 0.3 pm. Scale bar, 25B)nThe FN-RGE matrix was preassembled by?ERFCE
cells. After cell lysis the matrix was stained Ity &s described in paragraph 5.5.2. Image was gedjwith an
inverted microscope and a 40 x objective. Scale%apm.

To evaluate how lysis of fibroblasts influenced mxaintegrity, images of the same matrix
area were acquired before and after cell lysisuf@égl4). No matching structures could be
identified between both images. Since the pore sias not altered by the cell lysis
procedure, the observed differences in FN fibesragement might be caused by superficial
FN lysis resulting in a reduced matrix thicknesslded, measurements of matrix thickness in
z-direction showed that prior to cell lysis FN niegs had a thickness of 10-15 um, whereas
after treatment with the lysis buffer the final mpatthickness was approximately 5-10 pm.

These findings are in agreement with previous gabibns [112]

Figure 14: Fluorescence images of preassembled FNatrices

FN matrix was prepared as described in paragrahB.9mages were acquired before (A) and afterly8§ of
fibroblasts with an inverted microscope and a 4bjective. Scale bar, 20 um.

Although cell-derived FN matrices are more phygatal than 2D FN coatings, one
limitation of this system remains their modest kiniess. As shown in figure 15, HT1080 cells
are not completely embedded in FN (figure 15). Tibellar FN organization is nonetheless
referred to as 3D as it is commonly done in trexditure [112].
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XYY dimensions  <Width:212.13 pm, Height:212.13 pm, Depth:d 40 pm>

Figure 15: 3D projection of fluorescence images fra HT1080 cells on FN matrix

HT1080 cells (red) were stained with a cytoplasmkbeling dyeand seeded on a freshly prepared FN matrix
(green). The confocal image represents a 3D-piioject 20 z-stacks with a step size of 0.5 um.

6.2.2 Evaluation of FN matrix purity by dot blot analysis

The ECM in the human body consists of different ponents with collagen | being the most
abundantly expressed protein [33, 34]. Since thelar FN matrices were produced by cells,
it is possible that they also expressed collagand thereby “contaminate” the FN matrices.
The presence of collagen | in this system wouldnitefy complicate the conclusion of cell
migration experiments. In order to clarify, whetliee generated matrices contain FN only, a
dot blot with cell/matrix lysates was performed.cAading to figure 16, NIH3T3-YPet cells
do not produce collagen | and FfF*Ecells excrete only minor amounts of collagen lisTh
is an important finding because cells can intevath collagen | through theis,p;1 integrin
receptors [127]. The absence of this protein frdmlfar FN matrices guarantees an unbiased
experimental set-up. For interpreting results orRFEBE matrices, the presence of collagen |,

albeit expressed only in low levels, should be kephind.
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Figure 16: Dot blot for collagen | and FN of fibrillar FN matrices
Purity of the fibrillar FN matrices produces by N3 FN-YPet and FRFFREcells was determined with a dot

blot. Here, 5 pg of total cell/matrices lysates drepwise applied on a nitrocellulose membrane pésitive
control 5 pg of the relevant proteins (rat taillagén | or FN) was used. 5 pg of BSA serves asnéralofor

unspecific binding of antibodies.
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6.3 Cancer cell migration on different FN environmats

Most of the research concerning FN dependent casetemigration has been performed on
2D rigid surfaces coated with globular FN. Withimetconnective tissue, however, FN is
mainly presented to cells in a 3D fibrillar netwoskructure. The aim of cell migration
experiments presented in this section was to cterae and compare the migratory behavior
of cells on 2D FN coatings and on 3D fibrillar FNatmces. First, cell morphology and
interaction of HT1080 cells with fibrillar matricegas investigated in a qualitative manner.
Next, quantitative analysis of both average vejo@hd directionality of cell migration,

referred to as persistence, was performed.

6.3.1 The topography of presented FN molecules in#tnces HT1080 cell morphology

It is known that the morphology of fibroblasts i$eated by the conformation of presented
FN molecules [105]. On 2D FN coatings, where FNwsha globular conformation;

fibroblasts possessed fan-shaped lamellipodia vamil8D fibrillar FN matrices they assumed
elongated spindle-like shapes. Here, similar changere observed using HT1080 cells
(figure 17). Cells seeded on FN coatings were dlad more round in shaped with large
lamellipodia. In contrast, cells on FN matrices avetongated and formed long protrusions.
On FN matrices containing a mutated RGE site, HD168Is were spindle-shaped, but did
not spread as much as on FN matrices with a fumati@GD motif. In addition, there were an

increased number of round cells present.

FN coating

t

Figure 17: Fluorescence images of HT1080 cells oiffdrent FN surfaces

Fluorescence images show HT1080 cells on differtenvironments (FN coating, FN matrix or FN-RGE
matrix). Images were acquired 2 h after cell segdiith an inverted fluorescence microscope and x 20
objective. Scale bar, 50 um. The insets (red boxekgate zoom-ins of selected cells. The outlifiehe cell
body is marked with a yellow line in order to disginate cell morphology. Scale bar of insets, 15 um
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These findings imply that interactions of cells lwihe RGD site in FN are important for
spreading of HT1080 cells on fibrillar FN matric€ell morphology in general seems to be

governed by FN topography.

6.3.2 HT1080 cells modulate FN matrices through Fiiber breakage

Single cell migration was observed via time-lapge tell microscopy over a period of 15 h.
Since FN matrices were completely destroyed by HD1€ells over time, a closer look was
taken at interactions between HT1080 cells andibdr$. As shown in figure 18, the cancer
cells wrap themselves with or move along FN fib&rgthermore, cells preferentially migrate
at places where FN matrix is still present and évBN-free areas. This leads to cell
clustering, especially at later time points whetydew FN fibers remain. Since these factors
could influence cell migration behavior, only tretigries for the time period of 8 h were
considered for further analysis, where FN matrigeee still intact.
HT1080 cells seeded on FN-RGE matrices still irtimeh with the mutated FN to some
extent. In fact, fluorescence intensity levels abwells increased over time, suggesting a
rearrangement of FN fibers at these locations. laee two possible explanations for this
observation. First, HT1080 cells do not interadtviN directly, but either through binding to
the antibodies used to stain FN molecules or thrdagding to collagen I, which is present in
minor amounts within FN-RGE matrices (figure 16). drder to avoid that FN binding
antibodies interfere with cell migration behaviBlN-RGE matrices were not stained during
cell migration experiments. Second, HT1080 cellsld¢danteract with FN via binding sites
apart from RGD. It has been shown previously, thpt andosf; can bind to FN via its EIlIA
domain [40] and subsequently mediate adhesiontidléir FN independent of the RGD-
motif. In addition, integrinu, 3 can interact with an iSo-DGR motif present in the faNdule
Is [43].
Apart from that, HT1080 cells are not able to durine fibrillar FN-RGE network as in case
of FN matrices, at least not during the observend tperiod of 15 h. These results suggest that
the disintegration of FN matrices is mainly meckahin nature and might depend on cellular
interaction with the RGD site in FN. It has prewsbubeen shown that detachment of HT1080
cells from FN matrices under shear is mediatedutfitoFN fiber breakage, while the
detachment from FN coatings occurs through rele&sgeractions betweessp; integrin and
FN [128]. Accordingly, it can be assumed that HTA.@8lls bind to FN fibers and pull them
along their migration track until tearing of fibers
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FN coating FN matrix FN-RGE matrix

Figure 18: Fluorescence image time series of HT108@lls on different FN environments

HT1080 cells (red) stained with a cytoplasmaticelaty dye were plated either on FN coating, FN iratr
(green) or FN-RGE matrix (green) and were imageer @/period of 15 h. Here, representative timeesefor
0h,2h,4h,6h8hand 15 h, are depicted.cbtared lines indicate individual cell tracks. Schhr, 50 um.
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6.3.3 3D FN matrices allow fast migration of HT108@ells, which depends on the RGD-

motif

Next, average velocity was calculated for cell raigrg on FN coatings, FN matrices and FN-
RGE matrices. As shown in figure 19 A and 19 B, B8Q cells migrated faster on FN
matrices (green) than on FN coatings (red) or FNeR@atrices (cyan). According to the
probability distribution plots (figure 19 C), thébgerved variations in cell migration speed
between cells migrating on FN matrix and FN coaing FN-RGE matrices are significantly
different. The reduced migration speed of celldgalaon FN matrices with a mutated RGE
motif suggests that in a fibrillar FN environmengnation is regulated by interactions of cells
with the RGD site of FN. The results on the differes in migration speed between cells
plated on FN coatings and FN matrices are in ageaémwith previous studies on NIH3T3
fibroblast and on human keratinocytes migratiorBJ1Both cell lines migrated significantly
faster on fibrillar FN than on FN coatings. Hentlee observed changes in HT1080 cell
migration on fibrillar FN cannot be attributed tancer cells only but appear to be based on a
general mechanism. Interactions between cells &ed tnvironment are regulated by
variation of matrix stiffness [130]. In comparistm 2D FN coatings, 3D fibrillar matrices
have a reduced matrix stiffness, resulting in lodhesion structures that enable fast cell
migration [131]. The mechanical properties of thatmm are sensed through integrins and
transduced inside the cell, where appropriate mesg® are triggered [20], suggesting that
differenr integrin receptors could be involved iellanigration on FN coatings and on FN
matrices.

One criterion for calculating the average veloaitgs that only cells that did not leave the
observation field during the entire observationiguervere considered for analysis. It is more
likely for a cell to stay within the observatiorelfi during shorter periods (4 h) than longer
periods (8 h). Consequently, if the observationiqoelis shortened (4 h), the number of
analyzed trajectories increases, making the staistvaluation more reliable. On the other
hand, information on changes occurring over timghihbe lost. In order to evaluate which
time period provides enough data for reliable staal analysis but does not neglect time
dependent effects, box-and-whisker plots for 4 ¢th & observation periods were generated
(figure 19 A and B). As shown in both box-and-wlesklots, on each FN substrate HT1080
cells migrate with constant speed over time. Hetlee 4 h period was chosen for all further

calculations and statistical analysis.
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Figure 19: Analysis of migration speed and persisteee of HT1080 cells in different FN environments

Different cell migration parameters were analyzedHT1080 cells seeded on FN coating (in red), Fatrix

(in green) and FN-RGE matrix (in cyam, The first box of each colored group shows averaggation speed
for the observation period of 0-2 h, the secondfoo2-4 h. The boxes are defined by the first #imidl quartile

and the median indicated by the line. Data pointtside the whiskers are outlie®, Same as in A with
additional time periods; the third box of each gra@hows the data for 4-6 h, the fourth box for I6-& The

velocity histograms are plotted as scatter ploises are fitted using a cubic spline interpolatibfe, Analysis

of directionality of migration, indicated as petsisce for 0-2 h (first box of each group) and fet B (second
box of each group) in the box-and-whisker plot@n and as persistence angle in podar plots (in E).
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6.3.4 3D FN matrices increase directionality of ckimigration

For further analysis of cell migration behavioredtionality of cell migration was quantified.
As shown in figure 19 D, HT1080 cells migrated whiigher persistence on both fibrillar FN
environments (FN matrix and FN-RGE matrix) thanFih coating. Polar plots (figure 19 E)
give further information on the relative distanged airection of migrating cells. Here, the
step angles of all cell tracks within the obseatperiod of 4 h are plotted in 10° degree
broad pockets with the horizontal line indicating aeviation (0° degree). Hence, the right
side of the circle represents forward and thedefe backward movement, whereby the bar
length indicates the probability density at a dar@@ngle. Directionality of migration was
evident only for HT1080 cells on FN matrix (greemd on FN-RGE matrix (cyan). HT1080
cells migrating on FN coatings (red) showed a nmanelomized migration behavior.

An explanation for the enhanced persistence ofatiigy cells on fibrillar FN matrices can be
found in the different organization of the two FNveonments [129]. The fibrillar FN fibers
provide a framework with an inherent directionali@ells interacting with these fibers follow
their direction and hence show a more directed mmavet implying contact guidance as
potential mechanism for efficient cell movement. ®GN coatings, FN molecules are
randomly distributed with a high ligand density. ide, migrating cells have numerous
possibilities for choosing their migration pathwessulting in a less directed movement.
These different migratory phenotypes can also @xpthe observed variation in cell
morphology (figure 10). On fibrillar FN matrices,THO80 cells are more elongated due to
their alignment with the FN fibers, whereas on Fbatngs they can bind to each FN
molecule in their proximity and thereby assume aemound-shaped form. At the same time,
cells migrating on FN-RGE matrices show a highebpbility for moving backwards than on
fibrillar FN with an intact RGD site (figure 19 E3uggesting cell adhesion to FN fibers via

the RGD site is important for regulating persiseen€cancer cells.
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6.4 Evaluation of integrin receptor blocking on FNdependent cancer cell migration

So far, the results suggest that morphology andratian behavior of HT1080 cells is
governed by the organization of FN. On 3D fibrilEN matrices, cancer cells assume an
elongated, spindle-shaped form, migrate with reddyi high average speed and keep a certain
direction over time. In contrast, on 2D FN coating31080 cells are round-shaped and show
a less directed, slower movement. These findinggesst that cell migration on both types of

FN environments may be based on different migratioales.

By using FN matrices with a mutated RGD-binding ifnibiat inactivates this site for integrin
binding [43], the involvement of the RGD site foellcmigration on fibrillar FN was
demonstrated (figure 19). There are at least aigbgrin receptors that are able to interact
with FN, namelyasBi, asB1, asPi, agBi, agP1, onP1, avPs, avPs, andoypPs [39, 40]. Except for
integrin osP1, asBs andogP, all integrins bind to the RGD site of FN [40, 42 promising
candidate that could influence cell migration dorifiar FN matrices isisp; integrin. It is the
main FN-binding receptor and the most importanulagr of FN fibrillogenesis [36]. Since
the ay integrin subunit has the most similar structuréntegrinas [127] and this integrin can
further replace the role of integrig in adhesion to FN as well as FN matrix assemblys
null cells [39], theo,ps integrin was chosen as second candidate possibbvied in cancer
cell migration on FN. Here, the influencewf; anda,f3 integrin receptors on FN dependent
cancer cell migration was evaluated by impairing #uhesion of those integrins to FN via

function blocking antibodies.

6.4.1 Evaluation of integrin blocking antibodies

Initially, the effectiveness ofispf1 and o,fs blocking antibodies was analyzed. It was
demonstrated previously that adhesion of HT1088 c&l FN coatings [132] and fibrillar FN
matrices [128] can be significantly decreased bwpctional blocking ofasB; integrin
receptors. Blocking ofy,f3 integrin in HT1080 cells had no effect on FN depstdcell
adhesion [128, 132], although this integrin recepsoable to bind FN in other cell lines
[133]. Since a different antesp; antibody was used in this thesis, the functionaditythis
clone (JBS5) was evaluated on FN coatifgthesion of preblocked and untreated HT1080
cells on FN coatings was quantified 1 h after sgleding by phase contrast microscopy
(figure 20 A). Preblocking odisB1 integrin receptors, alone or in combination witkelgocked
ayBs integrins, led to a significant decrease of adhereells (figure 20 B). In
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contrast, preblocking af, 3 integrin receptors did not influence adhesion oftB80 cells on

FN coatings. The adherent cell populations were t@alyzed in respect to their spreading
state (figure 20 C). Cells were characterized asspread based on their round shape and
presence of only few protrusions. In the controhgke, approximately 60 % of the cells were
spread. Treatment of cells witlf; integrin antibodies, alone or in combination witffs
antibodies, led to a decreased fraction of spredd @27 %).
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Figure 20: Blocking of cell adhesion on FN coatings

The blocking potential of antibodies directed aggtithe integrin receptors,ff; and asp; was tested on FN
coatingsA) The coating, either FN or BSA (used as negativarorand the antibody treatment is indicated in
each brightfield imagecbntrol: untreated cellsmslgG: isotype controlg,f; andaspy: cells preblocked with
the relevant antibodies). Scale bar, 50 Bn.The column chart shows mean of cell number aaddstrd error

of the mean$%EM) per treatment. Here, significant results areetdéhtiated between highly significant (**) with
P < 0.005 and extremely significant (***) with £0.001.C) The stacked column plot shows the proportion of
spread and non-spread cells within a certain group.
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These findings demonstrate that the JBS5 antibdfiigiemtly blocks the binding ofusp;
integrin receptors to FN.

Since blocking of integrinu,f3 did not affect HT1080 cell adhesion on FN, the -agfi
integrin antibody blocking efficacy on VTN coatingbe main substrate far, 3 integrins
[127] was evaluated. Surprisingly, HT1080 cells reely spread on VTN surfaces
(figure 21 A). In addition, preblocking of cells thi anti-o,p3 integrin antibodies did not
influence adhesion on VTN (figure 21 B). Nevertlsslethe antix 33 integrin antibody clone
LM609 used in this thesis was able to block thedinig of a,f3 integrin to VTN and FN in
former studies [134, 135]. Taking these findingsoiconsideration, along with the flow
cytometry results (figure 11 A) that demonstratedly cslightly elevated mean fluorescence
intensity levels compared to unstained cells, it ba concluded that,f3; integrins must be
expressed only in minor levels at the plasma meng@nd do not play a major role in
adhesion of HT1080 cells on FN or VTN. AlthoughBs integrins are not required for
attachment of cells on FN, it was demonstrated ttinay can still bind to fibrillar FN under
certain circumstances [133]. Indeed, integaifis can be chemically cross-linked to FN
60 min after plating HT1080 cells on FN coating84JL Overall, these results hint thafs
integrins may still influence the migratory behavwd HT1080 cells on FN.
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Figure 21: Blocking of cell adhesion on VTN
The blocking potential of the antifi; antibody LM609 for cell adhesion on VTN was testajl Cells were

either preblocked with antibodies directed agaimtstgrin o83 or left untreated befoqgating on VTN coatings.
B). Cell number mean and SEM are plotted for eacltaed conditionC) The proportion of spread and non-

spread cells within a certain treatment group Eated.

To summarize these findings, adhesion of HT108% ac@l FN coatings can be efficiently
blocked with antibodies directed againgf; integrinsbut not withantibodies directed against
ayfBs integrins. Furthermore, HT1080 cells show an ingmhiability to adhere and spread on

VTN coatings. Blocking o#,f3integrins has no effect on cell adhesion to VTN.
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6.4.2 Preblocking ofasp; integrin affects cell morphology but not FN fiberbreakage

Next, the effect of preblockingsBi anda,fs integrins on cell morphology and interaction
between cells and FN fibers was examined. As shoviluorescence images, HT1080 cells
with preblockedasp; integrins, alone or in combination withfs integrins, were small and
round-shaped in contrast to untreated cells orsoeith preblockedo,f; integrins only
(figure 22). Preblocking of integrins did not seémimpair the ability of HT1080 cells to
rearrange the FN network. These findings suggest dkf, integrins are important for
adhesion of HT1080 cells to FN, while the migratbshavior ofasp; integrin-blocked cells

remains unchanged. In contras{fs integrins seem not to be involved in any of these

processes.

control asPi oyP3 asPi + onPs

Figure 22: Fluorescence images of HT1080 cells wilreblocked integrin receptors on FN matrices

HT1080 cells (red) were and plated on FN matricgedn). Fluorescence images are shown for timet fdin
2 h and 4 h.dontrol: untreated cellsgsf,: preblockedasB; integrin receptorse,ps: preblockedo, s integrin
receptors andsf; + a,fs: preblockedusp; anda,f; integrin receptors). Scale bar, 50 um.
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6.4.3 Integrin asp1 promotes cell migration on 2D FN coatings but nobn 3D fibrillar

matrices

As shown in paragraph 6.4.1, preblocking @f: integrins but not ofa,p3 integrins
significantly reduced initial adhesion of HT1080ls®n FN coatings. Here, the influence of
integrin blocking on cancer cell migration behaworboth 2D and 3D FN environments was
investigated. Thereforegp; ando,psintegrins were preblocked prior to seeding HT108I0sc
on either FN coatings or FN matrices and averadecitg and directionality of cell
movement were calculated. Cells that did not mogeavnot considered in this analysis.
As shown in figure 23 A, preblocking af; integrin receptors reduced migration speed of
HT1080 cells on FN coatings, while a slight incee@s average velocity was observed for
asPi1 preblocked cells ofibrillar FN matrices. Blocking oé., B3 integrins did not alter average
velocity on both FN environments. According to grebability density plots (figure 23 B and
C) the observed reduction in cell migration speadufp; preblocked cells oRN coating is
statistically significant. These results suggestt tii; promotes cell migration on 2D FN
coatings, but not on 3D fibrillar matrices, whichses the question how migration on fibrillar
FN is regulated.
The following two hypotheses might explain cancel enigration on fibrillar FN. First,
HT1080 cells change their mode of migration from thesenchymal type, which involves FA
and actin stress fiber formation, to an amoeboigration, with no or only weak adhesive
interactions [136]. On 2D FN coatings, HT1080 celf®w characteristics of mesenchymal
migration. In its globular conformation, FN primbryinteracts withasp, integrins [137].
During FN fibrillogenesis, this interaction inducesceptor clustering and the formation of
FAs connecting the actin cytoskeleton with the salbs [41]. This connection allows the cell,
after activation of downstream signaling cascattegenerate traction forces which lead to a
forward movement of the cell body [138]. By bloakinsp; integrins on 2D FN coatings,
HT1080 cells might fail to generate FAs and consetly traction force§139], resulting in a
reduced migration speed. In contrast, HT1080 cajjration within a 3D FN environment
might be independent from FA formation in generatduse it is based on an amoeboid
migration mechanism which is characterized by owlgak adhesive interactions. As a
consequencegsp; and a,f3 integrins are not necessary for cell migration doilfar FN
(figure 23 A). In fact, preblocking ofisp; integrin did even increase average velocity of
HT1080 cells on FN matrices to a minor extent. Agginall FN-binding integrinsegsp;
integrin has the highest affinity to bind FN and thighest FN-binding strength [36]. HT1080
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cells might be held back in their movement by Fblefs because the adhesionsagf;
integrins to FN are not disassembled [128usf}; integrins are blocked, HT1080 cells can
move forward without hindrance.

A second explanation on how cell migration is reg¢ed within fibrillar FN matrices is that
other thanasP, or ayBs integrins might be involved. Due to its unfoldeddastretched
confirmation, fibrillar FN induces the binding aiftegrins other thansp; or a,f3 [39]. The
FAs formed by these integrins might be less stdbén the FAs formed betweenp;
integrins and FN. FA stability has been shown toaberucial regulator of cell migration
velocity on 2D FN coatings, whereby less stable &®l subsequent higher FA turnover
enabled fast cell migration [88]. Althoughp; integrin is necessary to promote cell migration
on FN coatings, the high binding strengthugf§; mightallow only slow FA turnover and thus
relatively slow cell migration. In contrast, cetia fibrillar FN, which might form less stable
FAs, could thus achieve higher speed. Since the R®GDf is necessary for promoting fast
cell migration on 3D fibrillar FN matrices (figud® A and B) and the involvement @ff; as
well asa, B3 integrins could be excluded (figure 23 A), one asrenof the following RGD-
binding integrin receptors might regulate migratimm 3D fibrillar matrices, namelygp,
avB1, owPs, OF aypPs integrin. This speculation is in agreement with Hypothesis raised in
6.3.3, according to which cells interact with FNatng and FN matrix through distinct
integrins resulting in different migration behavias an answer on variations in matrix

stiffness.

6.4.4 Integrin asP; regulates directionality of cell migration on 2D B coatings but not

on 3D fibrillar matrices

At last, the influence of integrins on directiomalof HT1080 on FN-dependent cell migration
was investigated. Concerning the persistence défnaglration on FN coatings (figure 23 D
and E), blocking ohisp; integrin resulted in a more random cell migratias,cells showed
increased probability of backwards movement. Intias, a,f3 integrin did not affect the
directionality of cell movement. On fibrillar FN rmeces (figure 23 D and F), blocking of
integrin osPy or ayPz had no effecon the directionality of HT1080 cell migration. Tee
findings are in agreement with the results obtaifeed=N-RGE matrices (6.3.4) suggesting
that both substrate topography and cell adhesi@n naain regulators for directed cell

migration on FN environments.
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Figure 23: Effect of asp; and a, B3 integrin blocking on migration speed and persistene of HT1080 cells on
different FN environments

HT1080 cells were either preblocked with antibodigected against integrinB; (dark red/dark green), integrin
a,B3 (orange/light green), both integrins (pink/oliv) left untreated (red/green), before seeding oncbatings
(red colors) or FN matrices (green color8). Migration speed of cells is plotted as a box-andskdr plot
comparing indicated groups and time periods (st of each group: 0-2 h, second box of each gr@uph).
B/C) Probability density of average migration values4dn is plotted as a scatter plot for all indicaggdups
for B) FN coating and C) FN matriX) Box-and-whisker plot depicts directionality of kceligration on both
FN environmentsE/F) Polar plots show probability density of persistenogles for 4 h on FN coating (E) and
on FN matrix (F).
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6.5. Influence of MMP and myosin Il inhibition on FN dependent cell migration

Beside the importance of integrins for cancer gelasion, proteases, such as MMPs, are
important regulators of tumor cell disseminationdggrading migration barriers as well as
remodeling of the local tumor microenvironment [2B] fact, there is a close relationship
between cell adhesion, proteolysis and force gdéinerd140, 141]. In this section, the
influence of MMP activity on FN dependent cancell ceigration was examined. MMP
activity was blocked with the broad-spectrum hy@dmmate inhibitor GM6001 [142-144]. The
hydroxamic acid group of GM6001 forms a complexwiite zinc ion present at the catalytic
active site [143], inhibiting enzyme activity ofbmoad range of MMPs. It has been observed
that cancer cells are able to switch between pseteependent motility and contractility
driven migration if MMPs are inhibited [90, 103,5l4Consequently, the influence of myosin
Il inhibition on FN dependent cancer cell migratiwas further investigated.

6.5.1 Inhibition of myosin Il influences morphologyof HT1080 cells on 3D fibrillar FN

matrices

Initially, effect of GM6001 and blebbistatin treagnt on cell morphology was analyzed by
fluorescence microscopy. Myosin Il inhibition stghy influenced HT1080 cell morphology
on FN matrices at both molar concentrations usaégurg 24, left). Cells treated with
blebbistatin assumed thin elongated shapes withtipteul branching filopodia. On FN
coatings, on the other hand, application of 25 ulbsin Il inhibitor had no effect on cell
morphology; while cell shape was altered to a sraatent when 50 UM blebbistatin was
applied (figure 24, right). In this case, some cétirmed filopodia which was not observed
for untreated cells (figure 17).

In contrast, MMP inhibition with GM6001 did not efft cell morphology of HT1080 cells
cultured either on FN coatings or on fibrillar FNmces (figure 25).
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FN matrix FN coating

blebbistatin [25uM] GM6001 GM6001 control

blebbistatin [50uM]

Figure 24: Fluorescence images of myosin Il inhibéid cells on different FN surfaces

HT1080 cells were plated on FN matrices or FN camtiand treated with 25 pM or 50 uM blebbistatierd{
representative images are acquired 2 h after eetling. Scale bar, 50 um.
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6.5.2 Disruption of the fibrillar FN matrices is caused by contractile forces and not via

proteolytic activity

Next, interactions between FN fibers and HT1080scakated with either GM6001 or
blebbistatin were evaluated. The ability of HT1G&0Is to remodel the fibrillar FN network
(figure 18) was not impaired by MMP inhibition (fige 25). Accordingly, MMP activity
seems not to be necessary for disruption of tharfaiix. In contrast, cells with myosin II-
based contractility inhibited, leave the FN filaill matrices unaltered (figure 25). These
results corroborate the hypothesis raised in papgy6.3.3, that the observed disruption of
the fibrillar FN matrices is mainly caused mechatycthrough tearing FN fibers. In order to
analyze if concentrated local proteolytic actiorghicontribute to FN matrix disintegration
by HT1080 cells, cell matrix interactions have odtudied at a higher resolution.

6.5.3 Evaluation of MMP and myosin Il activity on average velocity

The influence of MMP and myosin Il activity on magion speed within different FN
environments was investigated by time-lapse miapgc Inhibition of MMP activity by
GM6001 did not alter migration speed of HT1080 ceigjration on neither FN coatings nor
FN matrices (figure 26), suggesting that proteolwictivity is not required for cell migration
on FN. Similar results have been shown for breasicer cells migrating in 3D collagen
matrices [146]. Hereby, cancer cell migration wesnmoted through upregulation of ROCK1
activity, while MMP activity had only minor influee. In fact, tumor cells can escape MMP
inhibition by switching their migration behavior ofn protease-driven locomotion to
contractility dependent movement which requiresegptation of ROCK activity [147, 148].
To study this possibility, cell contractility wadobked by myosin Il inhibition. Migration
experiments demonstrated that addition of blebtistagnificantly reduces migration speed
of HT1080 cells on FN matrices, but not on FN awgdi (figure 26 A-C). These results are in
agreement with previous studies on NIH3T3 cell9[1P49] and corroborate the hypothesis
that HT1080 cell movement on FN coating is based anesenchymal mode of migration,
while cell locomotion within 3D environments is mbii based on myosin Il activity, as
observed for amoeboid migration. Myosin contragtilvas demonstrated to increase the
mechanical coupling between cell adhesions and-ragtwsin resulting in larger cellular
protrusions and fast cell movement [149]. This dduirther explain the increased migration

speed of HT1080 on fibrillar FN matrices comparm@éh coatings.
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However, cell migration on FN coatings was neittiéected by blebbistatin treatment nor by
MMP inhibition. It has been shown previously thangral MMP inhibition with GM6001
can increase expression of MT1-MMP in fibroblaskured within collagen matrices [150,
151]. Accordingly, it might be possible that MT1-MMactivity compensate the inhibitory
effect of GM6001 in HT1080 cells.

ctrl. GM6001 Blebbistatin

Figure 25: Fluorescence images of MMP and myosin Ihhibited HT1080 cells on FN matrices

HT1080 cells (red) seeded on FN matrices (greemg weated with 10 uM of the GM6001 controtr(.) and
the general MMP inhibitor GM6001) or with 50 um of the myosin Il inhibitor b{ebbistatin). Here,
fluorescence images for O h, 2 h, and 4 h are texpiScale bar, 50 pum.
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Figure 26: Analysis of migration speed and persistee of MMP inhibited cells on FN matrices

Migration of HT1080 cells, cultured in the presemdeeither 50 uM blebbistatin, 10 uM GM6001 or GNdGO
control was monitored on FN coating (red colorg) &N matrix (green colorsp) Average velocity is plotted
as a box-and-whisker plot comparing indicated gsofiap the time periods 0-2 h (left box of each grpand 2-

4 h (right box of each groupB/C) Velocity is plotted as probability density for tfiest 4 h of the migration
experiment. Cells were either plated on FN coat{@)sor on fibrillar FN matrices (C) Treatments éndicated
on the upper rightD) Persistence angles for 4 h are plotted as polas.plthe left polar plot shows data on FN
coatings with control (red), GM6001 (dark red) drdbbistatin (pink). On the right polar plot data tells
migrating on FN matrices is depicted with contigrieen), GM6001 (dark green) and blebbistatin (oliv)
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6.5.4 Evaluation of MMP and myosin Il activity on drectionality of cell migration

Finally, the effect of GM6001 and blebbistatin treant on the directionality of cell
migration was quantified. As shown in figure 26 Bngral MMP inhibition did not affect
persistence of HT1080 cells migration on both FMiremments. Furthermore, directionality
of cell movement was not influenced by myosin Hibition on FN coatings. In contrast, cells
on 3D fibrillar FN environments showed a more randecell migration when treated with
blebbistatin in comparison to the control groupdigated by a higher probability for
backward movement. These findings highlight the angmce of myosin Il-driven

contractility for directed movement within fibrild&N environments [149].

81



Results and Discussion

6.6 Influence of MT1-MMP on FN dependent cell migréon

Within the MMP family one member, namely MT1-MMR, of particular interest regarding
its effect on FN dependent cell migration. It hasvpusly been shown that MT1-MMP
regulates cell migration through modulation of floadhesion stability on FN coatings [88].
This is achieved by local lysis of FN at cell adbaes, facilitating FA turnover [152].
Furthermore. MT1-MMP activity might compensate GMN#®&O0blocking effects on FN
coatings. Here, the influence of MT1-MMP downregiola via RNA interference (RNAI) on

cell migration was studied on FN coatings and HigriFN matrices.

6.6.1 Evaluation of MT1-MMP silencing efficiency

First, the conditions for MT1-MMP silencing weretiopized in respect to the amount of
transfection reagent, cell density and the poirttnme when cells were analyzed. In all cases,
SiRNA treatment led to a significant decrease otgin expression regardless of the altered
parameter (figure 27 A). Consequently, the mostvenrent conditions were selected for all
further experiments. Hence, 1.2 X16ells were seeded per well of a 24-well plate,
transfection was performed with 1.5 pl of trangfectreagent and cells were analyzed 48 h
after transfection.

The effectiveness of MT1-MMP silencing under thiesid conditions was assessed by flow
cytometry (figure 27 B) and by western blot anaydigure 27 C). Treatment of cells with
siMT1-MMP decreases protein expression by 87 % @vatbto untreated cells (figure 27 A).
The procedure for RNA silencing seems to have aominfluence on gene expression in
general, as cell transfection with a non-targetsi@NA slightly reduces MT1-MMP
expression levels. These results indicate that WIMMP protein expression can be
successfully downregulated by transfection with NMR directed against MT1-MMP
transcripts. Hence, it is possible to study theetelence of MT1-MMP on cell migration by
comparing HT1080 cells with downregulated proteasgression levels to control HT1080

cells.
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Figure 27: FACS and western blot analysis of MT1-MMP silencing in HT1080 cells

A) Different conditions to optimize MT1-MMP silencingre tested. Altered factors are the amount of
transfection reagent (TR) useat: 1.5 pl orb: 2 pl, cell densityA: 1.2 x 15 or B: 1.8 x 16 cells per well and
the point in time when cells are analyzed: 48 [i@h after transfection. Cell surface expressioMafL.-MMP

is analyzed via FACS measurements. Here, the neahs respective relative fluorescence intenstied SEM
are plotted. Here, significant results are difféietrd between highly significant (**) with £0.005 and
extremely significant (***) with < 0.001. For simplifying the graphs, p-values argigaeed to entire treatment
groups. If within a group a p-value differs it iglicated above the respective column by red akgeris

B) Representative FACS figures for the following citinds are chosen: 1.5 pl TR, 1.2 x°tells per well, 48 h
after siRNA transfection. The histograms reflee thlative fluorescence intensities of differemyiatained cell
populations. Here, relative fluorescence intensitglotted in a logarithmic scale on the x-axis aetl count is
plotted on the y-axis. Black histograms represdmt fevel of autofluorescence of cells stained vitib
secondary antibody only. The relative fluoresceimttensities of MT1-MMP stained cell populations are
indicated by black framed colorless histograms. Ristbgrams mark cell populations that are eitheck (TR
only), siC (non targeting siRNA) osiM transfected (siMT1-MMP) as indicated.

C) Western blot was with 5 pg total potein lysatesrirantreated cellgctrl.), cells treated with TR only
(mock), cells treated with non targeting siRN@&IC) and cells treated with siMT1-MMHsiM). As loading
controlB-actin is detected.
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6.6.2 MT1-MMP does not influence cell morphology offibrillar FN

First, cell morphology and cell-FN fiber interact® upon MT1-MMP depletion were

investigated. MT1-MMP silencing in HT1080 cells ttued on FN matrices had no effect on
cell shape or on the ability of cells to disrupe tiibrillar FN network, if compared to cells

transfected with a non-targeting siRNA (figure 28his finding is in agreement with the
results of general MMP inhibition presented in gaaph 6.5.1 and 6.5.2. Additional blocking
of asf1 integrins in MT1-MMP silenced cells produced npglementary outcome.

siC siM siM / asP;

Oh

2h

4h

¢ e -

igure 28: Fluorescence images of siMT1-MMP silencedT1080 cells on FN matrices

48 h after siRNA transfection, HT1080 cells (redgrev seeded on FN matrices (gredtgre, representative
fluorescence images acquired at 0 h, 2 h and 4 Hepicted per conditiosiC: cells transfected with siControl;
siM: cells transfected with an siRNA targeting MT1-MMRnscripts;siM/esf,: same as siM with additional
preblocking ofusB, integrins). Scale bar, 50 um.
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6.6.3 MT1-MMP promotes cell migration on 2D FN coahgs, but not in 3D fibrillar FN

matrices

MT21-MMP silenced HT1080 cells from the same bata@revseeded on FN coatings or FN
matrices and their MT1-MMP expression levels waralgzed after 1 h. Interestingly, MT1-
MMP expression levels were higher on FN coatingamared to cells seeded on FN matrices
(figure 29 A). The observed increase of MT1-MMP m@gsion post seeding suggest that
MT1-MMP-silenced cells on FN coatings try to compate for MT1-MMP depletion, either
by enhancing its expression or by stabilizationgtaein at the plasma membrane.

Next, the influence of MT1-MMP on HT1080 cell migjom was evaluated. MT1-MMP
silencing significantly decreased average veloay HT1080 cells on FN coatings
(figure 29 B and C), while on fibrillar FN matricemigration speed slightly increased
(figure 29 B and D). Interestingly, MT1-MMP sileng resulted in a more randomized
migration on both FN environments (figure 29 E)e3é results suggest that MT1-MMP is in
general important for directed cell movement andnmtes fast cell migration on FN
coatings.

The aformentioned differences in migration behavioght be connected to the ability of
MT1-MMP to cleave different integrin subunits [83jence, the influence of MT1-MMP
silencing onas and B, integrin expression was determined by western atalysis. It is
shown in figure 29 A, that MT1-MMP silencing re®dtin slightly elevated expression levels
of as (1.4-fold) andp; (1.3-fold) integrins on FN coatings. Accordingly, T#*MMP might
positively regulate migration speed by cleavagesff integrins which enhances FA turnover
In contrast, integrin expression levels on fibrileN remained unaltered upon MT1-MMP
silencing. On FN coatings, MT1-MMP-silenced cellddi@ionally preblocked withasfBs
integrinantibodies migrated with significantly reduced spaed showed a more randomized
cell migration compared to the control and MT1-MMiRenced groups (figure 29 B, C and E)
In contrast, the combination of both treatments haaooperative effect on average velocity
or directionality of cell migration on fibrillar FMhatrices (figure 29 B, D and E).
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Figure 29: Analysis of migration speed and persistee of siMT1-MMP silenced cells on FN matrices

HT1080 cells were first transfected with siRNA died against MT1-MMP transcriptsil1) or with a non-
targeting siRNA ¢iC). 48 h after transfection cells were seeded oncBatings or FN matrices. In addition,
some MT1-MMP silenced cells were further prebloclketh osp, specific antibodies to inhibit integrin receptor
function. A) Western blot of integrin subunitg and; as well as MT1-MMP was conducted 1 h after seeding
the cells on different FN substrates. As loadingted p-actin was detected). Average migration speed of
cells is plotted as a box-and-whisker plot commaiirtdicated groups at 0-2 h (left box) and 2-4ightr box).
C/D) Distribution of velocity values are plotted astseaplots for the time period of 4 h on either Ebating

(C) or FN matrices). E) Persistence angles are depicted as polar plotdTa080 cells plated on either FN
coating (left) or FN matrix (right).
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6.7 Influence of MT1-MMP on adhesion mediated sigriang within different FN

environment

As demonstrated in paragraph 6.6, MT1-MMP diffei@ptregulates cell migration on FN
coatings and on FN matrices. While MT1-MMP promatel migration on 2D FN coatings,

it is not required for cell locomotion in a fibal FN matrices, where it seems to have an
inhibtory effect. It has been suggested, that MTi#HMinfluences cell migration behavior on
FN coatings by modulating adhesion mediated siggapathways [88]. Accordingly, the
involvement of MT1-MMP in phosphorylation of FAKRK1/2 and cofilin were investigated
in HT1080 cells cultured either on FN coatings arfiorillar FN matrices by western blot
analysis (figure 30).

FN coating FN matrix
ctrl. siC siM ctrl. siC siM
il ) G0 | s ma s | PFAK

b—- o Sl — | FAK

[ — |

— W — - -
p — < — | pERK1/2

S S e | | s s | ERK2

S ———— | ey sy s 0-Tubulin

. — | —— w | pCofilin

— — — | — — w | Cofilin

— —— | — — w— B-Actin

Figure 30: Western blot analysis of adhesion mediatl signaling

48 h after siRNA transfection HT1080 cells weretgudbon either fibrillar FN matrices or on FN cogsn After
1 h, expression and phosphorylation of FAK (Tyr39ERK1/2 (Tyr204/187) and cofilin (Ser3jvere
investigated by western blot analysis for the felltg treatment groupsctrl.: untreated cellssiC: cells
transfected with non-targeting siRNA asiM: cells transfected with siMT1-MMP. As loading caitp-actin
ando-tubulin were chosen.
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MT1-MMP silencing has an opposite effect on protexpression and phosphorylation, if
HT21080 cells are cultured on 2D FN coatings or Rlfar FN matrices (figure 30):

On FN coatings, MT1-MMP depleted cells showed iasesl cofilin expression levels
resulting in a 1.8-fold upregulation of cofilin pmhorylation, while expression and
phosphorylation of FAK and ERK2 remain unalteredcontrast, HT1080 cells cultured on
FN matrices, showed a 2.9-fold downregulation ofilico expression and subsequent
phosphorylation as well as a 1.2-fold downregutatid FAK phosphorylation upon MT1-
MMP silencing.

Integrin-mediated cell migration is dependent onKFAhosphorylation [153]. It was
previously demonstrated on FN coatings, that MT1®RIMgulates FAs stability and turnover
via FAK cleavage [88, 152]. In these experimenisy, éhanges in FAK protein expression or
phosphorylation were observed, when cells were exskesh FN coatings. A possible
explanation might be that HT1080 cells need toulriced for longer periods than 1 h on FN
coatings in order to affect FAK phosphorylation. dontrast, on FN matrices, FAK
phosphorylation was slightly reduced (-1.2-foldoopMT1-MMP silencing suggesting that
MT1-MMP positively regulates FAK phosphorylation dyr397. It has been shown
previously that reduced FAK Tyr397phosphorylatisrconnected to higher turnover of FAs
promoting cell migration on FN coatings [88]. Acdomgly, upon MT1-MMP silencing
HT1080 cells migrate faster on fibrillar FN matscedue to reduced FAK Tyr397
phosphorylation.

Here, MT1-MMP is presented as an additional regulat cofilin activity. On FN coatings,
cofilin shows lower phosphorylation levels and dgently higher activity if MT1-MMP is
present. It has been demonstrated previously défat integrin-mediated adhesions on FN
coatings lead to phosphorylation and subsequewtivadion of cofilin [154]. Consequently
actin dynamics are reduced, resulting in more remzed cell migration. These findings
support those results which showed reduced avesjged and persistence of HT1080 cells
migrating on 2D compared to 3D FN environmentserestingly, MT1-MMP counteracts the
aspy integrin  dependent phosphorylation of cofilin. IMT1-MMP is depleted,
phosphorylation/inactivation of cofilin increasds8-fold), resulting in lower migration speed
and less directed cell migration. Hence, this newmcfion of MT1-MMP allows cells to
differentially regulate cell migration behavior BN coatings.

Within 3D fibrillar FN matrices, MT1-MMP activity s associated with

phosphorylation/inactivation of cofilin, as MT1-MM®&epleted cells show reduced cofilin

88



Results and Discussion

expression (2.8-fold) and subsequent phosphoryla#d@cordingly, cells migrate faster on
fibrillar FN matrices in case of MT1-MMP depleti@ince in this case cofilin activity and

actin dynamics are enhanced.
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Figure 31: MT1-MMP differentially regulates cell migration on FN coatings and FN matrices

This scheme depicts molecular mechanisms that gasadt migration on A) FN coatings and B) FN matsc
The left side of the cell is showing integrin-medidsignaling events under control conditions, whsrthe right
site of the cell depicts the cellular response ArLAMMP silencing. It is important to note that “alband “fast
migration” are relative terms, describing the effem MT1-MMP on average velocity in a specific FN
environment.
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6.8 Influence of MT1-MMP and fibrillar FN on cell motility gene expression

Up to now, the presented data validate MT1-MMPragrgortant regulator of cell migration
behavior in FN environments. To determine if MT1-MMurther acts through changing the
expression levels of genes relevant for cell migmtan mMRNA expression screening on

genes involved in cell migration was performed gsirRT-PCR arrdy

As depicted in figure 32, MT1-MMP silencing onlyfedted its own gene expression.
Interestingly, siMT1-MMP transfected HT1080 cellgltared on ibiTreat dishes showed a
more efficient downregulation of MT1-MMP gene exgsi®n (-14.5-fold; figure 32 B) than

cells cultured on FN matrices (-5.3-fold, figure R As observed in western blot analysis
(figure 29 A), MT1-MMP protein expression in MT1-MMsilenced cells is higher on FN

coatings than on FN matrices. Taken these findings consideration, HT1080 cells might
counteract MT1-MMP depletion upon adhesion to FNekeby they are more efficient on FN
coatings than on FN matrices.

It should be noted that this experiment was peréainim two biological replicates. Hence,
only major changes in gene expression could bectgte Since the software used for
analyzing the array data requires three datasetdetecting small but significant changes in

gene-expression, an additional experiment has twbducted.

® A complete list of genes tested with the RT-PCRyaHuman Cell Motility can be found in the appendi
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Figure 32: Scatter plots of results from the Cell Mtility RT >-PCR Array

Gene expression of HT1080 cells cultured on eiiématrix or ITDs for 16 h was analyzed using &RTR
array. The scatter plots compare the normalizedessiion of every analyzed gene between two growgisated
on the x- and y-axis=N/control: cells cultured on FN matriceBN/siMT1-MMP: MT1-MMP silenced cells
cultured on FN matricedTD/control: cells cultured on ibiTreat dishes aitD/siMT1-MMP: MT1-MMP
silenced cells cultured on ibiTreat dishes. Uncleaingene expression is marked by the central lidled#a
points below that line indicate genes with downiatpd expression, all data points above that livdicate
genes with upregulated expression. The two boueslarext to the central line mark the thresholdase2.0
which corresponds to a 2-fold change in gene eg@rsGenes outside this boundary are indicatecklnye and
color ( for - andredfor up regulation of gene expressioR). Test group: FN/siMT1-MMP vs. control
group: FN/controlB) Test group: ITD/siMT1-MMP vs. control group: IDDietrol, C) Test group: FN/siMT1-
MMP vs. control group: ITD/siMT1-MMPD) Test group: FN/control vs. control group: IDT/carht
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6.9 Analysis of adhesion structures within 3D fibdiar FN matrices

In order to investigate the hypothesis that cetination on 3D fibrillar FN matrices is based
on an amoeboid migration mode which is associatddweak adhesions, adhesive structures
indicated by vinculin straining were monitored iTH80 cells by fluorescence microscopy.
The analysis of 3D adhesions has proven itselfet@ lxhallenging procedure which needs
further optimization. As depicted in figure 33, tRBl matrix is already strongly remodeled
resulting in huge FN-free areas where cells cagract with the surface of the culture dish
instead of the FN fibers. Accordingly, it is haadjtdge which of the observed adhesions are
truly cell-matrix adhesions and which are intemaasi of cells with the underlying culture dish
surface. In future work, images should be takemaatier time points, e. g. 2 h after cell
seeding, to ensure a homogenous FN matrix covetagaddition, the usage of a confocal
microscopy combined with z-stack recording shonig@riove the resolution of the images.

Vinculin Overlay

ks
T

Figure 33: IIF images of FAs in HT1080 cells cultued on FN matrices
Vinculin was stained by IIF to indicate adhesiom$14iT 1080 cell cultured on fibrillar FN matrices. dges were

acquired with an inverted fluorescence microscopea@er cell seeding. Scale bar, 25 pum.
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7. Conclusion and Outlook

In this thesis, the migration behavior of a humidnosarcoma cell line (HT1080) on 2D FN
coatings and 3D fibrillar matrices was investigalbgoanalyzing different parameters such as
the ability of cancer cells to rearrange the flarilFN network, cell morphology, average
velocity and directionality of cell migration. Theesults of this thesis suggest that the

topography of ECM structures is the main regulafarell migration behavior.

In agreement with this hypothesis, it was demotedrahat HT1080 cells showed great
differences in average velocity and directionabfymigration depending on the type of FN
environment presented (figure 34). The mechanicapgrties of both FN substrates are
transmitted inside the cell via integrins, inducitige appropriate responses. 2D coatings
constituted by globular FN show a random distrilmuteind high density ofisp; integrin
ligands. Accordinglyasp; integrin binding of HT1080 cells induces flat armumd-shaped
cell morphology as well as a less directed and stawigration compared to 3D fibrillar FN
matrices. In a fibrillar FN environment, HT1080Isehlign along FN fibers due to adhesions
that are mediated by an RGD-binding integrin ottien asB1 or o,p3. Since RGD sites are
distributed in annherent order (along the FN fibers) HT1080 ceisutame elongated shapes,
allowing fast and persistent cell movement basedomtact guidance.

The observed differences in cell migration are Basedistinct molecular mechanisms which
are triggered by the biochemical and physical progee of both types of FN environments.
On 2D coatings, cancer cell migration is dependenadhesion, mediated lyp; integrins
andMT1-MMP activity. It is speculated that MT1-MMP féitates FA turnover by cleavage
of asPy integrins, and actin polymerization through acimatof cofilin, thus promoting
cancer cell migration and persistence. The exactham@sm describing how cofilin is
activated by MT1-MMP remains to be elucidatedslfurther proposed that the relative slow
and random cell movement on FN coatings observetiTi080 cells is based on the
mesenchymal migration mode.

In contrast, the experiments conducted in thisishdsmonstrated that cell migration on 3D
FN matrices is highly dependent on myosin Il cactility, whereas proteolytic activity seems
not to be involved. On the contrary, MT1-MMP silelge enhances migration speed in
fibrillar FN matrices through reduction of FAK T\83 phosphorylation which in turn
enhances turnover of adhesions, and through ireieasofilin activity, resulting in increased

actin dynamics.
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FN coating

migration characteristics:

multi-axial cell shape
realtive slow
random
dependent on asf31integrin
independent on ayB3 integrin
dependent on MT1-MMP
independent on myosin Il contractility

FN matrix

o

migration charcteristics:

elongated cell shape
realtive fast
directed
independent on asf31 and ayf3 integrin
dependet on (an)other RGD-binding integrin(s)
independent on MT1-MMP
dependent on myosin Il contractility

Figure 34: HT1080 cell migration is differentially regulated on FN coatings and on FN matrices
Scheme indicating how cell migration is regulated=t coating and FN matrices

The exact nature of 3D adhesions and cell-mattieratctions that drive migration within this
3D fibrillar FN environment needs to be determinedfuture work. So far, it has been
observed that cancer cells wrap themselves in Fll lzave furthermore the ability to

rearrange the fibrillar network. The results présdnhere suggest that general MMP

inhibition or MT1-MMP silencing is not involved inFN-matrix

disintegration of FN matrices seems to be mechhmaaature and might depend on myosin
Il contractility or cellular interaction with the@D site in FN. It was further shown that these
interactions do not requiresp; or a,fB3 integrins. A promising candidate for mediating cell

adhesion to fibrillar FN might be,f: integrin [39]. Revealing the nature of the adhesion

interactions. The

structure and their dynamics would give furtherighs whether cell migration on fibrillar

matrices is indeed based on the amoeboid mechagrasnspeculated.
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To summarize, integrin-mediated adhesions and @ygie activity are important

determinants of cell migration. Interestingly, mi@s and MT1-MMP differentially regulate
FN-dependent cell migration as a response on stalcproperties of the extracellular
environment. Targeting structural components of thenor microenvironment should
therefore be considered as promising strategy taleni cancer cell dissemination and

metastasis.
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8. Appendix:

8.1 List of genes analyzed with the Human Cell Mdity RT >-PCR Array ’

GeneBank Description Gene Name

NM_001102 Actinin, alpha 1 FLJ40884, FLJ54432

NM_001104 Actinin, alpha 3 MGC117002, MGC117005

NM_004924 Actinin, alpha 4 ACTININ-4, DKFZp686K2385FSGS, FSGS1
NM_005722 ARP2 actin-related protein 2 homolog §ypa ARP2

NM_005721 ARP3 actin-related protein 3 homolog §fea ARP3

NM_005163 V-akt murine thymoma viral oncogene hamgdl AKT, MGC99656, PKB, PKB-ALPHA, PRKBA, RAC, RAC-ALPA
NM_001663 ADP-ribosylation factor 6 DKFZp564M0264

NM_004309 Rho GDP dissociation inhibitor (GDI) adph GDIAL, MGC117248, RHOGDI, RHOGDI-1

NM_003899 Rho guanine nucleotide exchange fact&fH)&@ BETA-PIX, COOL-1, COOL1, DKFZp686C12170, DKFZ61K1021.
KIAA0142, KIAA0412, Nbla10314, P50, P50BP, P85, B&XOL1,
P85SPR, PAK3, PIXB

NM_006340 BAll-associated protein 2 BAP2, FLAF3SHFG3
NM_014567 Breast cancer anti-estrogen resistance 1 CAS, CAS1, CASS1, CRKAS, FLJ12176, FLJ45059, P130Ca
NM_005186 Calpain 1, (mu/l) large subunit CANP, GAN CANPL1, muCANP, muCL
NM_001748 Calpain 2, (m/Il) large subunit CANP2, I iAL2, CANPmI, FLJ39928, mCANP
NM_001753 Caveolin 1, caveolae protein, 22kDa BSAIGL3, MSTPO8S5, VIP21
NM_001791 Cell division cycle 42 (GTP binding priate CDC42Hs, G25K
25kDa)
NM_005507 Cofilin 1 (non-muscle) CFL
NM_016823 V-crk sarcoma virus CT10 oncogene homolog CRKII
(avian)
NM_000757 Colony stimulating factor 1 (macrophage) MCSF, MGC31930
NM_005231 Cortactin EMS1, FLJ34459
NM_005219 Diaphanous homolog 1 (Drosophila) DFNBIA1, DRF1, FLJ25265, LFHL1, hDIAL
NM_001935 Dipeptidyl-peptidase 4 ADABP, ADCP2, CDEFPIV, TP103
NM_001963 Epidermal growth factor HOMG4, URG
NM_005228 Epidermal growth factor receptor ERBBHER, HER1, PIG61, mENA
NM_00100849 Enabled homolog (Drosophila) ENA, MENA, NDPP1
NM_003379 Ezrin CVIL, CVL, DKFZp762H157, FLJ26214GC1584, VIL2
NM_004460 Fibroblast activation protein, alpha DKBB6G13158, DPPIV, FAPA
NM_002006 Fibroblast growth factor 2 (basic) BFGEFB, HBGF-2
NM_000601 Hepatocyte growth factor (hepapoietirséatter DFNB39, F-TCF, HGFB, HPTA, SF
factor)
NM_000618 Insulin-like growth factor 1 (somatome@ijn IGF-1, IGF1A, IGFI
NM_000875 Insulin-like growth factor 1 receptor 12 IGFIR, IGFR, JTK13, MGC142170, MGC142172, MGE18
NM_004517 Integrin-linked kinase DKFZp686F1765, 2KP59
NM_000885 Integrin, alpha 4 (antigen CD49D, alprsuBunit CD49D, I1A4, MGC90518
of VLA-4 receptor)
NM_002211 Integrin, beta 1 (fibronectin receptateb CD29, FNRB, GPIIA, MDF2, MSK12, VLA-BETA, VLAB
polypeptide, antigen CD29 includes MDF2,
MSK12)
NM_000211 Integrin, beta 2 (complement component 3 rect CD18, LAD, LCAMB, LFA-1, MAC-1, MF17, MFI7
3 and 4 subunit)
NM_000212 Integrin, beta 3 (platelet glycoprotdia,lantigen CD61, GP3A, GPllla
CD61)
NM_002314 LIM domain kinase 1 LIMK, LIMK-1
NM_002745 Mitogen-activated protein kinase 1 ERRKR, ERT1, MAPK2, P42MAPK, PRKM1, PRKM2, p38, p40,
p41, p41lmapk
NM_000245 Met proto-oncogene (hepatocyte growttofac AUTS9, HGFR, RCCP2, c-Met
receptor)
NM_004995 Matrix metallopeptidase 14 (membraneries 1, MMP-14, MMP-X1, MT-MMP, MT-MMP 1, MT1-MMP,
MT1MMP, MTMMP1
NM_004530 Matrix metallopeptidase 2 (gelatinas&2kDa CLG4, CLG4A, MMP-Il, MONA, TBE-1

gelatinase, 72kDa type IV
collagenase)

NM_004994  Matrix metallopeptidase 9 (gelatinas®BDa CLG4B, GELB, MANDP2, MMP-9
gelatinase, 92kDa type IV collagenase)
NM_002444 Moesin -
NM_005964 Myosin, heavy chain 10, non-muscle MGQIL3 MGC134914, NMMHCB
NM_002473 Myosin, heavy chain 9, non-muscle DFNARERPSTS, FTNS, MGC104539, MHA, NMHC-II-A,

’ The table was adapted frduttp://www.sabiosciences.com/genetable.php?pcathtRA287
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NM_006097 Myosin, light chain 9, regulatory LC20@3@3505, MLC2, MRLC1, MYRL2
NM_053025 Myosin light chain kinase DKFZp6861101#5,12216, KRP, MLCK, MLCK1, MLCK108,

MLCK210, MSTP083, MYLK1, smMLCK
NM_002576 P21 protein (Cdc42/Rac)-activated kirfase MGC130000, MGC130001, PAKalpha
NM_005884 P21 protein (Cdc42/Rac)-activated kirhse -
NM_005022 Profilin 1 -
NM_006218 Phosphoinositide-3-kinase, catalytichalp MGC142161, MGC142163, PI3K, p110-alpha

polypeptide
NM_002659 Plasminogen activator, urokinase receptor CD87, U-PAR, UPAR, URKR
NM_002660 Phospholipase C, gamma 1 NCKAP3, PLEUC1, PLC148, PLCgammal
NM_002662 Phospholipase D1, phosphatidylcholinei§ipe -
NM_002737 Protein kinase C, alpha AAG6, MGC12990G,C129901, PKC-alpha, PKCA, PRKACA
NM_000314 Phosphatase and tensin homolog 10g284d8l, DEC, GLM2, MGC11227, MHAM, MMAC1, PTENL,
TEP1
NM_005607 PTK2 protein tyrosine kinase 2 FADK, FAKAK1, FRNK, pp125FAK
NM_004103 PTK2B protein tyrosine kinase 2 beta CAKDTAKB, FADK2, FAK2, PKB, PTK, PYK2, RAFTK
NM_002827 Protein tyrosine phosphatase, non-recéye 1 PTP1B
NM_002859 Paxillin FLJ16691
NM_006908 Ras-related C3 botulinum toxin substtatéo MGC111543, Rac-1, TC-25, p21-Racl
family, small GTP binding protein Rac1)

NM_002872  Ras-related C3 botulinum toxin subst2ageho EN-7, Gx, HSPC022

family, small GTP binding protein Rac2)
NM_002890 RAS p21 protein activator (GTPase adtigat CM-AVM, CMAVM, DKFZp434N071, GAP, PKWS, RASA,

protein) 1 RASGAP, p120GAP, p120RASGAP
NM_002906 Radixin DFNB24
NM_000539 Rhodopsin CSNBAD1, MGC138309, MGC13830RN2, RP4
NM_001664 Ras homolog gene family, member A ARHIRHA, RHO12, RHOH12
NM_004040 Ras homolog gene family, member B ARHBHS8, MST081, MSTP081, RHOH6
NM_175744 Ras homolog gene family, member C ARHRHE, H9, MGC1448, MGC61427, RHOH9
NM_005168 Rho family GTPase 3 ARHE, Rho8, RhoE, Bem
NM_005406 Rho-associated, coiled-coil containinoten MGC131603, MGC43611, P160ROCK, PRO0435

kinase 1
NM_014631 SH3 and PX domains 2A FISH, SH3MD1, TSK5
NM_005417 V-src sarcoma (Schmidt-Ruppin A-2) viral ASV, SRC1, c-SRC, p60-Src

oncogene homolog (avian)
NM_003150 Signal transducer and activator of trepson 3 APRF, FLJ20882, HIES, MGC16063
(acute-phase response factor)

NM_003174 Supervillin DKFZp686A17191
NM_000660 Transforming growth factor, beta 1 CEPRM, LAP, TGFB, TGFbeta
NM_003255 TIMP metallopeptidase inhibitor 2 CSC-21K
NM_006289 Talin 1 ILWEQ, KIAA1027, TLN
NM_003370 Vasodilator-stimulated phosphoprotein -
NM_003373 Vinculin CMD1W, CMH15, MVCL
NM_003376 Vascular endothelial growth factor A M@B09, MVCD1, VEGF, VPF
NM_003380 Vimentin FLJ36605
NM_003931 WAS protein family, member 1 FLJ31482AK0269, SCAR1, WAVE, WAVE1
NM_006990 WAS protein family, member 2 SCAR2, WAVEQJ393P12.2
NM_003941 Wiskott-Aldrich syndrome-like DKFZp779GO8 MGC48327, N-WASP, NWASP
NM_003387 WAS/WASL interacting protein family, meerl MGC111041, PRPL-2, WASPIP, WIP
NM_001101 Actin, beta PS1TP5BP1
NM_004048 Beta-2-microglobulin -
NM_002046 Glyceraldehyde-3-phosphate dehydrogenase G3PD, GAPD, MGC88685
NM_000194 Hypoxanthine phosphoribosyltransferase 1 HGPRT, HPRT
NM_001002 Ribosomal protein, large, PO L10E, LP@G®A11226, MGC88175, PO, PRLPO, RPPO
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8.2 List of abbreviations

2D

3D
ANOVA
Arg
Asp
CAF
cDNA
D
DEPC
DIC
DMEM
DNA
DPBS
E
ECM
EDTA
ER
ERK?2
EtOH
FA
FACS
FAK
FBS
FN

G
GAG
gDNA
GPI
Gly

lIF
ITD
MAPK
min
MMP
MT1-MMP
NCS
ON
PCR
PFA
PVDF
R
RNA
RNAI
RPMI
RT
RT*-PCR

two-dimensional
three-dimensional

one way analysis of variance
arginine

aspartic acid

cancer-associated fibroblast
copyDNA

aspartic acid

diethylpyrocarbonate

differential interference contrast
Dulbecco’s Modified Eagle’s Medium
desoxyribonucleic acid
Dulbecco’s phosphate buffered saline
glutamate

extracellular matrix
ethylenediaminetetraacetic acid
endoplasmatic reticulum
extracellular-signal-regulated kinase-2
ethanol

focal adhesion

fluorescence activated cell sorting
focal adhesion kinase

fetal bovine serum

fibronectin

glycine

glycosaminoglycan

genomic desoxyribonucleic acid
glycosylophosphatidylinositol
glycine

indirect immunofluorescence
ibiTreat dishes

mitogen-activated protein kinase
minute

matrix metalloproteinase

membrane-type 1 matrix metalloproteinase

newborn calf serum

over night

polymerase chain reaction
paraformaldehyde
polyvenylidene fluoride
arginine

ribonucleic acid

RNA interference

Roswell Park Memorial Institute (name of aallture medium)

room temperature
realtime PCR



Appendix

SDS-PAGE
SEM

Ser

SIRNA

TAE

TIMP

Tyr

VASP

VTN

YPet

sodium dodecylsulfate polyacrylamide ¢gdteophoresis
standard error of the mean

serine

small interfering ribonucleid acid

Tris-acetate-EDTA

tissue inhibitor of matrix metalloproteinases

tyrosine

vasodilator-stimulated phosphoprotein

vitronectin

yellow fluorescent protein optimized for FRET
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