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Summary

Changes in actin dynamics are communicated to tickens by members of the MRTF (myocardin
related transcription factors) family of transcidpial coactivators. Upon signal induction G-actin
liberates MRTF cofactors, which subsequently bindahd activate the transcription factor Serum
Response Factor (SRF). SRF target genes in turludecnumerous structural and regulatory
components of the actin cytoskeleton as well asskgleton-associated proteins involved in adhesion
and cell motility. Moreover MRTFs are implicated épithelial-mesenchymal transition (EMT), a
developmentally regulated process which is alsolired in tumor progression. EMT is characterized
by dissociation of cell-cell contacts and a morplalal conversion towards unpolarized motile cells.
Together, these findings suggest a role of actintM/RF signaling in cell motility.

| analyzed the migratory effects of actin-MAL mee@i transcription in non-invasive cell lines and
examined the regulation of MAL during EMT. An unbéal microarray screen identified Serpinel
(Pai-1) and the cytoskeleton-associated genes d&uisa-half LIM domains 1 (Fhll), Plakophilin 2
(Pkp2), Integrina5 (Itga5) and Epithelial Protein Lost in Neoplasm(Eplin-w) as novel G-actin
regulated targets. | confirmed their transcriptiomaluction by quantitative RT-PCR. Moreover,
retroviral infection with constitutively active, donant negative and MAL knockdown constructs
established these genes as MAL targets. The SRBnsise elements of Pkp2 and Eplircould be
identified by chromatin IP and luciferase repoessays.

Functionally, | showed that ectopic expressionaiiva MAL impairs the migration of mesenchymal
NIH 3T3 fibroblasts and epithelial EpRas cells imumd healing and Boyden chamber assays.
Conversely, dominant negative constructs and pa&mniackdown of MAL enhanced motility in these
non-invasive cells. | next asked how G-actin regugacytoskeleton-associated targets are involved in
the antimigratory function of MAL in non-invasiveithelial and mesenchymal cells. Knockdown of
Integrina5 and Plakophilin 2 (Pkp2) enhanced cell migratériibroblasts, whereas Pkp2 and Fhil
knockdown increased epithelial cell motility. Indaibn the reduced migration of epithelial cells
stably expressing active MAL was partially restol®d knockdown of either Pkp2 or Fhll, or by
double knockdown. Overall | concluded that MAL imsglicated in antimigratory responses through
upregulation of the cytoskeleton-associated pretditegrina5, PKP2 and FHL1 in non-invasive
cells.

We have recently demonstrated that MAL is activathding EMT and calcium-dependent
disassembly of epithelial junctions. | showed tNBAL is upregulated on both mRNA and protein
level upon EMT induction whereas MRTF-B expressimas essentially unaffected. The microRNA
miR-1 appeared to be involved in the regulatiodMaéfl expression by binding to a highly conserved
binding site in the MAL 3'UTR. Further analyses Milve to determine how miR-1 contributes to the
regulation of MAL during EMT induction.

My findings that MAL exhibits antimigratory functig in non-invasive cell lines is contrasted by the

previously described requirement of MRTFs for nitytéind invasion of metastatic breast cancer cells.
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To address the underlying discrepancies, | firptaguced the antimigratory effect of a partial Mrtf
knockdown in the highly invasive MDA-MB-231 cells addition | could show that MAL enhances
migration of invasive EpRasXT cells that have ugdee EMT, which is in marked contrast to the
antimigratory effect of MAL in the correspondingmmvasive epithelial EpRas cells. These findings
demonstrated a fundamentally different migratorgction of MRTFs in invasive and non-invasive
cells.

Based on these results, | hypothesize that MALvigtdirectly correlates with adhesive strength
through its numerous cytoskeleton-associated tsrgAs migration speed shows a biphasic
dependence on the adhesiveness | speculate theasimmy MAL signaling activity in non-invasive
cell lines with an already large repertoire of skeletal and adhesive components reduces motility.

Conversely, weakly adherent cells respond with cedumotility to decreased MAL signaling.
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Zusammenfassung

Veranderungen der Aktin-Zytoskelett-Dynamik werdkirch Koaktivatoren der MRTF (myocardin
related transcription factor) Familie dem Zellkemnitgeteilt. Die Induktion der Signalkaskade
resultiert in verstarkter Aktinpolymerisation, wadh MRTFs aus einem inhibierenden Komplex mit
monomerem Aktin freigesetzt werden. Daraufhin kénmge an den Transkriptionsfaktor Serum
Response Factor (SRF) binden und diesen aktividfiehe der SRF Zielgene wiederum kodieren fir
Zytoskelett-assoziierte Proteine, die in Adhéasiod iigration involviert sind. Darlber hinaus sind
MRTFs in epithelialer-mesenchymaler Transition (EMivolviert, einem entwicklungsregulierten
Prozess, der auch zur Tumorentstehung beitragt. BMTdurch die Dissoziation von Zell-
Zellkontakten und dem morphologischen Ubergangrmolarisierten, motilen Zellen charakterisiert.
Insgesamt deuten diese Befunde auf eine Rolle desn-KMAL Signaltransduktionswegs in
Zellmotilitat hin.

In dieser Arbeit untersuchte ich, welchen Einflidgin-MAL vermittelte Transkription auf die
Migration nicht-invasiver Zellen hat. Des Weiter@malysierte ich die Regulation von MAL wahrend
der EMT. In einem Microarray Screen wurden Serpifai-1) und die Zytoskelett-assoziierten
Faktoren Four-and-a-half LIM domains 1(Fhll), Plalkitin 2 (Pkp2), Integrina5 (Itga5) und
Epithelial Protein Lost in Neoplasm (Eplin-a) als neue G-Aktin regulierte Gene identifizieghl|
konnte die transkriptionelle Induktion dieser Genitels quantitativer RT-PCR verifizieren. Durch
retrovirale Infektion mit konstitutiv aktiven, donant negativen und MAL-Knockdownkonstrukten
wurden diese Gene als MAL Zielgene charakterisiit. SRF-responsiven Elemente von Pkp2 und
Eplin-o konnten durch Chromatin IP und Luciferase Assdgstifiziert werden. Ich zeigte, dass die
Uberexpression von aktivem MAL die Migration medeyroaler NIH 3T3 Zellen und epithelialer
EpRas Zellen in Wundheilungs- und Boyden-Kammerafsdeeintrachtigt. Dominant negative und
MAL knockdown Konstrukte hingegen verstarkten dietllitét dieser nicht-invasiven Zellen.

Danach untersuchte ich, wie G-actin regulierte GaiteZytoskelett-assoziierten Funktionen zu dem
antimigratorischen Effekt von MAL in nicht-invasiveepithelialen und mesenchymalen Zellen
beitragen. Tatsachlich erhdhte der Knockdown vdadrin o5 und Plakophilin 2 die Migration von
Fibroblasten, wahrend Pkp2- und Fhl1-Knockdownheghidle Zellmotilitat verstarkte. Dartiber hinaus
wurde die verringerte Migration von epithelialenli@e, die aktives MAL stabil exprimieren, durch
den Knockdown von Pkp2 und/oder Fhll partiell abfigen. Insgesamt schlie3e ich, dass MAL
durch die Hochregulierung der Zytoskelett-assaareProteine Integrim5, PKP2 und FHL1 eine
antimigratorische Funktion in nicht invasiven Zalkeustbt.

Wir konnten kirzlich zeigen, dass MAL wahrend deMTEund Kalzium-abhangiger Auflésung
epithelialer Zellkontakte aktiviert wird. Ich zeggtin meiner Arbeit, dass MAL auf mRNA- und
Protein-Ebene nach EMT Induktion hochreguliert windahrend die MRTF-B Expression im
Wesentlichen unbeeinflusst bleibt. Die microRNA riiRscheint in die Regulation der MAL

Expression involviert zu sein, in dem sie an einehhkonservierte Bindestelle in der 3'UTR der MAL
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MRNA bindet. Weitere Untersuchungen werden zeigéissen, ob miR-1 zu der Regulation von
MAL wéahrend der EMT Induktion beitrégt.

Mein Befund, dass MAL antimigratorische Funktionamicht-invasiven Zelllinien ausibt, steht der
kirzlich beschriebenen Notwendigkeit von MRTFs Notilitat und Invasivitdt metastasierender
Brustkrebszellen gegentber. Um die zugrundeliegehdlsachen zu untersuchen, reproduzierte ich
zunachst den antimigratorische Effekt eines p#ehelirtf Knockdowns in den hoch invasiven MDA-
MB-231 Zellen. Dariiber hinaus konnte ich zeigerssdMAL die Migration invasiver EpRasXT
Zellen, die eine epitheliale-mesenchymale Transitturchlaufen haben, verstérkt. Dies steht in
klarem Gegensatz zu dem antimigratorischen Effekt MAL in den entsprechenden nicht-invasiven
epithelialen EpRas Zellen. Diese Ergebnisse zegma prinzipiell unterschiedliche migratorische
Funktion von MRTFs in invasiven und nicht-invasivégilen.

Basierend auf den Ergebnissen vermute ich, dassMiM Aktivitat durch die zahlreichen
Zytoskelett-assoziierten  Zielgene direkt mit der hasionsstarke korreliert. Da die
Migrationsgeschwindigkeit eine biphasische Abhakegigvon der Adhasivitat zeigt, spekuliere ich,
dass eine Erhthung der MAL Signalaktivitdt in nightasiven Zelllinien, die bereits mit einem
groRen Repertoire an zytoskelettalen und adhadi@mmponenten ausgestattet sind, die Motilitat
verringert. Im Gegensatz dazu antworten wenigerdiatte Zellen mit verringerter Motilitat auf
verminderte MAL Aktivitat.
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Introduction

1 The cytoskeleton

The cytoskeleton is a three dimensional, highlyadgit intracellular network of protein filaments
extending throughout the cytoplasm. It plays pil/otdes in regulation of cell shape, cell division,
organization of cellular components and coordinatedvement. All these functions require a
continuous reorganization of the cytoskeletal neka/oThe cytoskeleton is crucial for efficient safjn
transduction as it provides a scaffold to which ynaignaling molecules can bind upon activation of
transmembrane receptors. Furthermore it represehtgje network on which motor proteins such as
kinesins, dynein, and myosin can translocate toemorganelles and vesicles. It consists of three
major components: the intermediate filaments (IREgrotubules (MTs), and actin filaments. These

networks are built up by different protein subumitel display different mechanical properties.

1.1 Intermediate filaments

The intermediate filaments are the toughest and ohasble of the cytoskeletal networks, providing
cells with mechanical strength and crucial struadtaupport.

IF proteins are encoded by a large family of alutonserved genes (Hesse et al., 2001) which are
regulated in a cell type specific and differentatrelated manner. These genes can be classified
according to sequence homology, polymerization @ntigs of the encoded proteins, or their cellular
distribution (Herrmann and Aebi, 2000).

Keratins are the most prominent IF proteins inkegial cells whereas vimentin is the prototypic IF
protein expressed in a plethora of non-epithelél types. Lamins form a meshwork of filaments
termed the nuclear lamina, which underlies anadhgtreens the nuclear envelope.

The fibrous IF proteins contain an N-terminal gli@ibthead, a C-terminal globular tail and a central
rod domain. The rod contains long-range heptadatspef hydrophobic/apolar residues and highly
conserved signature motifs at its N- and C-termimairemities. It enables intermediate filament
proteins to form stable dimers by wrapping arouacheother in a coiled-coil configuration, in which
the two subunits exhibit a parallel alignment. Tealled-coil dimers non-covalently form an apolar
tetramer by associating along their lateral sudaeéh an anti-parallel orientation; these tetragner
bind to one another end-to-end and side by side, @ non-covalent bonding, forming long 10 — 12
nm wide ropes. The globular head and tail regiensain exposed in these filaments and can mediate
the interaction with various proteins and othepsiteletal networks.

Similar to F-actin and microtubules intermediatrfients show a highly regulated and dynamic
organization that is controlled by accessory pnadiCoulombe et al., 2000) and post-translational
modifications (Omary et al., 1998). Nevertheless éxhibit some features which are fundamentally
different from F-actin and microtubules: IF proteigelf-assemble in the absence of ATP or GTP into

apolar heterogeneous filaments, which apparentiyt derve as tracks for molecular motors.
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Intermediate filaments form a network throughout ttytoplasm that surrounds the nucleus and
extends out to the cell periphery where it is ametoto cell-cell junctions such as desmosomes
(Kottke et al., 2006). In epithelial cell layersr&en filaments of neighboring cells are conneoted

the desmosomes, which provides a continuous megdlalimk throughout the tissue. IFs are also
associated with other membrane-spanning adhesimpleges such as hemidesmosomes (Green and
Jones, 1996; Litjens et al., 2006), “nonhemidesmmadbintegrin-mediated linkages to the substratum
such as focal adhesions (Kreis et al., 2005; Tauand Jones, 2003) and cell junctions mediated by
classical cadherins (Kim et al., 2005; Kowalczykakt 1998). IFs take part in the regulation of
integrin-based adhesion in migrating cells (lvaskal., 2005).

More than 40 genetically determined diseases haea lelated to mutations in IF encoding genes.
The corresponding disorders range from ectoderygpldsias, myopathies and cardiomyopathies and

are caused by cell and tissue fragility.

1.2 Microtubules

Microtubules are long stiff hollow tubes, which caapidly disassemble in one location and
reassemble in another. Unlike intermediate filammenticrotubule extension requires an organizing
center such as a centrosome, from which the mibobés grow out towards the cell periphery forming
tracks along which vesicles, organelles and otlediular components are moved. The microtubule
system is the main cytoskeletal network responditteanchoring membrane enclosed organelles
within the cell and for guiding intracellular trggwst. Kinesins and dyneins are motor proteins ¢aat
attach cargos to microtubule filaments. They usergn derived from repeated cycles of ATP
hydrolysis to carry organelles and vesicles altrgnicrotubules.

The microtubule cytoskeleton plays pivotal rolegimiy mitosis, which requires disassembly of
cytoplasmic microtubules and reassembly into nutapindles building up the machinery that
segregates the chromosomes equally into two daugleies. Whereas rapid remodeling of the
microtubule network is essential at the onset ofosis, microtubules are much more stable in
differentiated cells, where they maintain the orgaton and the polarity of cells and help to posit
organelles in their required location.

They are built from tubulin subunits. These buitdinlocks are dimers of two very similar globular
proteins,a- andf-tubulin, which are tightly bound together by novalent bonding. The dimers form,
again by noncovalent bonding, a linear chain, tleggfilament, in whicha- andp-tubulin alternate.
Thirteen parallel protofilaments of the same pojaiorm a hollow cylindrical microtubule.
Centrosomes, the microtubule organizing centenstado hundreds of ring-shaped structures formed
from another type of tubulin, namejytubulin. Eachy-tubulin ring serves as nucleation site for the
outgrowth of one microtubule which occurs in a #jieorientation at the plus end. In addition t@th
y-tubulin rings a centrosome contains two centriobesle of a cylindrical array of short microtubules,

which apparently have no role in the nucleatiorcess.
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Microtubules are in comparison to intermediatenfidants relatively instable. Microtubule growth is a
very dynamic process, a phenomenon that is reféoexs dynamic instability. Free tubulin dimers
contain tightly bound GTP which is hydrolyzed to BBhortly after the subunit is added to a growing
microtubule. This leads to a conformational chatigg weakens the binding strength between the
tubulin subunits. If the addition of new subunitors faster than the hydrolysis of GTP, the newly
added tubulin subunits form a GTP cap enablingrifweotubule to grow further. If the bound GTP of
a newly incorporated tubulin dimer is hydrolyzedfdoe the addition of new subunits, rapid
microtubule disassembly is favored. Released talmulbunits then exchange their bound GDP to GTP
and become available for polymerization to a grgamcrotubule.

Microtubule activity like those of other cytoskelktilaments depends on a large variety of accgssor
proteins that mediate their stabilization and lgéato other filaments. Microtubules search the
cytoplasmic space by continuously growing and $tmgpat their plus ends, which project outward to
the cell periphery (Kirschner and Mitchison, 198Blicrotubules are then captured and transiently
stabilized at specific membrane target sites thnqalgs end interacting proteins (+TIPs) such aslEB-
and CLIP-170 (Gundersen et al., 2004; Schuyler Raliman, 2001). +TIPs are thought to act by
protecting the growing ends of microtubules frortastrophe proteins that depolymerize microtubules
(Komarova et al., 2002; Tirnauer et al., 2002). @owted interactions between microtubules and
filamentous actin play pivotal roles in many pated processes, including cell shape, mitotic spindl
orientation, motility, growth cone guidance, anduwd healing. During cell migration the actin-
microtubule crosstalk occurs at focal adhesionsere/tthe actin cytoskeleton is connected to the
extracellular matrix. Microtubules grow towards d&@adhesions, probably guided by actin stress
fibers (Kaverina et al., 1998). Targeting of micimtles to focal adhesions leads to dissolution or
turnover of the targeted focal adhesions (Kaveenal., 1999). The microtubule dependent turnover
may be important to limit adherence at the fronthef cell and to dissolve focal adhesions at the re
Spectraplakins represent efficient eukaryotic stdifig proteins strengthening interactions between
microtubule- and actin-based structures. Theseepm®tontain direct binding sites for +TIPs, F4acti
and microtubules (Karakesisoglou et al., 2000; Ilgeeinal., 1999; Subramanian et al., 2003; Yang et
al., 1999) and at least some spektraplakins cam iakeract with IFs, dynein/dynactin, and cell
junctions (Gregory and Brown, 1998; Karakesisogtbal., 2000; Kodama et al., 2003; Leung et al.,
1999; Roper and Brown, 2003).

An intact microtubule array was shown to be esakritr directed migration (Goldman, 1971;
Vasiliev et al., 1970). Microtubules are involvedrestricting the activity of the actin cytoskeletm

the leading edge thereby contributing to lamellipofbrmation (Liao et al., 1995; Mikhailov and
Gundersen, 1998).

1.3 Actin filaments

The microfilament network is a complex structursessial for changes of cell shape, motor-based

organelle transport, regulation of ion transpodceptor mediated signaling responses, and cell
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movement. Two main steps of the migratory cycleedepon actin: the formation of protrusions by
motor-independent actin polymerization and the gaien of pulling forces through myosins.

The highly conserved actin genes are only fourglikeryotes and fall into three broad classes-,

and y-isoforms (Vandekerckhove and Weber, 1978). Actiotgins are mainly located in the
cytoplasm but also reside in the nucleus. In makagyotic cells actin is most abundant in the layer
beneath the plasma membrane which is called tHecodkex. There the microfilaments are cross-
linked in a dense meshwork, supporting the outdase and giving mechanical strength.

Monomeric actin is 67 x 40 x 37 A in size and hasaecular weight of 43,000 Da (Kabsch et al.,
1990). It includes four quasi-subdomains (1-4),hebaving repeating motifs comprising a multi-
stranded-sheet. 40% of the structuredshelical (Kabsch et al., 1990). The deep clefti@ tenter is
usually occupied by a tightly bound ATP in monoroeaictin or ADP-Pi (rather than ADP) in the
majority of F-actin subunits (Kinosian et al., 1998TP binds as a complex with either Mgr C&*

(De La Cruz and Pollard, 1995; Strzelecka-Golasken2001).

Although microfilaments are thinner, more flexibded usually shorter than microtubules, both
filaments exhibit similar principles of assemblydadisassembly. Actin filaments appear as a twisted
chain of identical globular actin molecules all maig in the same direction and are about 7 nm in
diameter. The addition of actin monomers is poesiblboth ends of a microfilament, but occurs much
faster at the (+) or “barbed” end. Three phaseactih polymerization can be distinguished: i) the
slow initial association of G-actin subunits toimer that is more likely to dissociate again rayidil

the formation of a stable trimer, which can be atgr®d as the nucleus of polymerization; iii) the
elongation phase, during which monomers are rapiséembled (Oosawa et al., 1959).
Microfilaments are in a continuous state of assgrmabld disassembly (Kasai et al., 1962). Free actin
monomers carry ATP which is hydrolyzed to ADP sater incorporation. As for microtubule
assembly a lag phase between the incorporation Td#?-&-actin and hydrolysis of ATP can be
observed (Carlier, 1990; Carlier et al., 1984; D Cruz et al., 2000; Pardee et al., 1982). The
hydrolysis of ATP to ADP reduces the binding stténigetween the actin monomers and promotes
depolymerization. Dissociated ADP-actin subunitgidly exchange their bound ADP for ATP in
solution (Neidl and Engel, 1979), a process thactelerated by profilin. The polymerization ofiact

is not dependent on nucleotide hydrolysis (Cook&/51 Kasai et al., 1965; Pollard, 1984), but
hydrolysis is required for the normal function e&€tin.

Filamentous actin can be found in multiple confdiores depending on the type of the bound cation
and nucleotide, the isoform of actin (Orlova et 8897; Orlova and Egelman, 1995) and the presence
of other proteins bound to actin (McGough et 892; Owen and DeRosier, 1993).

There is a large variety of actin binding protgjA8PS) that regulate different aspects of the abbem
and disassembly process. The association of manodints with microtubules and intermediate
filaments also depends on linker proteins.

ABPs can be divided into the following groups (eved in (dos Remedios et al., 2003)
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i) Monomer-binding proteins sequester G-actin andgnkits polymerization thus maintaining

a pool of monomers in solution (e.g. thymoB# profilin, and DNase 1).

i) Filament-depolymerizing proteins induce the conesrof F- to G-actin (e.g. CapZ and
cofilin).
i) Filament end-binding proteins cap the ends of tie dilament preventing the exchange of

monomers at the pointed end (e.g. tropomodulin)arde barbed end (e.g. CapZ).

iv) Filament severing proteins shorten the averageheoigfilaments by binding to the side of F-
actin and cutting it into two pieces (e.g. gelsplin

V) Cross-linking proteins contain at least two bindisites for F-actin, thus facilitating the
formation of filament bundles, branching filamers#sd three-dimensional networks (e.g.
actinin).

Vi) Stabilizing proteins bind to the sides of actimdilents and prevent its depolymerization (e.g.
tropomyosin).

vii) Motor proteins use F-actin as tracks upon whicmbwe. All actin dependent motor proteins
belong to the family of myosins. They bind to anditolyze ATP which provides the energy
for the movement towards the plus end of the milenmients. The myosin | and myosin Il
subfamilies are most abundant, myosin |l is theomajyosin involved in filament sliding
whereas myosin | is critical for endocytosis. Myw@scontain one head domain and a tail. The
head interacts with actin filaments and has an Ayé&rolyzing motor activity that enables it
to move along the filament in a cycle of bindingtathment and rebinding. The tail varies,
determining which cell components will be draggkihg the microfilaments.

viii)  Actin nucleators promote the polymerization of tiiéerent types of actin arrays formed in a
variety of cellular processes (e.g. Arp2/3, formirsucleation is the rate limiting step for

actin filament polymerization

2 Cellular communities — epithelial sheets

Multicellular organisms are separated from the mmment by a layer of epithelial cells which cover
the external surface of the body and line allnterinal cavities creating a protective barrier tigdia

are multicellular sheets in which cells are dengelgked side to side. Epithelia vary morphologjcall

in thickness and form. Epithelial sheets have tace$: the apical surface that is exposed to the
exterior or to internal cavities and the basalaefthat is attached to some sort of connectigedis
The basal surface rests on the basal lamina, aski@at of extracellular matrix composed of Type IV
collagen, laminin and other matrix proteins. Theécalpand basal surfaces of an epithelium are
chemically different which is referred to as epiidlepolarity. Epithelial integrity is maintainedyb
intercellular junctional complexes composed of tiginctions, adherens junctions, and desmosomes,
whereas gap junctions mediate intercellular compatitin. This organization further depends on

junctions that epithelial cells form with the bakahina, the hemidesmosomes and focal adhesions.
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3 Cell junctions

Cell junctions are built up by protein complexeattprovide contact between neighboring cells or a
cell and the extracellular matrix. In multicellularganisms intercellular adhesion is critical foanmy
processes such as tissue patterning, morphogemesisnaintenance of normal tissues (Gumbiner,
1996). Intercellular junctions have most extensivieéen investigated in polarized epithelial cells
where intercellular adhesion is mediated by a thifga junctional complex comprised of tight
junctions, adherens junctions and desmosomes.

Cell junctions can be classified according to tlfgirction as depicted below:

Table 111-1: Cell-cell and cell-matrix junctions

Name Function

Tight junctions (Occluding Junctions) Seal neighbgr epithelial cells to prevent
leakage of molecules between them

Adherens junctions (Anchoring Junctions) Join abtindles of neighboring cells together

Desmosomes (Anchoring Junctions) Join the interatedfilaments of neighboring
cells together

Gap junctions (Communicating junctions) Form chdsnthat allow small water-soluble
molecules, including ions, to pass from cell to
cell

Hemidesmosomes Anchor intermediate filaments inelh to the
basal lamina

Focal adhesions Anchor actin filaments in a cell toe

extracellular matrix

Adherens junctions, desmosomes and hemidesmosorrasellularly associate with cytoskeletal

filaments, thereby allowing the formation of a hugdwork that extends from cell to cell across the
whole epithelial sheet. A second common functiorthis enrichment of signaling proteins at the
junctional plaques.

Cell junctions are extremely dynamic structured Hra tightly regulated. Their modulation mediated
by extracellular signals allows for tissue remaadgliduring development, differentiation, wound

healing, and invasion. Cell junctions do not orggpond to extracellular stimuli, they also actively

participate in signal cascades.

3.1 Tight junctions

Tight junctions (TJs), or zonula occludens, arertfwst apical component of the junctional complex.
They form a continuous, circumferential, belt-léteucture that holds the cells together and meslate
sealing function. Via tight junctions the membraméswo neighboring cells closely join together
forming a virtually impermeable barrier to fluidhis defines two extremely different extracellular
milieus, the apical and the basolateral compartmdnth is in continuity with the interstitial fluid
Furthermore TJs separate the apical and the besgldbmains of the plasma membrane, which differ

in protein and lipid composition and carry out spkred functions. Tight junctions are compose@ of
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branching network of sealing strands of intramembraarticles. Rows of these transmembrane
proteins are embedded in both plasma membranes, exttacellular domains joining one another
directly. TJs contain two principal types of tramsnbrane components — tetraspan and single-span
transmembrane proteins. The tetraspan proteinscatadin, tricellulin and the claudins.

There are 24 different human claudin genes thateapressed in a tissue-specific manner. The
encoded proteins of 20-27 kDa are the main stratttomponents of intramembrane strands (Furuse
and Tsukita, 2006). The claudin composition deteatds the ion selectivity of the paracellular
pathway.

Like claudins occludin is associated with intrameamnie strands, although it is not required for their
assembly. It regulates the paracellular diffusibaroall hydrophilic molecules.

Tricellulin is in contrast to occludin and claudiesriched at the junctions between three epithelial
cells. It is thought to be required for junctiomrf@tion (Ikenouchi et al., 2005) and shares a quasge
domain with occludin that mediates binding to ZO-1.

Single-span transmembrane proteins such as JAMB3GRd BVEs have also been found to be
associated with tight junctions, mediating homatygell-cell adhesion (Bazzoni et al., 2000).

On the intracellular side of the plasma membraresdhtransmembrane proteins associate with a
complex array of adaptors, scaffolding and cytastedl proteins components that build up the
cytoplasmic plaque. Composition and complexity loé ttytoplasmic plaque vary greatly among
different epithelia. Many of the tight junction glae proteins contain PDZ domains that serve as link
to the actin cytoskeleton. Thus, tight junctionilithe cytoskeleton of adjacent cells. Furthermore
numerous accessory proteins interact with the ¢gsopic plaque mediating diverse processes such as
tumor suppression, epithelial cell proliferatiomlgrization and differentiation. These signaling
components include classical signaling proteindhsag kinases and phosphatases, as well as dual-
localization proteins that can reside at junctiagsvell as in the nucleus, affecting gene exprassio

The major plaque components are ZO-1, ZO-2, cingpli30, and 7H6. Both ZO-1 and ZO-2 belong
to the MAGUK protein family. Members of this famiére often found at cell-cell contacts where they
couple extracellular signaling pathways with theéoskeleton. They share several conserved motifs
including an SH3 domain, guanylate kinase domamd, BDZ domains. In tight junctions ZO-1 is
located closest to the TJ membrane. It binds taC#terminus of occludin via its GUK domain or to
claudins via its PDZ domain and forms a heterodimigh ZO-2 or ZO-3 through its second PDZ
domain. Furthermore it can directly bind to actida-actinin through its large C-terminal domain
(Fanning, 2001). Via its SH3 domain ZO-1 is ablassociate with a number of signaling molecules
(Matter and Balda, 2007).

Although no cadherins are found in TJs, cadheridiated cell-cell adhesion is believed to be critica
in the establishment and maintenance of TJs. R-actilerlying the TJ membrane was also shown to

play important roles in TJ maintenance and epihegll polarity.
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Tight junctions are dynamic structures. During eyolgenesis and epithelial-mesenchymal transition
intercellular adhesion is decreased which requhiesdownregulation of tight junction and adherens
junction proteins by the zinc finger transcriptig@pressor Snail (Batlle E., 2000; Cano et al., 2000
Ikenouchi et al., 2005; Ikenouchi et al., 2003).

3.2  Adherens junctions

Adherens junctions zip cells together and therelyntain cell and tissue polarity. Furthermore they
anchor the cytoskeleton to the plasma membrane.

The transmembrane proteins forming adherens jumetior zonula adherens) like those in
desmosomes belong to the cadherin family. Cadhmotecules form homodimers in a calcium-
dependent manner with other cadherin molecules djacent cells. At an adherens junction, the
cadherin is tethered intracellularly via severakédr proteins such as vinculin and catenins tanacti
filaments. The short intracellular domain of cadiean bind to p12Y, p-catenin and-catenin (=
plakoglobin).p-catenin binds ta-catenin, which recruits ZO-1, vinculin anehctinin.

Often, the adherens junctions form a continuoussidin belt around the whole epithelial cell that is
located near the apical end of the cell, belowtitjlet junctions. As the actin network spanning the
whole epithelium is contractile the epithelial shikas the capacity to develop tension and to change
its shape dramatically. These epithelial movemearts crucial during embryonic development,
creating structures such as the neural tube. Alaimoell junction in non-epithelial cells such as
cardiomyocytes is the fascia adherens. It is strally the same, but appears in ribbonlike patterns
that do not completely encircle the cell.

In numerous cell types such as epithelial cells fihibblasts an intercellular adhesions system
containing nectin and afadin can be found at adisepenctions. Afadin associates with F-actin and
the C&™-independent cell-cell adhesion molecule nectinkitig it to the actin cytoskeleton. This
adhesion system plays regulatory roles in the faonaof adherens junctions and subsequently the
formation of TJs in epithelial cells (Takai and Maishi, 2003). It also participates in the formatad
several specialized cell-cell junctions, such asapges in neurons (Takai and Nakanishi, 2003).
Besides its adhesion properties nectin also indacéisation of Cdc42 and Rac, which regulates

reorganization of the actin cytoskeleton (Kawakatsal., 2002).

3.2.1 Eplin-a

Epithelial Protein Lost in Neoplasm(Eplin-o) is a cytoskeleton-associated tumor suppressos&ho
expression inversely correlates with cell growthtitity, invasion and cancer mortality (Jiang et al
2008; Maul and Chang, 1999). Eplin crosslinks, besmdind stabilizes F-actin filaments and stress
fibers, which correlates with its ability to supgseanchorage-independent growth in transformed cell
(Han et al.,, 2007; Maul et al., 2003; Song et 2002). In epithelial cells, Eplin is required for
formation of the F-actin adhesion belt by bindinghe E-cadherin-catenin complex throwgbatenin
(Abe and Takeichi, 2008).



I1l. Introduction 19

3.3 Desmosomes

Desmosomes and hemidesmosomes are the major ckltesuattachment sites for intermediate
filaments at cell-cell and cell-substrate contamspectively (reviewed in (Green and Jones, 1996))
Desmosomes or maculae adherentes are localizedilspadhesions subjacent to the adherens
junctions and are more widely arranged along ttexdasides of plasma membranes.

They are composed of a tripartite electron-densgyd that anchors intermediate filaments. Two
cytosolic plaques of adjacent cells sandwich a nman core region of 30 nm in width. This
extracellular domain is called the extracellularecdomain or the desmoglea. It is divided by an
electron-dense midline where the desmosomal cathetieract with each other.

The major components of the desmosomes belongree tHifferent protein families: cadherins,
armadillo proteins, and plakins.

The desmosomal cadherins desmoglein and desmoauitijage in calcium dependent homophilic
binding (reviewed in (Garrod, 1993; Garrod et 2002; Koch and Franke, 1994)). They are single-
pass, transmembrane-spanning glycoproteins withhyhigpnserved repetitive regions of homology in
the extracellular domain, which is thought to beoimed in calcium binding and adhesion. A
conserved region in the cytoplasmic domain is meglufor binding to cytoplasmic adaptor proteins of
the armadillo and plakin family that mediate thelto IFs (Schmidt and Jager, 2005). There aresthre
desmocollin (Dscl1-Dsc3) and four desmoglein (Dsgb4) genes that are expressed in tissue- and
stratification-specific patterns (King et al., 19%®ch et al., 1992; Yue et al., 1995).

On the cytoplasmic side of the plasma membranegethee two dense structures called the Outer
Dense Plague and the Inner Dense Plaque. Thespamaed by the desmoplakin protein. The Outer
Dense Plaque is where the cytoplasmic domains efctdherins attach to desmoplakin (DP) via
plakoglobin (Pg) and plakophilins (PKP 1-3). Thedn Dense Plaque is where desmoplakin attaches
to the intermediate filaments of the cell. Figuhell shows the desmosome ultrastructure and the

arrangement of desmosomal components.
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Figure IlI-1 Desmosome ultrastructure and arrangemeat of desmosomal components (from (Desai et al.,
2009)).1DP, Inner Dense Plaque; ODP, Outer Dense PlagMe;pfasma membrane; DM, dense midline; Pg,
plakoglobin; Dsg, desmoglobin; Dsc, desmocollin; BBsmoplakin; Pkp, Plakophilin.

Desmosomal armadillo family members include Pg BK&1-3. Similar to their AJ counterpafis
catenin and p120, Pg and Pkps are also presdm imuicleus. Members of this family contain a series
of repeating armadillo motifs. In addition to thetructural roles in intercellular junctions, arritiead
family members act as signal transducers.

Plakoglobin binds to the cytoplasmic domain of desoflins and desmogleins (Kowalczyk et al.,
1994; Mathur et al., 1994; Roh and Stanley, 1996ydnovsky et al., 1994). It also associates with
the N-terminus of the IF anchoring protein desmkipldahereby representing a central desmosomal
linker. It is not restricted to desmosomes but mommon component of adhesive junctions such as
adherens junctions where it associates with thesidaadherins (Garrod, 1993; Schmidt et al., 1994)
albeit more weakly than with desmosomal cadheiesfér et al., 1992).

Plakophilins are plakoglobin like molecules whicimd directly to IFs (Hatzfeld et al., 1994) and
numerous other proteins via their N-terminal heathains — they associate with DP (Chen et al.,
2002), multiple desmosomal cadherins, Pgatenin and cytokeratins. PKPs serve as scaffioids
positioning protein kinase C (PKC) and Rho GTPaheing junction assembly (Bass-Zubek et al.,
2008).
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Plakins are a family of large modular proteins tivék various cytoskeletal elements with each other
and with adhesive junctions of the plasma membrsihwtations in plakin family genes lead to defects
in tissue integrity in skin, muscle and nervousteys Four desmoplakin family members can
associate with desmosomes: DP, plectin, envoplakthperiplakin. Desmoplakin is indispensable for
desmosome assembly and IF anchorage. It consistxehtrali-helical coiled rod domain required
for DP oligomerization that is flanked by two gldduend domains. The N-terminal head domain
binds to armadillo proteins and targets DP to teentbsomal plaque. The C-terminal domain directly
associates with intermediate filaments (reviewe(@Gadsel et al., 2004)).

Although a minimal set of these core proteins iquneed for desmosome formation, additional
components can associate with desmosomes for 8pedidunctions in a cell-type-specific manner.
These include proteins required for junction asdgndnd integrity and proteins involved in
cytoskeletal remodeling, differentiation, and siigma

Connecting the keratin bundles of neighboring cellsdesmosomes creates a transcellular network
throughout a tissue that confers great tensilegtre(reviewed in (Green et al., 1998)). Therefore
desmosomes help to resist shearing forces thatr acdissues which experience mechanical stress
such as the epidermis and heart. This network d#iadally attached to the basal membrane via the
hemidesmosomes. In epithelia desmosomes associtdtekeratin-containing IFs. They are not
restricted to epithelia but can also be found irdieg muscle, where they anchor desmin-containing
IFs, as well as in dendritic cells where they asgecwith vimentin-containing IFs (Schmidt et al.,
1994).

Desmosomes are dynamic structures. They have terbedeled constantly. The de novo synthesis
occurs from distinct cytoplasmic pools of cadhexane and plague components (Godsel et al., 2005).
Desmosomal cadherins are constitutively synthesaredtransported to the membrane. Upon cell-cell
contact, desmosomal cadherins become stabilizedclster at the plasma membrane, associating
with plaque components. DP enriched precursor gastitranslocate from the cytoplasm to nascent
desmosomes to support the forming plaque. PKP2ciades with these DP precursors and plays
pivotal roles in regulating the association of Dithvifs.

Desmosome formation depends on preexisting adhgueatons (Demlehner et al., 1995). On the
other hand, maturation of AJs requires functioredrdosomes. Armadillo proteins which have the
capacity to associate with both classic and desmakoadherins might play important roles in this
interplay.

Mis-sense, truncation and nonsense mutations lgaditnaplo-insufficiency have been identified in
all major desmosomal components including DP, PHRg,and the desmosomal cadherins. These
mutations can lead to inherited diseases of the skth as blistering diseases and in heart defects
(Gerull et al., 2004; McGrath et al., 1997; McKdyagé, 2000; Norgett et al., 2000).
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3.3.1 Plakophilin 2

Plakophilins are armadillo family members that lamato the cytoplasmic plaque of intercellular
desmosomal junctions, orchestrating junction forome(Bass-Zubek et al., 2009; Godsel et al., 2005).
They were reported also to reside in the cytoplasohthe nucleus (Mertens et al., 1996; Schmidt et
al., 1999; Schmidt et al., 1997). PKP1 is foundyanl desmosomes of complex epithelia, whereas
PKP2 and PKP3 are more widely distributed. Altenagi of plakophilin expression result in impaired
cell adhesion and migration (Bass-Zubek et al.,82@rossmann et al., 2004; Kundu et al., 2008;
South et al., 2003).

PKP2 is a major regulator of desmosome compos#iahpositioning (Chen et al., 2002; Goossens et
al., 2007). It coordinates actin-dependent matomatif desmosome precursors by interacting with the
intermediate filament-desmoplakin complex, RK@nd possibly F-actin (Bass-Zubek et al., 2008;
Godsel et al., 2005). Nuclear PKP2 contribute©itoRNA polymerase Il holoenzyme complex.
Among the plakophilins, PKP2 shows the broadestiédistribution (Bonne et al., 1999; Mertens et
al., 1996; Schmidt et al., 1999) and is the onikpphilin expressed in the heart.

PKP2 is essential for cell-cell adhesion in cardioaytes (Grossmann et al., 2004; Pieperhoff et al.,
2008). Ablation of plakophilin 2 in mouse resultsléthality at mid-gestation due to defects in hear

morphogenesis and stability (Grossmann et al., 2004

3.4  Gap junction

Gap junctions are interspersed among desmosomesnadiite communication between cells by
metabolically and electrically coupling them togathin a gap junction, the membranes of two
adjacent cells are separated by a very narrow g&sdonm. This gap is spanned by the protruding
ends of two transmembrane protein complexes ofadjacent cells facing each other. These protein
complexes are called connexons and create a ngrassageway, which small inorganic ions and
small water-soluble molecules can pass, movingtlyrérom the cytosol of one cell to the cytosol of
another. Several to hundreds of gap junctions saemble into a macromolecular complex called a
plague. Connexons or hemichannels are homo- omrdieéxamers of four-pass transmembrane
proteins called connexins. The connexin gene famsilgiverse, with twenty-one identified members
in the human genome, and twenty in the mouse. Tdr@ws homomeric and heteromeric gap
junctions can exhibit different functional prope#iregarding pore conductance, size selectivity,
charge selectivity, voltage gating, and chemicéihga

The functions of gap junctions are diverse:

They allow for direct electrical communication beem cells, as they mediate rapid transmission of
action potentials in heart and in neuronal tissaeelectrical synapses (Kirchhoff et al., 1998; &m

et al., 1998). In cardiac muscle the electrical ptimg mediated by gap junctions allows for
coordinated contraction of the cells. They alsompeichemical communication between cells by

providing passageways for small second messengetsas C%, inositol-triophosphate, and cyclic
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nucleotides (Saez et al., 1989) . They mediatdrdetransport of metabolites and nutrients smaller
than 1,000 Daltons such as nucleotides and glu@@sklberg et al., 1999), whereas precluding the
transport of large biomolecules. And they ensueg tholecules and current passing through the gap
junctions do not leak into the intercellular space.

Several human genetic disorders are associatedmwitations in gap junction genes. Many of those
affect the skin because this tissue is heavily ddget upon gap junction communication for the
regulation of differentiation and proliferation.

Gap junction communication is regulated by sigrgaimolecules associating with connexins such as
phosphatases and kinases such as Src. Furtherommexins are able to associate with proteins that
are usually found at other cell-cell junctions sashZO-1, which seems to play a role in gap junctio
turnover (Gaietta et al., 2002; Lauf et al., 20@2dherin mediated cell-cell adhesion is a pressgui

for gap junction formation.

35 Hemidesmosomes

Anchorage of epithelial cells to the underlying ddamembrane is mediated by integrins that bind to
the extracellular matrix protein laminin. Insidetbell they are linked to keratin filaments cregtin
structure that looks like half a desmosome, hehesname hemidesmosome.

Like desmosomes they also contain a tripartitetelaedense plaque located at the basal membrane
that anchors intermediate filaments. Instead afgisadherins, hemidesmosomes contain integrin cell
adhesion proteins. Integrins are composed ofi @md ap subunit. They have a large extracellular
domain responsible for ligand binding, a singlensraembrane domain and a cytoplasmic domain
(Hynes, 1992). There are several and p- subunit isoforms; the combination of these iswfer
determines the binding specificity of the integtindifferent ECM components. They do not only
mediate the link between the extracellular matnid ahe cytoskeleton of the cell, but they also
transduce signals.

Laminin-5 is concentrated in the basement membraoae immediately underlying each
hemidesmosome in stratified squamous epithelisligis (Jones et al., 1994BB1-integrin appears to
initiate cell binding to laminin-5 (Carter et all990) whereasi6p4-integrin is involved in the
establishment of long term stable anchoring coatatthemidesmosomes on laminin-5 rich matrices
(Carter et al., 1990; Langhofer et al., 1993; Rellssand Aumailley, 1994).

Hemidesmosomes of different epithelial tissues Wgushare their typical ultrastructure and
composition. However, some simple epithelial celach as those lining the gut express
hemidesmosomal components that are not organizadtrastructurally defined hemidesmosomes.
These less organized multiprotein complexes areggrtype Il hemidesmosomes as opposed to the

classical or type | hemidesmosomes of basal epaleretls.
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3.6 Focal adhesions

Cellular junctions with the ECM are required foil amigration, growth and differentiation. Focal

adhesions, also known as focal contacts are lgpgeiadized multiprotein complexes where integrins
cluster together to transduce transmembrane sigmaldink actin filaments to the ECM. They exist
both between epithelia and the basal membrane randesenchymal cells linking them to ECM
components such as collagens or fibronectin. T#es play an important role in the regulation of
actin organization, thereby affecting cell spregdimorphogenesis and migration. The major
transmembrane ECM receptors of focal adhesionsbdim the integrin family. As mentioned above,
integrins are heterodimers composed @indp subunits. In mammals, IBand 8B subunits combine

in a restricted manner to form 24 specific diméiat thave overlapping substrate specificity and cell
type specific expression patterns (Humphries et 28106; Hynes, 2002). Figure IlI-2 depicts the

mammalian integrin heterodimers and their subsspéeificities.
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Figure 11I-2 Mammalian integrin heterodimers and their substrate specificities. From (Hynes, 2002)). The
blue subset of integrin heterodimers recognizestripeptide sequence RGD in molecules such as rigwtin
and vitronectin.

Integrins transduce signals bidirectionally (revéeMin (Legate et al., 2009). Upon ligand bindingyth
activate intracellular signaling pathways (“outsidé signaling). On the other hand, intracellular
stimuli can also cause extracellular changes \iegiins. One example of inside-out signaling is the
activation of integrins themselves, in which thelifts from a low-affinity to a high-affinity
conformation for ligand binding.

Besides integrin heterodimers additional transmemdr proteins such as heparan sulfate

proteoglycans, layilin and urokinase receptor, aispear to be present at focal adhesions.
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Large, multimolecular complexes assemble onto th@ptasmic tails of activated integrins to
transduce transmembrane signals and engage andzergatin filaments. More than 50 proteins were
shown to be associated with focal contacts. Theorntgjof these contain multiple domains that
mediate binding to different components, formingnske and heterogeneous protein networks at the
cytoplasmic faces of adhesions. Plaque composisiaegulated by numerous mechanisms such as
competitive binding of different partners, postskational modifications such as phosphorylatiort tha
modulate binding affinities and conformational cfjas of certain components.

Proteins associated with focal contacts can bel@d/into the following groups: cytoskeletal progein
(e.g. tensin, vinculin, paxilliny-actinin, parvin, talin, and kindlin), tyrosin kis@s (SRC, FAK, PYK2,
CSK and ABL), serine/threonine kinases (ILK, PKCdaRAK), modulators of small GTPases
(ASAP1, Graf and PSGAP), tyrosine phosphatases (&HFAR PTP) and other enzymes (PI3 kinase,
calpain II).

The adapter proteins talin and vinculin link théopfasmic domains df integrins to actin filaments at
the ends of stress fibers. Binding of talin to tiygoplasmic domain of integrif subunits triggers the
above mentioned conformational change in d@ientegrin extracellular domain that increases its
affinity for ECM components and promotes the asdgmbfocal adhesions (Calderwood, 2004). This
activation is thought to be mediated by disruptafna salt bridge between the and p-integrin
subunits, leading to separation of their cytoplasdimains (Campbell and Ginsberg, 2004). Kindlin
also directly interacts wit integrin tails. It thereby might cooperate witlirtao regulate integrin
affininty (Calderwood et al., 2002). Upon activatimtegrins cluster to form an adhesive unit tightl
bound to the ECM. They first form unstable struetucalled nascent adhesion (Choi et al., 2008), a
subset of which then progress to dot-like focal plaxes that can mature to larger focal adhesiods an
finally into streak-like fibrillar adhesions (Geiget al., 2001). These maturation processes averdri

by actin-myosin contraction.

In non-motile cells focal contacts move centriggtathereas being rather stationary relative to the
substrate in motile cells. In migrating cells, #different zones of distinct focal contact behagian

be defined: a focal contact formation zone betwienleading edge and the nucleus, a persistence
zone between the nucleus and the tail, and a guttime where focal contacts disassemble (Smilenov
et al., 1999).

Upon activation and clustering integrins are aldetransduce signals “outside-in”. Paxillin links
integrins to signaling proteins, forming a scafffdd SRC family tyrosine kinases. Integrin signglin
modifies cellular adhesion, locomotion, and genaression, which in turn influences survival, growth

and differentiation of cells.

3.6.1 FHL1
The LIM-only proteins FHL 1-3 are characterizedfoyr complete LIM domains, preceded by an N-
terminal half LIM domain (Johannessen et al., 20080 domains are cysteine-rich zinc finger motifs

mediating protein-protein interactions with tramgton factors, cell-signaling molecules, and
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cytoskeleton-associated proteins. FHL family memlage thought to act as scaffolds and to interact
with F-actin and focal adhesions (Robinson et24lQ3; Shen et al., 2006; Wixler et al., 2007). They
exert important roles in focal adhesion and trapsonal regulation by binding and modulating the
activity of multiple transcription factors.

The tumor suppressor FHL1 plays important rolesiuscle growth (Chu et al., 2000; McGrath et al.,
2003) and carcinogenesis (Shen et al., 2006). rit mave between intercellular junctions, focal
adhesions (Brown et al., 1999), and the nucleusi¢lahi et al., 1998) to affect gene expression.
FHL1 expression is down-regulated in various typemmalignancies including breast cancer, gastric
cancer, lung cancer, prostate cancer, ovary cano®n cancer, thyroid cancer, brain tumor, renal
cancer, liver cancer, and melanoma (Shen et @§)20

FHL1was reported to inhibit hepatoma cell growtlin@et al., 2009b) and anchorage-dependent and
—independent breast cancer cell growth (Ding et 2009a). SRC suppresses FHL1 in order to
promote non-anchored tumor cell growth and migratiShen et al., 2006). Recently FHL1 was
shown to interact with estrogen receptors, whioh iavolved in breast cancer development and

progression, and to repress estrogen-responsietgarscription (Ding et al., 2009a).

4 Cell migration

Cell migration is a complex and highly regulatedqass that is fundamental for tissue formation,
maintenance and regeneration. Cell motility plagiecial roles in embryonic development, where it
occurs during morphogenic processes such as gagiryland remains pivotal in the adult organism;
skin and intestine epithelia are constantly renewhigh requires migration of fresh epithelial cells
from the basal layer. During the inflammatory resgmleukocytes immigrate into areas of insult, and
migration of fibroblasts and epithelial cells isestial for wound healing. Misregulated cell migrat
can lead to pathological conditions such as vasadisease, osteoporosis, chronic inflammatory
diseases, mental retardation and cancer. In ptenalpnucleated cell types have the ability to ratg
during certain stages of their development. Fortroels, including epithelial, stromal, and neurlona
cells, migration takes place during morphogenestigps with terminal differentiation and can be
reactivated for tissue regeneration and neopla3iber cell types such as leukocytes are able to
migrate throughout their entire life span, as ntgtils essential for their functional role. Alsoeth

requirements concerning substrate and environmtat dreatly between cells.

4.1  General mechanism of cell migration

Migration is strictly regulated both spatially ateinporally. It requires a tightly coordinated irptkery
between cell-cell adhesion, cell-matrix adhesiod Ecalized cytoskeletal reorganization. Therefore
changes in the expression of adhesion receptotgtoskeletal-linking proteins can affect migratory
behavior (Huttenlocher et al., 1995).

The basic common process of migration requiresrizeld actomyosin-driven shape change of the cell

body (Lauffenburger and Horwitz, 1996). The celenacts with the surrounding tissue structures. The
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ECM provides the substrate for migration and regmes a barrier that has to be overcome by the
advancing cell. The basic mesenchymal type ofro@ration can be described as a continuous cycle
of 5 interdependent steps. The cell first becon@arized and elongates, forming protrusions at the
leading edge. These protrusions differ in morphplagd can be divided in lamellipodia, filopodia,
pseudopods and invadopods. (Adams, 2001). The fmmaf these protrusions is driven by actin
polymerization. It seems to be independent of agtmim contractility. In a next step adhesions
between the protrusion and the ECM are formed. Sirembrane integrins bind to different ECM
components dependent on the combination of integrand 3 subunit. Via a number of adaptor
proteins integrins are coupled to the actin cyttetke. Integrins then cluster in the plasma membran
and form initial small focal complexes. These nas@hesive complexes can grow and mature to
larger more organized focal adhesions that serymimss of traction over which the cell body moves.
If the cell migrates through a three dimensionaliremment, the extracellular matrix that represents
barrier for the migrating cell must be proteolytigaemodeled. Surface proteases are recruitetdo t
attachment sites. Soluble proteases, for instage®, directly bind to integrins and become
concentrated at ECM contacts. These proteasesdibgrade ECM components such as collagen,
fibronectin, and laminins.

Actin filaments elongate and bundle together, fogrstress fibers. These stress fibers then contract
which generates inward tension towards the sulstristding sites and mediates contraction of the
whole cell body. The traction force derives froma ihteraction of microfilaments connected to cell-
substrate adhesions with myosin Il. Myosin Il ishaated by phosphorylation of myosin light-chain
(MLC) via myosin light-chain kinase (MLCK) or Rhoinase (ROCK). Myosin light-chain
phosphorylation is inhibited by MLC phosphataseichtis itself inhibited by ROCK.

As a last step, cell-matrix attachments resolvdepeatially in the back of the cell. Focal contact
disassembly can occur by different mechanisms. dflitiule dependent targeting of dynamin
promotes endocytosis of some adhesion componemtst et al., 2005). Actin filament strand
breakage is mediated by actin severing proteinsaeal., 2000). The affinity of attachments & th
rear can be weakened by phosphorylation, and coemgerike talin can be cleaved by proteases
(Franco et al., 2004). After focal contact disaddgnmtegrins get either internalized via endocigos
or remain on the substratum as the cell detacteesanes forward (Regen and Horwitz, 1992).

The migration speed is limited by the rate of focahtact formation and disassembly. A biphasic
dependence of migration speed on adhesivenessohgsbkeen proposed (DiMilla et al., 1991): a
certain degree of cell-matrix attachment is esakfdr cell migration as it enables the cell to xe
traction on the substratum. Nevertheless, furthabilization of attachment to the point at which
detachment is abolished impairs migration. Celictiment is determined by the density of adhesive
ligands on the substrate, the density of adhesoeptors on the cell, and the affinity of the récep

for the ECM ligands. Experimental evidence for phbisic dependence of migration speed on the

amount of integriru5 and its ligand fibronectin (Palecek et al., 1980Mfirms this prediction.
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4.2 Rho GTPases in cell migration

The Rho family of small GTPases comprises essawiigilators of actin polymerization, adhesion and
formation of lamellipodia and filopodia. When bouedGTP, they are in their active state and interac
with their downstream effectors.

The cyclical activation and inactivation of theseal G proteins are regulated by three types of
regulators: Rho GDP/GTP exchange factors (GEFsy GmPase-activating proteins (GAPs), and
Rho GDP dissociation inhibitors (GDIs) (Takai et &001). The Rho proteins remain in the active
state until acted upon by GAPs. GAPs boost the $fhakinsic rate of GTP hydrolysis by the Rho
GTPases. GEFs modulate the exchange of GDP for @IrBTPases to promote their activation.
GDils inhibit Rho GTPases in resting cells by blogkthe dissociation of GDP; upon cell stimulation,
GDls dissociate from Rho GTPases to allow activagind targeting of the GTPase.

Rac, Cdc42, and RhoG are involved in formationaofidllipodia and filopodia. Rac mainly activates
WAVE proteins (Cory and Ridley, 2002), the most mhoent targets of Cdc42 mediating actin
polymerization in protrusion are WASP proteins. THASP/WAVE family then activates the Arp2/3
complex thereby inducing dendritic actin polymetiza (Welch and Mullins, 2002).

The establishment and maintenance of cell polawtyich is crucial for migration, is mediated by
several interdependent positive feedback loopsithative Rho family GTPases. Especially Cdc42
plays a decisive role in cell polarization. In naiing cells Cdc42 is active at the front; both iton

and global activation interferes with directionaldf migration. Cdc42 establishes cell polaritytiwp
main mechanisms. It restricts protrusion formationthe leading edge and localizes the golgi
apparatus and the microtubule-organizing center@&Yin front of the nucleus (Gotlieb et al., 1981,
Malech et al., 1977), which results in microtubgtewth and vesicle delivery into this region (Nabi,
1999). Cdc42 activity at the leading edge is maneih by a positive feedback loop. The Cdc42 target
PAK1 itself mediates Cdc42 activation downstream@fprotein-coupled receptor induction by
chemoattractants. Cdc42 activity defines the laaeéibn of Rac activity via PAK, thereby mediating
actin polymerization and protrusion at the leaddédge (Cau and Hall, 2005). Rac activity is simitar
Cdc42 activity maintained by several positive femdbomechanisms, including PI3Ks, microtubules,
and integrins, respectively.

The localized activity of Cdc42 and Rac at the legdedge alone is not sufficient for effective
mesenchymal cell migration. Rho activity definiihg tail of the cell and mediating cell contractiiié
also required. At the trailing edge active Rho ifitads microtubules, thereby promoting focal
adhesion turnover. Active Rac inhibits Rho activityd vice versa, thereby allowing a distinctive
mutually exclusive distribution of these two RhoR&aEe family members in the polarized cell.
Adhesion to the substrate is yet another pivotpeetsof cell migration dependent on Rho GTPases.
The formation of focal complexes at the leadingeedgmediated by Rac and Cdc42. The assembly of

larger integrin clusters, the so called focal adiress involves Rho and myosin induced contractility
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The effect of Rho inhibition on cell migration dews on the cell type, probably reflecting different
basal levels of stress fibers and focal adhesi@ubkured fibroblasts have high amounts of strdssr§
and focal adhesions; the strong cell-matrix attaghimimpairs migration (Cox and Huttenlocher,
1998). Inhibition of Rho in such highly adherentlsecan have opposing effects as it leads to
decreased cell-substrate adhesion but also nelyagffects cell body contraction. In less adherent
cells that lack focal adhesions such as macroph&jesinhibition does not alter adhesion but impair

cell body contractility, thereby decreasing celgration (Allen et al., 1998).

4.3  Different modes of cell migration

Dependent on the cell type and the tissue envirahrgells can migrate individually (through
amoeboid or mesenchymal modes) or collectivelyle€oVe cell migration plays important roles in
tissue formation, maintenance and remodeling.sth alccurs during cancer progression (Alexander et
al., 2008; Friedl et al.,, 1998). Single-cell migpat is essential for immune cell trafficking
(Lammermann and Sixt, 2009) and cancer metastasisstant sites (Thiery, 2002). Many different
parameters of the extracellular matrix such as dgiom, density, stiffness, and orientation as asl|
structural and molecular characteristics of thé seth as cell-cell adhesion, cell-matrix adhesion,
cytoskeletal polarity and stiffness, and pericaltubroteolysis determine migration mode and
efficiency (Friedl and Wolf, 2010).

Motile rounded or ellipsoid cells that lack focahesions and stress fibers show amoeboid migration
(Friedl! et al., 2001; Lammermann and Sixt, 2008)mesenchymal migration highly adherent single
cells form strong focalized cell-matrix interactiofiKaye et al., 1971).

Some cells migrate as chains in a tail-to headdasH he cells of such a chain follow a commonkrac
and transiently form and resolve cell-cell conta@isis migration mode is called chain migration or
cell streaming (Davis and Trinkaus, 1981).

In collective migration, a group of cells maintaitss cell-cell adhesions during motility. The coeti
actin of neighboring cells can assemble acrosscedlljunctions, allowing for the formation of arde,
multicellular contractile body with non-migratorglts inside the group. In collective migration sell
with different characteristics can join togetheeréby increasing efficiency of for instance tumor
invasion and survival. Cells can move collectivaly multicellular tubes, strands, irregular shaped
masses, or sheets (Farooqui and Fenteany, 20@8) Etial., 1995).

These different modes of migration yield in varymggration speeds; leukocytes show fast amoeboid
movement, as compared to the much slower migratidibroblasts into a wound or the even slower
collective movement during organ formation (Friethl., 1998).

Each cell type preferentially uses a particularratign mode. But cells have the capacity to react t
modulation of either the environment or the cebparties by adaptation reactions that change the
migration mode. Upon down-regulation of cell-calh¢tions in a multicellular system such as an
epithelial sheet, single cells can detach and dlissde individually. Epithelial-to-mesenchymal

transition has been implicated in carcinoma prajoesand several developmental processes: single
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spindle-shaped cells detach from a multicellulait o invade the surrounding tissue in a
fribroblastoid manner (Thiery, 2002).

The conversion between mesenchymal and amoeboidatioig, the so called mesenchymal-to-
amoeboid transition (MAT), is not only charactedZgy a change in cell morphology from spindle-
shaped fribroblastoid cells towards roundish cels is also accompanied by an altered integrin
distribution and microfilament organization. MAT riegulated by the balance between Rac and Rho
signaling (Sahai and Marshall, 2003). In most ¢dfac-mediated protrusion of the leading edge is
counteracted by Rho/ROCK signaling, which contax$omyosin mediated retraction of the trailing
edge. High Rac activity therefore results in mebgnmal migration of elongated cells, whereas active
Rho in the presence of little or no Rac activitgde to amoeboid migration of rounded cells (Sahai
and Marshall, 2003). Active Rac inhibits Rho/ROCKnsiling and vice versa (Sahai and Marshall,
2003; Sanz-Moreno et al., 2008). Inhibition of Rbignaling and matrix proteases as well as
weakening of cell-matrix adhesion can cause a nobyemal-amoeboid transition.
Collective-to-amoeboid transitions (Hegerfeldt dt, 2002) as well as individual-to-collective

transitions (Thiery, 2002) have also been observed.
5 The actin-MAL-SRF signaling pathway

5.1  Signal transduction

In multicellular organisms, signal transductionqasses are required for coordinating the beha¥ior o
individual cells to support the function of the anjsm as a whole. These molecular circuits detect,
amplify, and integrate diverse external signalgeaerate responses such as gene expression, helping
the cell to adapt to the altered conditions. Signahsduction pathways follow a broadly similar
course involving membrane receptors that transféarination from the environment to the cell's
interior. The information is then relayed by changeeither the concentration of small molecules (t

so called second messengers) or the posttranghtioodification of proteins (e.g. phosphorylation).
Furthermore signal transduction molecules oftensiacate to other compartments of the cell ortelici
novel protein-protein interactions. If the cellpesds to the external cue by altered gene expressio
transcription factors are usually involved downasineof the signaling cascade. These proteins bind to

specific DNA sequences in promoter regions adjategenes thereby controlling gene transcription.

5.2  Serum response factor

The ubiquitously expressed transcription factouseresponse factor (SRF) regulates expression of
numerous muscle specific (reviewed in (Pipes et2106)) and “immediate early” genes, whose
expression is activated by mitogenic stimuli indegently of new protein synthesis (Philippar et al.,
2004; Sun et al.,, 2006a). These growth factor-eggdl genes encode signaling molecules,
transcription factors, and many cytoskeletal congmt® (Miano, 2003; Pipes et al., 2006; Posern and

Treisman, 2006). SRF is a 67 kDa protein conseimedll higher eukaryotes and the founding
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member of the MADS (MCM1, Agamous, Deficiens, SRa&mily of transcription factors. Members

of this protein family are characterized by a comsd 56 amino acid MADS-box mediating DNA

binding, homodimerization and protein-protein iat#fons. The DNA binding site for SRF is a 10
base pair motif with the consensus sequence CC{BG)termed the CArG box. Its dyadic symmetry
reflects binding of SRF as a homodimer (Shore amar®cks, 1995). On its own, SRF is a weak
transcription factor. It generally interacts witb-activators to mediate gene transcription. Expoass

of two subgroups of SRF target genes is differént@ontrolled by co-factors that are regulated by
separate signaling pathways (Posern and Treisn@)2and bind to SRF in a mutually exclusive
manner (Miralles et al., 2003; Murai and Treisma002). Members of the ternary complex factor
(TCF) family of Ets domain proteins (Elk-1, SapfideNet) are activated by mitogen activated protein
(MAP) kinase phosphorylation (Buchwalter et al.p20Treisman, 1994). Regulation of myocardin-
related transcription factors (MRTFs comprising MRA or MAL and MRTF-B) on the other hand is

controlled trough actin dynamics (Miralles et &Q03) and is tightly linked to cytoskeletal-based
events such as cell shape, polarity and motilitpséPn and Treisman, 2006). In contrast, SRF

activation by the MRTF family member myocardin @nstitutive (Wang et al., 2001).

5.3 The Rho-actin signaling pathway

Activation of Rho family GTPases RhoA, Racl, and¢4€2lleads to changes in actin dynamics that are
sensed by MRTFs (Busche et al., 2008; Du et aD42B8uwahara et al., 2005; Posern et al., 2002;
Sotiropoulos et al., 1999); (reviewed in (Olson &atdheim, 2010). The Rho GTPase effectors LIM
kinase and Diaphanous cooperate to stabilize Fastiich leads to a depletion of the G-actin pool i
the cell (Geneste et al., 2002). Upon RhoA activatmDia mediates de novo F-actin assembly via
VASP activation, whereas Rho kinase (ROCK) prométestin stabilization by phosphorylating LIM
kinase, which in turn phosphorylates and therelagtimates the actin depolymerizing factor cofilin
(Copeland and Treisman, 2002; Geneste et al., ZB@#&opoulos et al., 1999). MAL-dependent SRF
activity responds to the G-actin level in the cather than the ratio of G-actin to F-actin as sidy
actin binding drugs and ectopic expression of wyjge actin and non-polymerizable mutant actins
(Posern et al., 2002; Sotiropoulos et al., 1999prJG-actin depletion MAL, which harbors G-actin-
binding RPEL motifs at the N terminus, is releaBed an inhibitory complex with monomeric actin
and strongly activates SRF-controlled transcriptibockman et al., 2004; Miralles et al., 2003;
Posern et al., 2004; Vartiainen et al., 2007). f@gli-3 depicts the Rho-actin-MAL-SRF signaling
pathway.
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Figure IlI-3 The Rho-actin-MAL signaling pathway (modified from (Olson and Nordheim, 2010)).
Cytoskeletal actin microfilament dynamics are af#ecby the activation of receptor Tyr kinases (RJTKS
protein-coupled receptors (GPCRs; witlsubunits of G12/13, Giq/11 or Gui/0), transforming growth factop-
receptors (TGBRs), and E-cadherins at adherens junctions. Tigigetrs expression of a subset of SRF target
genes, namely cytoskeletal genes, actin itselfraady genes that modulate actin dynamics, suchlssligeand
vinculin. LIMK, LIM domain kinase. GEFs, Rho guasimucleotide exchange factors. ROCKs, Rho-assakiate
kinases. DRFs, Diaphanous-related formins. WASRBK@étt—Aldrich syndrome protein. WAVEs, WASP-family
verprolin homologues. ARP2/3, actin-related pro® ABPs, actin-binding proteins.

FRAP (Fluorescence Recovery After Photobleaching)yasis showed that the actin-MAL complex is
constantly shuttling between the nucleus and theptgsm. High export rates ensure that MAL is
mainly cytoplasmic. However upon serum stimulatierport decreases, allowing for MAL nuclear
accumulation. The G-actin depletion leads to tHeame of MAL from the inhibitory actin-MAL
complex mediating SRF activation (Vartiainen et2007).

5.4  Actin binding drugs

MAL-dependent SRF activity is responsive to actinding drugs that change actin dynamics. The
cyclic peptide jasplakinolide isolated from the marspongelaspis johnstoni binds to and stabilizes
F-actin, therebyinducing SRF activity. The G-actin binding drug amthalasin D isolated from
Zygusporium mansonii depolymerizes actin by capping F-actin barbed emdsstimulating hydrolysis
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of the actin bound ATP (Sampath and Pollard, 19813pparently also binds to monomeric actin
(Posern et al., 2002). The G-actin binding drugulatulin B isolated fronLatrunculia magnificans
blocks actin polymerization. Although both drugspdigmerize F-actin thereby increasing the
endogenous G-actin pool in the cell, they have spgpeffects on MAL-SRF signaling. Treatment
with cytochalasin D activates transcription by asieg MAL from G-actin, whilst latrunculin B rather
stabilises the G-actin-MAL complex and inhibits geaxpression (Gineitis and Treisman, 2001,
Miralles et al., 2003; Mouilleron et al., 2008; Boset al., 2004; Posern et al., 2002; Vartiairtesl.e
2007).

5.5 Identifying SRF target genes on a genome wide scale

In recent years various genome-wide approachesetttify SRF targets were performed. The earlier
approaches mainly identified SRF target genespe@svely of the upstream signalling pathway.
These approaches included microarray expressionysidiaupon transient overexpression of
constitutively active SRF-VP16 in Srf-deficient E8lIs (Philippar et al., 2004) and platelet-derived
growth factor stimulation of glioblastoma cells {faiiet al., 2004), SRF chromatin IP in pluripotent
P19 cells undergoing Cardiac Cell DifferentiatidteaMe,SO treatment (Zhang et al., 2005), and a
computational approach to screen for functional -BRiging sites on a genome-wide scale (Sun et al.,
2006a).

In order to identify serum-inducible MAL target genSelvaraj and Prywes performed microarray
analyses of NIH 3T3 fibroblasts expressing domimagative MAL upon serum stimulation (Selvaraj
and Prywes, 2004). As serum treatment triggersontt Rho-actin but also MAPK signalling, the
effects of dominant negative MAL could be masked NMpPK targets. Furthermore binding of
dominant negative MAL to SRF could titrate TCF tast making it difficult to distinguish between
targets of these two pathways. Indeed some of Rfe t&rgets that were claimed to be dependent on
MAPK signalling are actually Rho-actin pathway &tiggand vice versa. The same group very recently
analyzed NIH 3T3 cell expressing shRNA targetinthddRTF-A and MRTF-B for serum induction
by a microarray approach (Lee et al., 2010), cinoemiing the risk of TCF factor titration by
dominant negative MAL. Nevertheless the use ofreeas SRF inducer requires to artificially set a
cut-off value for the reduction of target activatioy the MRTF knockdown that defines a target gene
as being MRTF dependent. Serum mediated Pai-latictivwas for instance reduced less than 25%
percent by MRTF depletion defining Pai-1 as MRTé&ependent, conversely to our own findings.

We recently searched for genes directly regulate@actin in NIH 3T3 fibroblasts (Descot et al.,
2009) benefitting from the differential effect dfiet G-actin binding drugs cytochalasin D and
latrunculin B on SRF activity. As both drugs depobrise F-actin, genes affected by cytoskeleton
rearrangements rather than by the G-actin switchildhnot score as differentially expressed. Indeed,
several known MAL/SRF targets were identified aacBn regulated genes in this microarray screen,

validating the approach (Descot et al., 2009).
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Recent transcriptome analysis of Mrtf depleted Bh8 MDA-MB-231 cells (Medjkane et al., 2009)
identified only a relatively small number of MRT&rgjet genes, but included several known targets
such as Ctgf, Cyr61, Fos, Myh9, and Myl9. The smathber of identified target genes and the weak
fold changes of expression might be explained bycpple differences of MAL-SRF signalling in
epithelial and fibroblast cells. Microarray anatysin cortical samples of Mrtf-A/B double knockout
mice identified few known MAL-SRF targets (Mokalled al., 2010), but again, target expression in
this cell system might be entirely differently effed by MAL-SRF signalling. Furthermore, it is
important to note, that whole transcriptome anaysfetransgenic mouse tissue or stable cell lirgess h
some shortcomings in comparison to a short-terng dreatment in the presence of a translation
inhibitor as performed by our group, as they uguakntify not only direct targets but also numesou
indirectly regulated genes. On the other hand|etattopic gene expression or depletion can prompt
cells to establish compensation mechanisms, whamteract and thereby mask the differential

regulation of direct target genes.
5.6  Cellular functions of MAL-SRF mediated transcription

5.6.1 Srf and MAL knockout phenotypes

Functions of the transcription factor SRF weret fitsidied in Drosophila. Mutations in the Drosoghil
Srf homolog DSRF impaired formation and maintenaotéhe trachea due to cytoskeletal defects
(Affolter et al., 1994; Guillemin et al., 1996).

SRF plays pivotal roles in murine embryogenesis kBockout mice die at the onset of gastrulation
lacking any detectable mesoderm (Arsenian et 88 This developmental defect is caused by a
non-cell-autonomous defect in differentiation todsarmesoderm (Weinhold et al., 2000). Srf(-/-)
embryonic stem cells show impaired cell spreadiadhesion, and migration due to defective
formation of actin stress fibers and focal adhegitagues. The defective cytoskeleton organization
was reflected by a downregulation and/or misloadilim of FA kinasef1-integrin, talin, zyxin,
vinculin, and actin (Schratt et al., 2002). SintjarSrf(-/-) hematopoetic stem cells displayed
decreased expression of the integrin network anghired adherence. The mice with SRF-depleted
hematopoietic cells show increased numbers of leitiog stem and progenitor cells, most likely due
to their reduced retention in the bone marrow cabyethe adhesion defect (Ragu et al., 2010).
Cytoskeletal abnormalities and adhesion defectsals@ the primary cause for the edema and skin
blistering phenotype of keratinocyte-specific Septktion (Koegel et al., 2009).

Other tissue specific Srf knockouts have demoretraiverse functions of Srf for skeletal muscle
growth, maturation, and regeneration (Charvet.e2806; Li et al., 2005b), liver regeneration @sH

et al.,, 2007), cardiogenesis (Miano et al., 2004y Bt al., 2005), cardiac function and integrity
(Parlakian et al., 2005), as well as neurite owttjnp axon guidance, neuron migration (Alberti et al
2005; Knoll et al., 2006), oligodendrocyte diffetiation (Stritt et al., 2009), and memory formation
(Etkin et al., 2006; Ramanan et al., 2005; SmitbkKliet al., 2010).
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Mice lacking only one member of the MRTF family todinscriptional coactivators fail to phenocopy
Srf loss-of-function mutations suggesting eithemctional redundancy between MRTF members or
the involvement of other coactivators in the obedrin vivo SRF functions. Mrtf-A knockout mice
have defects in mammary myoepithelial cell difféi@ion preventing female mice from nursing their
offspring (Li et al., 2006; Sun et al., 2006b). #pn of Mrtf-B results in defects in smooth muescl
cell differentiation and cardiovascular developmeatsing death of knockout mice during mid-
gestation (Li et al., 2005a; Oh et al., 2005). Rdwamlaly, MRTF-B restoration only in cardiac neural
crest was sufficient to rescue this pathology.

However, brain-specific deletion of Mrtf-A in MrB{-/-) mice causes lethality between P16 and P21
and results in several morphological abnormalittest phenocopy the brain-specific Srf knockout
(Mokalled et al., 2010).

5.6.2 Cell differentiation, proliferation and apoptosis

MRTFs were shown to regulate the switch from peoétion to differentiation of smooth muscle cells
by competing with TCFs (Wang et al., 2004). Funthere, MAL is a regulator of megakaryocyte
differentiation (Cheng et al., 2009).

Whole transcriptome analysis identified a numbeamtiproliferative G-actin regulated genes (Descot
et al., 2009). MAL exhibited strong antoprolifexati effects via transcriptional regulation of
Mig6/Errfi-1, a negative regulator of the EGFR faymdemonstrating antagonistic functions of MAL
on EGF signalling (Descot et al., 2009). Prelimynaasults of our group show that overexpression of
MAL in NIH 3T3 fibroblasts not only strongly repmess proliferation but also induces apoptosis.
Furthermore MAL was demonstrated to control thereggion of at least two known pro-apoptotic
genes Bok and Noxa ((Descot, 2010), doctoral dissen).

5.6.3 Cytoskeletal organization, adhesion and migration

MAL and SRF play crucial roles in cytoskeletal origation, actin turnover and adhesion (Miano et
al., 2007; Schratt et al., 2002). Previous studiestified numerous cytoskeleton-associated SRF
targets with potential roles in cell migration sw$p-actin, vinculin, zyxin, or gelsolin (Miralles et
al., 2003; Philippar et al., 2004; Schratt et2002). These findings were confirmed by our scifieen
G-actin regulated genes, which identified numeractin microfilament effectors such as the known
SRF targets Actal, Acta2, Actg2, Myl9, Vcl, and Tha{Descot et al., 2009). This demonstrates the
existence of an actin-MRTF-SRF circuit: rearrangetsief the cytoskeletal actin microfilament are
communicated to the nucleus by MRTFs, which in tleads to the expression of structural
components of the microfilament and regulatorsatihadynamics (reviewed in (Olson and Nordheim,
2010). This circuit can be assumed to play pivotéés in motile cell functions. Furthermore, in
addition to the known cytoskeleton-associated SRfets a number of novel G-actin regulated targets
with potential roles in cell motility were shown b® upregulated by cytochalasin D treatment and

downregulated by simultaneous treatment with latnlin B.
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MAL/MRTF-A and MRTF-B have recently been implicatéd tumor cell invasion and metastasis
(Medjkane et al., 2009). Knockdown of both MAL aMidtf-B strongly reduced adhesion, spreading,
invasion and motility of highly invasive breast canand melanoma cells (Medjkane et al., 2009).

In line with this, suppression of the MAL inhibit&CAI in breast cancer cells promoted matrigel
invasion viaB1-integrin upregulation (Brandt et al., 2009).

Finally, MAL depletion in megakaryocyte progenitavas reported to reduce filopodia, lamellipodia
and stress fiber formation and to impair megakarimaenigration through matrigel (Gilles et al.,
2009).

Epithelial-mesenchymal transition (EMT) is a calulprocess that can be observed during
experimental pancreas adenocarcinoma progressatircet! contacts dissociate and epithelial cells
transform into unpolarized motile ones (Perl et E98). We have recently demonstrated that MAL is
activated during EMT and calcium-dependent disabiewf E-cadherins through activation of Rac
and dissociation of MAL from G-actin (Busche et, &008; Busche et al., 2010). Furthermore,
MRTFs were reported to be required for T@iduced EMT, acting by transcriptional upregulatio

of slug and actin remodeling (Morita et al., 2007).

5.6.4 Regulation of tumor suppressor genes

Myocardin was proposed to act as a tumor suppregsdibyavsky et al., 2007). Overexpression of
myocardin in human sarcoma cells induced the exmmesof differentiation markers and blocked
malignant growth (Milyavsky et al., 2007). In limgéth this, myocardin was recently shown to activate
expression of the cyclin-dependent kinase inhibi@t (Kimura et al., 2010). Interestingly, several
novel G-actin regulated target genes such as Mig6s1, Epithelial protein lost in neoplasn{Eplin-

a), and Fhl1l were reported to have tumor suppredssations.
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V. Aims of this thesis

Cell motility is a fundamental process for tissuernfation, maintenance and regeneration.
Misregulated cell migration can lead to patholob@anditions such as cancer. Numerous SRF target
genes, whose expression is induced upon recruitofetfie MRTF transcriptional coactivators, play
important roles in cytoskeletal activities. Theycede structural components of the microfilament
cytoskeleton and focal adhesions, regulators dh atyinamics and proteins involved in actomyosin
contractility. Moreover, MRTF coactivators were eaty implied in epithelial-mesenchymal
transition (EMT), a cellular process which has bémplicated in carcinoma progression and is
characterized by the dissociation of cell-cell emtdg and the transformation of epithelial cell®int
unpolarized motile cells. Our lab recently demaatsi that MAL transcriptional activity is induced
during EMT and calcium-dependent disassembly othepal junctions. Together, these findings
pointed towards a role of MAL-SRF signaling in aalbtility.

The aim of this study was to investigate the retjuhaof MAL during EMT and to analyze the effect
of MAL and a set of newly identified target gen@scell migration. Firstly, | wanted to study whathe
in addition to the induction of MAL transcriptionaktivity, MAL expression is also altered upon
EMT induction and whether regulation by miRNAsnsolved. Secondly, | investigated the migratory
behavior upon ectopic expression of active, domimegative and knockdown constructs of MAL.
For this | initially chose non-invasive NIH 3T3 fdblasts as the characterization of the MAL-SRF
signaling pathway and the identification of noveb@in regulated genes was performed in this cell
system. Ectopic MAL expression in epithelial cellas performed to determine whether the migratory
effect of MAL in different non-invasive cells wagrslar or whether MAL plays distinct roles in
mesenchymal and epithelial cell migration. Poténtiaw target genes mediating the migratory
functions of MAL were to be characterized with neb&o their precise transcriptional regulation by
the actin-MAL signaling pathway. Functionally, teéfect of target depletion in mesenchymal and
epithelial cells was tested. Finally, in order termbnstrate that the migratory effects of MAL are
directly mediated by its cytoskeletal targets |lgped whether target depletion counteracts the MAL
knockdown, rescuing the migratory phenotype.



V.

V. Materials and Methods

38

Materials and Methods

1 Materials

1.1  Laboratory hardware

Table V-1: List of laboratory hardware used in thisstudy.

ABI 3730 sequencer

Agarose gel electrophoresis system

Balances

Celloshaker
Centrifuges

Dark Readét
Duomax 1030

Polyacrylamide gel electrophoresis casting

Applied Biosystems (Darnt}tad
Workshop MBIiachemistry (Martinsried)

Kern 572, Kern & Sohn GmbH (Balingen)
Mettler AE200, Mettler Toledo (Giessen)

Renner GmbH (Dannstadt)

Eppendorf 5417R (Wesseling-Berzdor
Eppendorf 5417C (Wesseling-Berzdorf)
Beckman Coulter Allegra 6KR (Krefeld)
Sorvall Evolution RC, Thermo Fisher Scientific
(Schwerte)

Hettich Universal 16 (Kirchlengern)
Clare Chemical Research (Dolores, USA)

Heidolph (Kelheim)

Bio-Rddnich)

stand, casting frames, glass plates, combs &

sample loading guide

Polyacrylamide gel electrophoresis system

Vertical Elpho “B*
Elisareader

Fireboy plus

GelAir dryer

Gel chambers
Genepulser XCelt
Icemachine

IDA gel documentation system
Immersol™ 518F
Incubator HERAcefl 150i
LightCycler instrument

Microplate Luminometer LB 96V
Microscopes

Microwave
Power supply
Spectrophotometer

Sterile Lamin Air Hood

Thermocycler
Thermomixer Comfort
Vortex Genie 2"

Western Blotting Chamber
Mini Trans-Blot Cell

WorkaWeyp of Biochemistry (Martinsried)

BioTek (Winooski, USA)
Integra Biosciences (Fernwald)
Bio-Rad (Munich)
Workshop MPI for Biochemistry (tifesried)
BioRad (Munich)
Ziegra (Isernhagen)
Raytest (Straubettha
Zeiss (Jena)
Thermo Fisher Scientific (Schwerte)
Roche (Penzberg)
Applied Biosystems (Darmstadt)
EG and G Bertho&thiwerzenbach, CH)
Zeiss Axio Observer.Al (Jena)
Zeiss Axiovert 200M (Jena)
Siemens (Munich)
Consort EV 261 (Turnhout, B)
BioPhotometer, Eppendorf 8alexy-Berzdorf)
Nanodrop ND 1000, Thermo Fisher Scientific
(Schwerte)
Lamin Air Model 1.2, Heas (Hanau)
Lamin Air HA 2472 GS, Holten (Allerod, DK)
Biometra T3000 (Gottingen)
Eppendorf (Wesseling-Berfdo
Bender and Hobein (Zurich, CH)
Bio-Rad (Munich)
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1.2 Chemicals and reagents

Table V-2: List of chemicals and reagents used irhis study

Acetic acid

Acrylamide

Agar (Difco™)

Agarose

Ampicillin

Ammonium peroxodisulfate (APS)
BES

Bisacrylamide

Bovine serum albumin (BSA)
Bradford reagent

Bromphenol blue

Calcium chloride

Chloramphenicol
Chlorophenolred-D-galactopyranosid
Chloroquine

CompleteTM Protease Inhibitor Cocktail Tablets
Coomassie Brilliant Blue G-250
Crystal violet

Cycloheximide

Cytochalasin D
Deoxyribonucleotides (dG/A/T/CTP)
4' 6-diamidino-2-phenylindole hydrochloride (DAPI)
Dimethyl sulfoxide (DMSO)
Dithiothreitol (DTT)

EDTA (Ethylenediaminetetraacetic acid)
EGF, human recombinant

Ethanol p.a.

Ethidium bromide

EGF

Gelatine from cold water fish skin
G418

Merck (Darmstadt)
Serva (Heidelberg)
BD Biosciences (Heidelberg)
Eurogentec (Cologne)
Roche (Mannheim)
Bio-Rad (Munich)
Merck (Darmstadt)
Serva (Heidelberg)
Sigma-Aldrich (Steeim)
Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim)
Merck (Darmstadt)
Merck (Darmstadt)
Merck (Darmstadt)
Sigma-Aldrich (Steinheim)
cR®(Mannheim)
Serva (Heidetf)er
Sigma (Taufkirchen)
Sigma (Taufkirchen)
Calbiochem (Beeston, UK)
Roche (Manintje
Roche (Mannheim)
Riedel-de Haén (Segl
Sigma-Aldrich (Steinhejm
Merck (atadt)
Peprotech (Hamburg)
Riedel-de Haén (Seelze)
Roth (Karlsruhe)
Sigma (Taufkirchen)
Sigma-Aldri¢Steinheim)
Invitrogen (Karsruhe)

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic a@¢tEPES) Biomol (Hamburg)

Hoechst 33258

Glycerol 100%

HCI (Hydrochloric acid),37%
Isopropanol

Isopropyl thiogalactopyranoside (IPTG)
Jasplakinolide

Kanamycin

KCI

KH2PO4

K2HPO4, 3H20

Latrunculin B

Lipofectamin& (GibCo)
Lipofectamine 2000 (GibCo)
Lipofectamin® RNAIMAX
beta-Mercaptoethanol
Methanol

MgCIZ

Mitomycin C

NaCl

Na2HPO4

Sigma-Aldrich (Steinheim)
Merck (Darmstadt)

Merck (Darmstadt)

Fluka (Buchs, Switzerland)

Fermeltg&is Leon-Rot)

Calbiochem (Beeston, UK)
Invitrogen (Karlsruhe)
Merck (Darmstadt)

Merck (Darmstadt)

Merck (Darmstadt)
Calbiochem (Beeston, UK)
Invitrogen (Karsruhe)
Invitrogen (Karsruhe)

Invitrogen (Karlsruhe)

Merck (Darmstadt)
Fisher Scientific (Schwerte)
Merck (Darmstadt)
Sigma (Taufkirchen)
Merck (Darmstadt)
Merck (Darmstadt)
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NaOH
N,N,N’,N’-Tetramethylethylenediamine (TEMED)
Non fat milk powder

PBS

Phenol

PMSF (Phenylmethylsulfonylfluoride)
Polybren (Hexadimethrinbromide)
Ponceau S

Puromycin Dichloride

Sodium azide

Sodium dodecyl sulfate (SDS)
Sodium fluoride

Sodium orthovanadate

TGF{1, human recombinant

Tris

Triton X-100

Tryptone (Bacto™)

Tween 20

U0126

Yeast extract (Bacto™)

1.3 Kits and miscellaneous materials

Merck (Darmstadt)
Sar{Heidelberg)
Topfer Naturaflor (Kempje
Merck (Darmstadt)
Roth (Karlsruhe)
Sigma (Teiuthen)
Sigma (Taufken)
Sigma (Taufkirchen)
Calbiochem (Beeston, UK)
Serva (Heidelberg)
Serva (Heidelperg
Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim
Peprotech (Hamburg)
Sigma-Aldrich (Steinheim)
Roth (Karlsruhe)
BD Biosciences (Heidelberg)
Sigma-Aldrich (Steinheim)
Calbiochem (Beeston, UK)
BD Biosciences (Heideify

Table V-3: List of kits and miscellaneous materialsised in this study.

Cell culture inserts, 8 um pore size
Cellophane

Chromatography paper 3aMM
CryoTube™ vials

Dual-Glo™ Luciferase Assay Kit
ECL Plus"

Electroporation cuvettes (0.2 cm)
Electroporation cuvettes (0.4 cm)
LightCyclef® FastStart DNA Master SYBR Green | mix
Micro BCA Protein Assay Kit
Migration Culture Inserts

Parafilm

Plastic ware

Precision Plus ProteinTM Dual Color Standard
PVDF membrane Immobilion-P Transfer 0 %
QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

QIAGEN Plasmid Mini Kit

QIAGEN Plasmid Maxi Kit

QIAGEN RNeasy Mini Kit
Reverse-iT-1st-Strand-Synthesis-Kit
SmartLadder DNA marker

Sterile filter 0.22um, cellulose acetate

Sterile filter 0.45um, cellulose acetate
Vivaspin 20 column

Western Lightning" Chemoluminescence Reagent Plus

BD Falddaidelberg)
Pitz Folien (Taunusstein)
Whatman (Dassel)
Nunc (Roskilde, DK)
Promega (Madison, USA)
GE Healthcare (Munich)
Bio-Rad (Mim)i
Bio-Rad (Mimyic
Roche (Peng)
Pierce (Sankt Asgjn)
ibidi GmbH (Martined)

Pechiney Plastic Packaging (Chicago,

USA)

BD Falcon (Heidelberg)
Eppendorf (Wesseling-Berzdorf)
Greiner bio-one (Frickenhausen)
Nunc (Roskilde, DK)

-Rexd (Munich)
Millipore (Billerica, USA)
Qiagen (Hilden)
Qiagen (Hilden)
Qiagen (Hilden)
Qiagen (Hilden)
Qiagen (Hilden)
ABgene (Harg)

Eurogentec (Cologne)

Thermo Fisher ScientBichiverte)

Thermo Fisher ScientBichiverte)
Satorius Stedim Biotech (Aubagne
Cedex, F)

PerkinElmer (BoEtBA)
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1.4 Media, buffers and solutions

1.4.1 Bacterial media

Luria-Bertani (LB) broth (1% Tryptone, 0.5% yeasttract, 1% NaCl. pH 7.2) was used for
cultivation of Escherichia (E.) coli bacteria. If required, 100g/ml Ampecillin, 70ug/ml Kanamycin
or 34 ug/ml Chloramphenicol were added to the medium &tdoclavation. For plate preparation,
1.5% Agar was added.

SOC broth (2% Tryptone, 0.5% yeast extract, 10 m&CN 2.5 mM KCI, 10 mM MgGl 10 mM
MgSQ,, 20 mM glucose) was added to electrocompeteneliadirectly after electrotransformation.

1.4.2 Cell culture media

All cell lines used in this study were cultured Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 4.5 mg/ml glucose (high gluc@s®) L-glutamine (all obtained from Invitrogen
(Gibco™)), and were further supplemented with 4 — 10% fetf serum (FCS), 2 mM L-glutamine, 1
mM sodium-pyruvate, 50 U/ml penicillin and %@/ml streptomycin (all obtained from Invitrogen
(Gibco™)). Freeze medium consisted of growth medium wiiZFCS and 10% DMSO.

For calcium switch experiments (2.3.3) the cultomedium was exchanged to medium with reduced
calcium. Calcium reduced medium was prepared asialomedium, but with calcium free DMEM
and FCS and supplemented with the desired amougnalofum (usually 0.02 mM). Calcium free
DMEM was obtained from Invitrogen (GibE9), calcium free FCS was generated using Cel®0
chelating ion exchange resin according to Brenmahcalleagues (Brennan et al., 1975).

1.4.3 Buffers and solutions

All buffers and solutions were prepared in Millipawvater if not indicated otherwise.

Table V-4: List of buffers and solutions used in tis study.

Acrylamide solution (30/0.8) 30% (w/v) acrylatai
0.8% (w/v) bisacrylamide
Annealing buffer 20 mM Tris-HCI pH 7.5
100 mM NaCl
2 mM EDTA
5x Bradford solution 20% (v/v) Bradford soturii(prepared

according to manufacturer’s instructions)

10% (v/v) H20

20% (v/v) ethanol

50% (v/v) H3PO4

after mixing filter through paper filter
Coomassie R-250 solution 0.25% (w/v) Serva Btue

45% (v/v) methanol

10% (v/v) acetic acid

Coomassie destaining solution 10% (v/v) methano
10% (v/v) acetic acid
DNA loading buffer (6x) 30 % (v/v) glycerol

0.3% (w/v) bromophenole blue
0.3% (w/v) xylene cyanol

100 mM EDTA
Crystal violet staining solution 0.5% (w/v) ctgbviolet
25% (v/v) methanol
Laemmli buffer (3x) 10 mM EDTA

3% (w/v) SDS

20% (v/v) glycerol

0.05% (w/v) bromophenole blue
3% (v/v) B-Mercaptoethanol
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Milk 5% (w/v) milk powder in TBST buffer
PBS 137.0 mM NacCl
27.0 mM KCI

80.9 mM Na2HPO4
1.5 mM KH2PO4
pH 7.4
Radioimmunoprecipitation Assay (RIPA) buffer 20 mvis HCI pH 8.0
150 mM NaCl
5% (v/v) glycerol
10 mM MgCI2
1% (v/v) Triton X-100
0.5% (w/v) desoxycholat
0.1% (v/v) SDS
Strip buffer 65 mM Tris/HCI, pH 6.8
2% (w/v) SDS
100 mMpB-Mercaptoethanol

TAE buffer 40 mM Tris/Acetate pH 8.0
1 mM EDTA

TBE buffer 90 mM Tris/HCI, pH 8.0
90 mM boric acid
3 mM EDTA

TBS buffer 20 mM Tris/HCI, pH 7.5
150 mM NaCl

TBST buffer 20 mM Tris/HCI, pH 7.5
150 mM NaCl
0.1% (v/v) Triton X-100

TE (10/0.1) 10 mM Tris/HCI, pH 8.0
0.1 mM EDTA

Tris-Glycin-SDS buffer 25 mM Tris/HCI, pH 8.8

192 mM glycine
1% (w/v) SDS
Western blotting buffer 25 mM Tris
190 mM glycine
20% (v/v) methanol
0.1% (v/v) SDS (for proteins > 80 kDa)

1.5 Oligonucleotides

All DNA oligonucleotides were purchased from EunsfiMWG Operon (Ebersberg) as HPSF purified
oligos. siRNAs were purchased from Applied Biosgste/ Ambion (Darmstadt) in standard purity.
2'0-Me antisense-RNAs directed against endogendBdlAs were synthesized at the Core Facility
MPI of Biochemistry (Martinsried).

1.5.1 Sequencing primers

The oligonucleotides listed in Table V-5 servedpasers used in the sequencing reaction (2.2.7)
together with the indicated plasmids (Table V-12).

Table V-5: Oligonucleotides used for sequencing retions.

Plasmid Primer name Sequence+{b3)

pGL3 GLprimer2 CTTTATGTTTTTGGCGTCTTCCA
pGL3 RVprimer4 GACGATAGTCATGCCCCGCG
pSUPER.retro.puro pRSpuroF1241 GGAAGCCTTGGCTGTT
pSUPER.retro.puro PRSpuroR1532 TCGCTATGTGTTCTGG@BA
pMirRNL pMRSeqgF ACACAGATCCAATGAAAATAAAAG

pMirRNL pMRSegR TACCGGAAAACTCGACGCAAGAAA
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1.5.2 Cloning primers

The primers listed in Table V-6 were used to amgpyieEnomic regions like promoter sequences or
3'UTR regions in a PCR reaction (2.2.11) to subsetjy clone it into a vector of interest, thereby
engineering the constructs listed in Table V-12siBes the sequence complementary to the desired
genomic region, they harbor an endonuclease restrisite flanked by four randomly chosen bases to
allow endonuclease binding.

Table V-6: Cloning primers used in this study

Primer name _ Sequence (5 3’; restriction sequence underlined) cloned region
Ea-1802_F CTGAGAGCTTGAGTTCCAGGGGAGAGAGAGA Epline-prom-1802
Ea-1802 R CATGCTCGAGGGGCAGACTTTCAGGGTTCTA Eplirk-prom-1802
Eo-1115 F CTGAGAGCTBTGTCTCCCTGCTGTGTGGT Eplin-prom-1115
Eo-1115 R CATGCTCGABGGCTTGTCCGTCACTTCA Eplire-prom-1115
Ea-915 F CTGAGAGCTGGCGTTTGGTTTGATTAGGA Eplina-prom-915
Eo-915 R CATGCTCGABGGCTTGTCCGTCACTTCA Epline-prom-915
EB-1249 F CTGAGAGCTBTGTCCTGTGCCCTTTGC EpliB-prom-1249
Ep-1249 R CATGCTCGAGCCTCCTGCTCCTGCTAC Eplif-prom-1249
Pai-1-2011 F CTGAGGTACGGCTGGTTGCCTTGGTATCTGT PAIl-prom-1
Pai-1-2011 R CATGAGATCGCTGTGGTTGGCTGTGTGCT PAIl-prom-1
Pai-1-1548 F CTGAGGTACGAGGGAGGTGGGTCAGAAT PAIl-prom-2
Pai-1-1548 R CATGAGATCGATTGGCTCTTGTTGGCTGT PAIl-prom-2
Pai-1-567 F CTGAGGTACGGAGGGAGGAGGAAAGGACT PAIl-prom-3
Pai-1-567 R CATGAGATCGATTGGCTCTTGTTGGCTGT PAIl-prom-3
UTRh_F CTGAACTAGTCTGGCTCAAGACGGGGTGGGGAAGG  hum Mal3'UTR
UTRh_R CATGGTTTAAACTTTTTCCTGTGTTTTTGTGTTTATTT hum Mal3'UTR
UTRr_F CTGAACTAGICTGACTCAGACATGGGCTAGGGAAGG rat Mal3'UTR
UTRr_R CATGGTTTAAACCTGGCAAGTCAGTGTTTTTGTTTTAT rat Mal3'UTR

UTRm_F CTGAACTAGTCAGACATGCGCTAGGGAAGGGTCAGA mouse Mal3'UTR
UTRmM_R CATGGTTTAAACTGGCAAGTCAGTGTTTTTGTTTTATT mouse Mal3’'UTR

1.5.3 Small hairpin RNA encoding oligonucleotides

Sense strand (ss) and antisense strand (as) otigotides were annealed and cloned in the small
hairpin RNA (shRNA) expression vector pPSUPER.rgwmoo (Table V-11). Upon retroviral infection
of mammalian cells the encoded shRNA is expressed.

MRTF shRNAss:
gatccccgCATGGAGCTGGTGGAGAAGAAttcaagagatTCTTCTCCACGBTCCATGtttttggaaa

MRTF shRNAas:
agcttttccaaaaaCATGGAGCTGGTGGAGAAGAAtctcttgaaTTCTTWIACCAGCTCCATGeggg

1.5.4 Quantitative real-time RT-PCR primer

The oligonucleotides listed in Table V-7 were usedprimers in quantitative RT-PCR (1.5.4) for
expression analysis

Table V-7: Oligonucleotides used as primers in qudiiative RT-PCR analysis.

Gene species direction Sequence£33)

alasl human forward CTGCAAAGATCTGACCCCTC
alasl human reverse CCTCATCCACGAAGGTGATT
Eplin-o mouse forward GCTGTTTCCGATGCTCCTAC
Eplin-o mouse reverse CTCATTGTCGCTCTTGCTTG
Eplin mouse forward CAAGAACAAGTCATCCGCAAT

Eplin mouse reverse AGGAGGGTAGTCCGCTGTGT
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Ereg mouse forward CAGTTATCAGCACAACCGTGA
Ereg mouse reverse ACATCGCAGACCAGTGTAGC
Fam126b mouse forward TTCTCAGCCACTCTTGGTG
Faml126b mouse reverse ATTCTCGGCACTGTTGGAG

Fhi1 mouse forward GCCAGTGAGACCTTTGTGTC

Fhil mouse reverse CCAGACGGTGCCCTTGTA

hprt mouse forward TCAGTCAACGGGGGACATAAA

hprt mouse reverse GGGGCTGTACTGCTTAACCAG
ITGAS mouse forward CCTGGACCAAGACGGCTACAATGA
ITGAS mouse reverse GGCTGCAACTGCGCTCCTCTG
MAL mouse forward CCAGGACCGAGGACTATTTG

MAL mouse reverse CGAAGGAGGAACTGTCTGCTA
MAL rat forward CCAGGACCGAGGACTATTTG

MAL rat reverse CAAAGGAGGAACTGTCTGCTA
MAL human forward TGTGTCTCAACTTCCGATGG

MAL human reverse CCCTGTCCTGCTTCTGGTC

Mrtf-B mouse forward CCCACCCCAGCAGTTTGTTGTT
Mrtf-B mouse reverse TGCTGGCTGTCACTGGTTTCATC
Mrtf-B rat forward AAGCAAAGCCATCCCAAGAATCCA
Mrtf-B rat reverse CCTCCTCGCCGGCACACCTG
Mrtf-B human forward AATTATAGGCGTTGGGAAGGAG
Mrtf-B human reverse CTGCGCTGGAGTGTTTGTAGTCA
Nexn mouse forward ACCGAGTCCGCATCAGAG

Nexn mouse reverse GGTTGGTTCTCCCATTTCCT
Pkp2 mouse forward TGATGAGAAGGTGTGATGGTC
Pkp2 mouse reverse GCTGGTAGGAGAGGTTATGAAG
Plaur mouse forward GGCTTAGATGTGCTGGGAAA
Plaur mouse reverse AGAGAGGCAATGAGGCTGAG
Serpinel(Pai-1) mouse forward CAACAAGAGCCAATCABEBG
Serpinel(Pai-1 ) mouse reverse ATAGCCAGCACCGAGBAC

1.5.5 Primers for quantification of chromatin immunopreci pitations
Table V-8: Oligonucleotides used as primers for quatitative RT-PCR following ChIP

Promoter direction Sequence (5'3)

Eplin-o forward AAAAAGTCTCTCCCTTCCAATGT

Eplin-a reverse GTTACTGCCCTGCCACAAG

Pkp2 forward TTGTTGACATACCAGAAAGGATGAGG

Pkp2 reverse TTCCAGGGAAACCATACACCGTAAGA

Srf forward GGCTCCACTGTTCCTTTAAGGAGTTGGC

Srf reverse CCCCCATATAAAGAGATACAATGTTTCCTTT
Gapdh forward CCCTGCTTATCCAGTCCTAGCTCAAGG
Gapdh reverse CTCGGGAAGCAGCATTCAGGTCTCTGG

1.5.6 2'-O-methyl antisense-RNAs targeting endogenous mNRAs

Table V-9: 2’-O-methyl antisense-RNAs used for kndaown of endogenous miRNAg1 nt mismatch. After
deprotection 5’ carries an OH-group; all 2' OH goslare modified to 2’-OMe groups

Oligo name targeted miRNA Sequence+{53)

as_mir_1 hsa/mmu/rno*-mir-1 r(AUACAUACUUCUUUACAUCCA)IT
as_mir_206 hsa/mmu/rno-mir206 r(CCACACACUUCCUUA@ACCA)T
as_mir_219 hsa/mmu/rno-mir219-1-5p r(AGAAUUGCGUUGSCAAUCA)YT

as_mir_124 hsa/ mmu/rno-mirl24 r(GGCAUUCACCGCGUWIRDAYIT
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1.5.7 siRNAs

Table V-10: siRNAs used in this study.

SiRNA name sense (5> 3)) antisense (5> 3’)

GL2 ctrl sSiRNA CGUACGCGGAAUACUUCGALtt UCGAAGUAUUCCGGUACGtt

Itga5 siRNA #1 GUGUGAGGCUGUAUAUGAALt UUCAUAUACAGCUOCACACtg

Itga5 SIRNA#2 CAGGAGGACUGAGCACUAALtt UUAGUGCUCAGUOaCCUGgg
Pkp2 siRNA#1 GCUAUACGUUGAACAAUUULt AAAUUGUUCAACGUAJAGCtt

Pkp2 siRNA#2 GGAUGUAUUUGUCCUUAAULtt AUUAAGGACAAAUAQRUCCIt

Fhil siRNA#1 ACGAGCCAAUAUCAAAGUALt UACUUUGAUAUUGGMICGULt

Fhil siRNA#2 GGAGGUGCAUUAUAAGAAULt AUUCUUAUAAUGCACCUCCt

1.6 Plasmids

1.6.1 Basic vectors

Table V-11: List of basic vectors used in this stud

Plasmid Description Source
PEF plink mammalian expression vector, pUC12 P&sern
backbone, EFd enhancer/promoter, Ampr (Sotiropoulos et al.,9)99
pEF-Flag plink like pEF plink, with 5’ Flag-tag G. Posern
(Sotiropoulos et al., 1999)
pGL3-Basic reporter vector encoding for firefly Promega (Madison, USA)
(Photinus pyralis) luciferase, Ampr
pRL-TK internal control reporter for pGL3, herpes Promega (Madison, USA)

simplex virus thymidine kinase promoter
driving Renilla reniformis luciferase
expression, Ampr
pSUPER.retro ShRNA expression vector for retavir OligoEngine (Seattle, USA)
infection, Ampr, Puror, H1 promoter
pPMIR-RNL-CMV reporter plasmid containing a CMV proter G. Meister
driven firefly luciferase gene and a MCS for
MiRNA binding site insertion behind it.
Harbors a SV40 promoter driven renilla
luciferase gene for normalization
PMIR-RNL-TK reporter plasmid containing a TK protao G. Meister
driven firefly luciferase gene and a MCS for
mMiRNA binding site insertion behind it.
Harbors a SV40 promoter driven renilla
luciferase gene for normalization
pLPCX expression vector for retroviral infection, Clontech
Ampr, Puror, CMV promoter (Mountain View, USA)

1.6.2 Modified vectors

The vectors were generated by cloning or shRNA dingooligonucleotide insertion into the basic
vectors Table V-11. Vectors are mammalian expresggtors, if not indicated otherwise.

Table V-12: List of modified vectors used in this tady.

Plasmid Description Source/Reference
p3D.A-Luc three c-foderived SRF binding sites in front of a G. Posern
Xenopus laevistype 5 actin TATA-Box in pGL3-basic (Geneste ef 2002)
driving the expression of tHeefly luciferase gene
pEF-Flag-G15S cDNA dgi-actin, hyperpolymerizable by replacement G. Posern
of G15 with S, Flag-tagged (Posern et al., 2004
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pEF-Flag-R62D cDNA op-actin, nonpolymerizable by replacement  G. Posern
of R62 with D, Flag-tagged (Posern et al., 3002
pEF-Flag-wt-actin cDNA of wild typg-actin, Flag-tagged G. Posern
(Posern et al., 2002)
pGL3 E«-1802 Epline. promoter starting at -1802 inserted in pGL3  thislg
luciferase reporter
pGL3_E«-1115 Epline. promoter starting at -1115 inserted in pGL3  thiglg
luciferase reporter
pGL3 E«-915 Epline. promoter starting at -915 inserted in pGL3 thigigt
luciferase reporter
pGL3 Ef-1249 Eplinf promoter starting at -1249 inserted in pGL3  thiglg
luciferase reporter
pGL3_Pai-2011 Pai-1 promoter starting at —2011rtegen pGL3 this study
luciferase reporter
pGL3 Pai-1548 Pai-1 promoter starting at —1548rtegdn pGL3 this study
luciferase reporter
pGL3_Pai-567 Pai-1 promoter starting at —567 teskin pGL3 this study
luciferase reporter
pLPCX eGFP pLPCX containing eGFP cDNA G. Posern
pLPCX_MAL (fl.) pLPCX containing cDNA of murine fulength MAL, (Descot et al., 2009)
HA-tagged
pLPCX_MAL (met) pLPCX containing cDNA of murine MAWith G. Posern
N-terminal truncation (amino acids 1-91) (Desatoal., 2009)
pLPCX_MAL AN pLPCX containing cDNA of murine MAL with G. Pase

constitutive active N-terminal truncation (amino Dekcot et al., 2009)
acids 1 — 171), HA-tagged

pLPCX_MAL ANAB pLPCX containing cDNA of murine MAL with G. Pase
dominant negative truncation (amino acids 1 — 171 Des¢ot et al., 2009)
and 316 — 341), HA-tagged

pLPCX_MAL ANAC pLPCX containing cDNA of murine MAL with G. Pase
dominant negative truncation (amino acids 1 — 171 (Descot et al., 2009)
and 563 — 1021), HA-tagged

pPMIR-C-MAL_hum  pMIR-RNL-CMYV reporter plasmid harbag the this study
human MAL 3'UTR behind the firefly luciferase gene
pMIR-C-MAL_rno pPMIR-RNL-CMYV reporter plasmid harbioig the this study
rat MAL 3'UTR behind the firefly luciferase gene
pPMIR-C-MAL_mmu pMIR-RNL-CMYV reporter plasmid harbiag the this study
mouse MAL 3'UTR behind the firefly luciferase gene
pMIR-T-MAL_hum  pMIR-RNL-TK reporter plasmid harboig the this study
human MAL 3'UTR behind the firefly luciferase gene
pMIR-T-MAL_rno PMIR-RNL-TK reporter plasmid harbar the this study
rat MAL 3'UTR behind the firefly luciferase gene
pMIR-T-MAL_mmu  pMIR-RNL-TK reporter plasmid harbog the this study
mouse MAL 3'UTR behind the firefly luciferase gene
pSR_MAL_sh pSUPER:.retro.puro encoding shRNA agaitis. this study
and MRTF-B

1.7 Antibodies

1.7.1 Primary antibodies

The antibodies listed in Table V-13 were used asigny antibodies in immunoblot or chromatin
immunoprecipitations (ChlIP) analysis.
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Table V-13: Primary antibodies used in immunoblot o ChIP analysis.

Antibody Description

Source

FHL1 rabbit, polyclonal

HA p.c. (3F10) monoclonal, recognizes the BAbCQuigihza

ProteinTech Group.In
(Chicago, USA)
BAbCO (Richmond, USA)

hemagglutinin epitope, peroxidase conjugated

MRTF rabbit, polyclonal, recognizes MRTF-A and onftemade (Posern Lab)
MRTF-B
PAI-1 sheep, polyclonal American Diagnostica.]
(Greenwitch, USA)
PKP2 mouse, polyclonal Acris Antibodies GmbH;
(Hiddenhausen, Germany)
SRF rabbit, polyclonal, recognizes epitope witthi@ Santa Cruz (G-20);

C-terminus of human SRF
aTubulin mouse, monoclonal

1.7.2 Secondary antibodies

(Heidelberg, Germany)
ProteinTech Group,Inc
(Chicago, USA)

For immunoblot analysis the horseradish peroxid&#eP) conjugated anti-IgG antibodies listed in

Table V-14 were used in this study.

Table V-14: Secondary horseradish peroxidase (HRRpnjugated anti-lgG antibodies used in immunoblot

analysis

Antibody

Source

Polyclonal goat anti-sheep-HRP
Polyclonal goat anti-mouse-HRP
Polyclonal swine anti-rabbit-HRP

1.8 Enzymes

Table V-15: Enzymes used in this study

Enzyme

Jackson Immune&teh (Newmarket, GB)
DakoCytomatioro@BLp, DK)
DakoCytomati@idstrup, DK)

Source

Calf Intestinal Alkaline Phosphatase
DNAse |, RNAse free

Phusiori™ High-Fidelity DNA-Polymerase
Restriction Endonucleases

T4-DNA Ligase
Trypsine (Gibco)

1.9 Cells

1.9.1 Bacterial strains

NEB (FrarntkMain)
Roche (Mannheim)
Finnzymes (Espob), F
NEB (Frankfurt/Main)
MBI (Fermentas, St. Leon-Rot)
NEB (Frankfurt/Main)
Invitrogen (Karsruhe)

The Escherichia cali (E.coli) DH5a strain was used for transformations to amplifyspials.

Table V-16: Bacterial strain used in this study.

Genotype/Properties

Origin

DH5a F- ¢80dlacZM15 (lacZYA-argF)U169 deoR recAl endAl hsdR1  Invitrogen (Karlsruhe)

(r k- m k+) phoA supE44 thi-1 gyrA96 rel At
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1.9.2 Mammalian cell lines

Table V-17: Mammalian cell lines used in this studyATCC, American Type Culture Collection.

Cell line Description Origin/Reference
EpH4 mouse mammary epithelia cells H.Beug, (Mienna, A)
EpRas EpH4 cells stably expressing v-Ha-RassCell H.Beug, IMP (Vienna, A)

undergo EMT upon TGB-treatment
(Oft et al., 1996).

HaCaT human keratinocytes, undergo EMT upon BGF-  A.Ullrich, MPI Biochemistry
treatment (Martinsried)
MDCK canine kidney normal epithelial cells ATERanassas, USA)
MDA-MB-231 human breast carcinoma cell line Arigh, MPI Biochemistry
(Martinsried)
NBT-II rat bladder carcinoma cell line, cells ungle EMT S. Julien /L. Larue
upon EGF treatment (Paris, France)
NIH 3T3 mouse embryonic fibroblasts R.Treism@RUK
(London, GB)
PANC-1 human pancreatic carcinoma cell line, agfidergo  A.Ullrich, MPI Biochemistry
EMT upon TGHB treatment (Martinsried)
PhoenixA amphotropic retrovirus producing celkliderived A.Ullrich, MPI Biochemistry
from the Human Embryonic Kidney (HEK) 293T (Madiied) /
cell line G.P. Nolan (Stanford, USA)
PhoenixE ecotropic retrovirus producing cell lirexided from  A. Ullrich, MPI Biochemistry

the Human Embryonic Kidney (HEK 293T) cell line  (Nlasried)./
G.P. Nolan (Stanford, USA)

2 Methods
2.1  Microbiological techniques

2.1.1 Cultivation and maintenance of bacterial strains

E. coli strains were grown at 37°C for 12 — 16 h eitherLBr medium or on LB agar plates
supplemented with antibiotics for selection if rieqd. For short-term storage, E. coli cultures were
kept on LB agar plates at 4°C. For long-term sterdgml glycerol stocks containing 50% (v/v)
glycerol in LB medium were stored in screw-top siat -80°C.

2.1.2 Generation of competent bacteria

To generate electrocompetent bacteria a singlebalctolony grown on LB agar was inoculated in 5
ml LB medium and incubated shaking (180 rpm) atGoVver night. The next day the overnight
culture was diluted 1:100 in fresh LB medium ancduimated as before until the cell density reached
the optical density of 0.5 at 600 nm. At this pdhe bacteria were harvested by centrifugatior2@01

x g and 4°C for 10 minutes. The supernatant was tleeanted and the bacteria were resuspended in
sterile ice-cold 10% glycerol (same volume thanesoatant decanted) and incubated for 20 minutes
on ice. Afterwards the bacteria were pelleted dsrbeand resuspended in 10% glycerol (1/aDthe
amount of decanted supernatant) followed by andtioetbation on ice for 20 minutes. Thereafter the
bacteria were pelleted again as before and resdegeim 10% glycerol (1/5of the amount of
decanted supernatant). The now electrocompeterterimavere shock frozen as 40 aliquots in
liquid nitrogen and stored at -80°C. Newly genatatempetent bacteria were tested for efficiency by
transformation of 0.1 ng of a known plasmid, whittould result in 18- 10 colonies pepg DNA.

2.1.3 Transformation of competent bacteria

Competent bacteria were transformed by electrojoratFor each electroporation 50 of
electrocompetent bacteria were thawed on ice applemented with 2 pl ligation reaction. The
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mixture was then transferred into an ice-cold @rRetectroporation cuvette and electoporated wigh th
Genepulser XCelt! at 2.5 kV, 25uF and 200 Ohm. Immediately afterwards 1 ml of SO&iom
were added, followed by incubation on a rotatingeltat 37°C for 1 h. Thereafter 20 pl and A06f
the mixture were plated on LB agar containing aotits for selection.

2.2 DNA modification

2.2.1 Genomic DNA isolation

For cloning of target promoters into the luciferasporter plasmid pGL3 promoter fragments were
amplified by PCR from genomic DNA prepared from sediver. Livers of C57BL/6 mice were cut

into 25 mg pieces, snap frozen in liquid nitroged atored at -80°C until DNA preparation. Isolation
of genomic DNA was done using the QIAGEN DNeasy &itording to manufacturer’s instructions.
Genomic DNA was stored at +4°C.

2.2.2 Plasmid preparation

Plasmids were prepared using the QIAGEN Plasmidi Mit for small amount of DNA and the
QIAGEN Plasmid Maxi Kit for larger amounts of DNA@ording to manufacturer’s instructions.

2.2.3 Restriction digestion of DNA

For restriction digestion approximately 0.5 1@ of DNA were digested in 20 pl reaction volume
with the required endonuclease according to matwrf@cs instructions.

2.2.4 Dephosphorylation of DNA 5’-termini

To prevent self-ligation of vector termini generhtey restriction digestion, the 5'- termini of diged
vectors were dephosphorylated with Calf Intestiddikaline Phosphatase for 30 min at 37°C
according to manufacturer’s protocols. The reacti@s stopped by either heat inactivation at 65°C
for 5 minutes or direct purification of the DNA uiae QIAquick PCR Purification Kit.

2.2.5 Ligation of DNA fragments

Before ligation, the fragments were purified by raga gel electrophoresis followed by gel extraction
with the QIAquick Gel Extraction Kit. Dephosphoridd and QIAquick PCR Purification Kit purified
vector fragments were directly used for ligatiof01ng of vector and the 3 fold molar amount of
insert (10 fold for ligation of ShRNA coding insg&rtwvere incubated in 1x T4 Ligase buffer with 400 U
of T4 DNA Ligase in 2Qul reaction volume at 16°C over night. As contrbk tigation was performed
as described above without insert DNA. After ligati2 pl of the reaction were transformed into
competenk. coli DH5a.

2.2.6 Generation of shRNA expressing plasmids

For annealing 3ig of the sense and the corresponding antisenseAldR§bnucleotide strand were
mixed in a total of 5@l Annealing buffer. The mixture was heated to 956€10 minutes and then
cooled down with 0.01°C per second to 4°C in a Ritren T3000 Thermocycler. The annealed
shRNAs harboring a Bglll and Hindlll overhang weerified via agarose gel electrophoresis and
extracted. The insertion into the desired shRNAresgion vector was done as described above.

2.2.7 Sequencing

DNA samples were sequenced on an ABI 3730 sequdncéhne core facility of the Max Planck
Institute of Biochemistry (Martinsried).

2.2.8 Agarose gel electrophoresis

DNA fragments were separated by agarose gel efdutresis (Sambrook, 1989). Gels were prepared
as follows: 0.7 — 2 % (w/v) agarose in TAE or TBi&Efbr was boiled and afterwards supplemented
with 0.01% (v/v) ethidium bromide. After gel polynmation, DNA samples were mixed with the
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corresponding amount of DNA loading buffer and leéddon the agarose gel together with the
SmartLadder DNA marker for size determination. Elgshoresis was performed in TAE or TBE
buffer, according to gel preparation, at 70 — 12fd020 — 60 minutes in a agarose gel electroplsres
system Horizontal-Elpho. After electrophoresis, BI¢A was visualized at 302 nm and photographs
were taken with the IDA gel documentation systdmthé separated DNA fragments or plasmids were
used for further experiments, they were visualingth a Dark Readérat 460 nm to avoid the
insertion of mutations.

2.2.9 Isolation of DNA fragments and plasmids from agaros gels

The DNA fragments or plasmids of interest were auit of the gel with a sterile blade and purified
using the QlAquick Gel Extraction Kit accordingrt@nufacturer’s instructions.

2.2.10 Determination of DNA concentration

The concentration of plasmid preparations and jearifDNA fragments was measured with a
spectrophotometer Nanodrop (Thermo Scientific).

2.2.11 DNA amplification by Polymerase Chain Reaction

DNA fragments of interest were exponentially ametifvia Polymerase Chain Reaction (PCR) by a
repeating cycle of denaturation, primer annealing polymerase-driven primer elongation (Mullis
and Faloona, 1987). The Phusi¥nHigh-Fidelity DNA Polymerase was used according to
manufacturer’s instructions with the cloning prisielepicted in Table V-@2CR was carried out ia
Biometra T3000 Thermocycler. PCR products were yaieal via agarose gel electrophoreses and
positive products were extracted from the gel &sdeed above.

2.2.12 Quantitative real-time PCR

Total RNA was prepared with the QIAGEN RNeasy Miii and the concentration was measured
with a spectrophotometer Nanodrop (Thermo Sciejtifrirst-strand cDNA synthesis was done with
the Reverse-iT-1st-Strand-Synthesis-Kit (Thermeeftific) according to manufacturer’s instruction
using 1ug of total RNA and 500 ng of anchored oligo-dT pimFor cDNA quantitation, one-fortieth
of the RT reaction was mixed with gene-specifienas (0.5uM) and Fast SYBR Green Master mix
(Applied Biosystems; Darmstadt, Germany) to a tetdime of 15ul. The PCR was carried out on a
StepOnePlus instrument (Applied Biosystems; Dardistaermany), according to the manufacturer's
instructions. Calculations were done using the&Ct method (Winer et al., 1999). Gene-specific
primers are listed in Table V-7.

2.2.13 Chromatin Immunoprecipitations

10" NIH 3T3 cells for each IP were fixed with 1% foriaehyde for 10 min at RT. Cross-linked cells
were sonicated in RIPA buffer (0.1% SDS) using Bdimd HD2200 sonicator with MS72 tip.
Sonicated chromatin was incubated witlué of anti-SRF (G-20, Santa Cruz) or home-made anti-
MRTF rabbit serum, precoupled to 40 of Dynabeads (Invitrogen). Immune complexes were
captured overnight at 4°C. DNA-protein complexegeaveluted with 0.1 M NaHCO3/0.1% SDS,
crosslinks were reversed overnight at 65°C, and DM#s purified using PCR Purification Kit
(QIAGEN). Immunoprecipitated DNA was analyzed usitige primers listed in Table V-8.
Quantitation was done by real-time PCR and is shasvthe percentage of input chromatin.

2.3 Methods in mammalian cell culture

2.3.1 General cell culture methods

All cell lines were cultivated in a HERAC&II150i CQ incubator in a 90% air and 10% O

atmosphere at 37°C. All working steps were carpat in sterile Lamin Air hoods. EpRas, EpH4,
PANC-1, HaCaT, NBT-II, NIH 3T3, MDCK, PhoenixA arthoenixE cells were routinely cultured in
fresh DMEM containing 4.5 g/L D-glucose and L-gimiae additionally supplemented with 10% FCS
(4% FCS for EpRas), 2 mM L-glutamine, 1 mM sodiuynyvate, 50 U/ml penicillin and 5@g/ml
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streptomycin and passaged constantly. MDA-MB-23[k eeere cultured in RPMI supplemented with
10% FCS, 2 mM L-glutamine, 50 U/ml penicillin, aB@ pug/ml streptomycin. Prior to seeding cells
were counted manually in a Neubauer counter charfloedong time storage cells were transferred in
freeze medium (growth medium with 20% FCS and 10MSD) to CryoTub&” vials and after slow
freezing stored in liquid nitrogen.

2.3.2 Generation of stable cell lines

To generate stable EpRas cell pools harboring aresgion vector of interest, cells were retrowrall
infected, split after two days and supplementedh Bitug/ml puromycin. Surviving cells were then
maintained in medium containing 1 mg/ml puromycin.

2.3.3 Calcium withdrawal

In order to induce the dissociation of epithelialgtions, MDCK cells were seeded at high density to
form a confluent monolayer. 24 h after seeding rtredlium was exchanged to normal medium as
control or reduced calcium medium containing 0.02 calcium.

2.3.4 EMT induction

To induce epithelial-mesenchymal transition, EpRRANC-1, and HaCaT cells were treated with
recombinant human TGEt (5 ng/ml, 10 ng/ml, and 2.5 ng/ml, respectivelBT-II cells were
treated with recombinant human EGF (10 ng/ml). ieelium was changed every second day.

2.3.5 MAL-SRF activation by treatment with serum and actin binding drugs

Serum stimulation of NIH 3T3 was done as previousdgcribed (Posern et al., 2002). Briefly cells
were seeded at subconfluent density, serum stdored4 h and stimulated with 15% FCS. Actin
binding drugs were added after 24 h serum stanvatidhe following concentrations:

Latrunculin B: 5 pM
Cytochalasin D: 2 uM
Jaspakinolide: 0.5 uM

2.3.6 Methods to introduce DNA in mammalian cells

2.3.6.1 Calcium phosphate mediated transfection

The PhoenixE and PhoenixA retrovirus producing ¢ekks were transfected with the calcium
phosphate method as described before (Sambrook).208-24 hours prior to transfection 6 x°10
cells per 10 cm plate were seeded in 10 ml mediuttmowt Penicillin/Streptomycin. 1 hour prior to
transfection the cell medium was replaced with 9meg¢h media for each 10 cm plate supplemented
with 25 uM chloroquine. For each transfection, 500CaCl (250 mM) were mixed with 2Qg of
retroviral vector DNA. This mixture was added dragevwhile swirling on vortex to 500l 2 x BBS
solution to initiate precipitation. After 20 mingteof incubation at RT, the mixture was added
dropwise into the growth medium while swirling tbels. The transfected cells were incubated at 3%
CO, and 37°C to enhance precipitate formation. 24dt fransfection the cells were washed once with
medium and cultured in fresh medium without pehig#treptomycin.

2.3.6.2 Lipofection

NIH 3T3 cells were transfected with DNA using Lipofamin€ and with siRNA using RNAIMAX.
EpH4, EpRas, NBT-Il, HaCaT, PANC-1, and MDA-MB-23@ells were transfected with
Lipofectamine 200®according to manufacturer’s instructions. The iiiial cell numbers seeded per
well of a 12-well plate 18 — 24 h prior to infectiototal amount of nucleic acid transfected and
amount of transfection reagent (TR) used are suimethin Table V-18.
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Table V-18: Cell numbers, the amount of DNA and trasfection reagent used for lipofection of
mammalian cell lines.

Cell number Nucleic acid TR
NIH 3T3 + DNA 35x16 0.5 ug 2 ul
NIH 3T3 + siRNA 1.5x 16 10 pmol 1.5 pl
EpH4 8.5x 16 1.6 ug 4 pl
EpRas 8.5x 1D 1.6 ug 4l
NBT-II 3x 10 1.6 ug 4l
HaCaT 1.28 x 10 1.6 ug 4 pl
PANC-1 5.6 x 16 1.6 ug 4 pl
MDA-MB-231 1.1x 10 1.6 pg 4l

2.3.6.3 Electroporation

For Electroporation 5 x £0EpRas cells in 20QI Opti-MEM (Gibco) were mixed with 600 pmol
siRNA in a 4 mm cuvette (Bio-Rad). Electroporatieas performed with a GenePulser Xcell with CE
and PC modules using the time constant protocdiage, 250 V; pulse length, 70 ms).

2.3.6.4 Retroviral infection

For retroviral infection of NIH 3T3 cells, 1&ells of the retroviral packaging line Phoenix Ere/
transfected on a 15 cm dish with p@ of plasmid using calcium phosphate. 24 h posisfextion the
cells were washed once with medium and then cutuie 16 ml DMEM without
Penicillin/Streptomycin at 7% G&nd 32°C to enhance virus stability. Followingugiproduction for

24 hours, the virus-containing medium was filtetedbugh a 0.4um PVDF membrane (Millipore;
Eschborn, Germany), concentrated on a Vivaspinckhm (MW cutoff, 30,000 Da; PES; Sartorius;
Goettingen, Germany), and used to infect 1.53 XNI®{ 3T3 cells seeded in 6 cm dishes the day
before. Infection occurred in the presence of pagk (8ug/ml). The procedure was repeated 8 hours
later. 24 h post infection the medium of the tamgdls was replaced by normal growth medium. 48 h
post infection the infection efficiency was monédrby EGFP expression of a control infection. For
retroviral infection of EpRas and MDA-MB-231 celigrus containing supernatant of 3 x"hd 10
Phoenix A cells was used to infect 3.36 X 40d 4.5 x 10cells per 6 cm dish, respectively.

2.3.7 Luciferase reporter assay

All cell lines were transfected by lipofection assdribed in 2.3.6.2. For luciferase assays in NIQ 3
fibroblasts 3.5 x 1Dcells per well of a 12-well plate were transfecteith 6 - 25 ng of the firefly
luciferase reporter plasmid, 50 ng pRL-TK and apdity 200 ng of actin expressing plasmid in a total
of 500 ng DNA.

Epithelial cells in one 1 cm dish (12-well platepn transfected with 800 ng luciferase reporter
plasmid and 300 ng pRL-TK in a total of 1600 ng DN#ing Lipofectamine 2060

To test the effect of miR inhibition on MAL 3'UTRriden reporter activity, cells in one 1 cm dish
(12-well plate) were transfected with 40 ng of tieporter plasmid pMIR-RNL-TK, 160 pmol of
synthetic 2’-O-methyl antisense RNA and 1.08 pgrapty plasmid using Lipofectamine 2600

Upon transfection, serum starvation, MAL-SRF adtoraor EMT induction was done as indicated in
the figure legends.

The luciferase reporter assay was carried out retigents from the Dual-GI8 Luciferase Assay Kit.
After the indicated cells were washed twice wite-gold PBS and lysed by incubation in 10
Passive Lysis Buffer (PLB) per 12 well on ice fdr thinutes. Thereafter, cells were scraped of the
plate, the lysate collected in an Eppendorf tulsk @entrifuged at 20000 x g and 4°C for 10 minutes.
20 ul of the supernatant were transferred into a wedl ivhite 96 well microtiter plate and mixed with
45 ul LARII solution. The emitted Firefly luminescenees detected in a Microplate Luminometer
LB 96V. After detection 4%l of Stop & Glow reagent supplemented with Stop #&ws substrate
were added to the well to stop the Firefly reactiod start Renilla luminescence emission, which was
detected as above. The protein content of eaclelygas determined by Bradford assay (V.2.4.2.1).
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Firefly luciferase activity was normalized to eith@otein content or Renilla luciferase activity, a
indicated in the figure legend.

2.3.8  Wound closure assay

2 x 10 NIH 3T3 cells and 5 x TOMDA-MB-231 in 70 ul medium were seeded into each of two
reservoirs of migration inserts (Ibidi). After attement overnight, medium containing 1@/ml
mitomycin C was added, the inserts were removecdcalisl started to migrate into the separating zone
of 500um between the two cell patches. Micrographs wekertat time point zero and after 12 or 24
hours. After precisely marking the migration fromhe free area devoid of migrated cells was
measured using the MetaVue software. The arearelifée of experiment starting and end point was
normalized to the control.

2.3.9 Transwell migration assay

Cell were seeded into polycarbonate transwells ofil8 pore size at a density of 9 X10
(EpRas/EpRasXT), 3.75 x 4@NIH 3T3), and 3 x 10 (MDA-MB-231) cells in 300ul medium,
respectively. Migration conditions were as folloi&pRas, directed movement: 16 h from serum-free
medium containing 0.2% BSA towards 10% FCS; EpRasdjrected movement: 23 h in serum-free
medium; EpRas XT, directed movement: 24 h fromreeinee medium towards 10% FCS; NIH 3T3,
directed movement: 2 h from serum free medium td&d4€6 FCS; NIH 3T3, undirected movement: 8
h in 10% FCS, MDA-MB-231, directed movement: 15dnf serum-free medium towards 10% FCS.
After removing the non-migrating cells and stainitige transmigrated cell with crystal violet,
micrographs were taken at 5x magnification. Celjnaiion was deduced by measuring the membrane
area covered with migrated cells using the Photpo€83 Extended Measurement feature.

2.3.10 Conventional microscopy

Phase contrast and fluorescence micrographs wieea tasing a Zeiss AxioObserver A1 microscope
with MetaVué" imaging software.

2.4  Protein analytical methods

2.4.1 Lysis of cells with Triton X-100

Prior to lysis the cells were washed with twicedcBBS and then lysed for 3 minutes on ice in RIPA
buffer containing protease (ComplBteProtease Inhibitor Cocktail Tablets) and phospleat@smM
sodium orthovanadate, 10 mM sodium fluoride) intoitsi. After scraping the lysates were precleared
by centrifugation at 20000 x g and 4°C for 10 min.

2.4.2 Determination of protein concentration

2.4.2.1 Bradford protein assay

For protein concentration measurement using thelfBrd method the protein lysate of interest was
mixed with 100ul of Bradford solution and incubated for 5 minutdsroom temperature. Then the
absorption was measured at 595 nm in a BioTek rElgker. The protein concentration was
determined by comparison with a standard curveSA BL - 10ug).

2.4.2.2 BCA protein assay

Protein concentration measurement using the BCAyasas carried out with the Micro BCA Protein
Assay Kit according to manufacturer’s instructiofi$ie absorption was measured at 570 nm in a
BioTek Elisareader. The protein concentration weteminined by comparison with a standard curve of
BSA.
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2.4.3 SDS-Polyacrylamide Gel Electrophoresis

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGES warried out as described before (Laemmli,
1970). Samples were run on two-layered gels congistf stacking and separating gel in a
polyacrylamide gel electrophoresis system Vertiegpho “B“. The stacking gel contained 5%
acrylamide solution in 127 mM Tris-HCI pH 6.8, 0.18/v) SDS, 4.5% (v/v) glycerol and 0.1%
(w/v) APS. The separating gel contained 7 — 15%lanrde solution (according to protein size) in
377 mM Tris-HCI pH 8.8, 0.1% (w/v) SDS and 0.1%\WAPS. To start the polymerization reaction
0.1% (v/v) TEMED was added. Before SDS-PAGE all gia® were mixed with the appropriate
amount of Laemmli buffer and boiled at 95 °C fomihutes to remove all secondary, tertiary and
quaternary structures. The Precision Plus PrBfddual Color Standard was used as molecular weight
standard. SDS-PAGE was performed at 80 — 140 \erAftoteins separated by electrophoresis were
transferred to a PVYDF membrane for western bloithg.4).

2.4.4 Western blotting

For Western blotting electrophoretically separgiasteins were transferred to a PVDF membrane in a
Mini Trans-Blot Cell. Blotting was performed in $¢iGlycin-SDS buffer at 100 V for 1 h.

2.4.5 Immunoblot detection

PVDF membranes were incubated in 5% milk powddrBST for at least 1 h at room temperature or
4°C over night in order to block unspecific bindisiges. Afterwards the milk was removed and the
membrane was incubated with the first antibody (Bakle V-13) in milk for at least 1 h at room
temperature or 4°C over night, afterwards washed fimes in TBST buffer for 3 minutes and
incubated with the secondary horseradish peroxidasgigated anti-IgG antibody (see Table V-14)
diluted in milk for 1 — 2 h. Thereafter the memlwamas washed again five times in TBST buffer for 3
minutes incubated in Western Lightnig Chemoluminescence Reagent Plus for 1 minute.
Luminescent bands were detected on Hyperfilm.

2.4.6 Stripping

To reincubate with a different set of antibodies thembrane was stripped to remove all bound
antibodies. Therefore, the membrane was washeditngs for 10 minutes in TBST buffer and then
incubated at 50°C in a closed container in striggonffer. Afterwards the membrane was washed
three more times in TBST buffer for 5 minutes befitr was ready to be incubated with another
antibody
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Results

1 Identification of novel G-actin regulated genes wh putative roles in cell motility

In order to screen for G-actin regulated genes gnaup previously performed whole genome
microarrays. The expression profile of untreatetl ISIT3 cells was compared to that of cells treated
with the G-actin binding drug cytochalasin D thaduces actin-MAL-SRF signaling by dissociating
the inhibitory G-actin-MAL complex. Furthermore, ethexpression profile of NIH 3T3 cells
simultaneously treated with cytochalasin D and@hactin binding drug latrunculin B was analyzed.
As described above, latrunculin B stabilizes thisiiitory G-actin-MAL complex and can prevent
cytochalasin D mediated pathway induction. As hkariigs depolymerise F-actin, genes affected by
cytoskeleton rearrangements rather than by the ti@-awitch should not score as differentially
expressed. In order to minimize indirect gene atitv the translation inhibitor cycloheximide was
added to all samples. We obtained a list of ab@@t @enes differentially expressed under these
conditions (GEO dataset GSE17105) (Descot et 809 The statistical significance of all the
selected genes scoring as G-actin regulated tanget$igh, indicated by the g-value which represent
the lowest false discovery rate at which the spepifobe sets are detected as differentially exgaes
More than 30% of the genes that scored as G-aegulated in our analysis are known SRF targets,
validating the approach. For example, several aptines, the early marker of smooth muscle cell
development Sm22, the connective tissue growthofa@ftgf), myosin light chain 9 (Myl9), the
extracellular matrix-associated signaling moledcyg61, the fibronectin receptor integrirb (Itga5),

the four-and-a-half-LIM-only proteins Fhi1l and FhtBe cytoskeleton associated adaptor vinculin or
Srf itself were found.

Previous studies identified numerous cytoskelegsoeiated SRF targets with potential roles in cell
migration such ag-actin, vinculin, zyxin, or gelsolin (Miralles et.a2003; Philippar et al., 2004;
Schratt et al., 2002). These findings were confitrbg our screen for G-actin regulated genes. The
above mentioned known SRF targets Actal, Acta2gZcMyl9, Vcl, and Tagln that were also
identified in our screen are all actin microfilarheffectors consistent with the important role oAM
and SRF in cytoskeletal organisation and actinawen (Miano et al., 2007; Schratt et al., 2002);
(reviewed in (Olson and Nordheim, 2010)) and pamptio an involvement of MAL in cell adhesion
and motility.

Besides these known cytoskeleton-associated SB€tsaa number of novel G-actin regulated targets
with potential roles in cell motility were shown be upregulated by cytochalasin D treatment and
downregulated by simultaneous treatment with latnlin B. | particularly focused on those novel
targets in my further investigation.

Table VI-1 lists the differentially regulated probets and their corresponding g-values of the tlec

novel G-actin regulated targets with potential raigry roles. They included all four independent
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probe sets of the Eplin gene, two independent pseite for Plakophilin 2 and Integrith, and one
probe set for the Four-and-a-half LIM domain pnotehl1.

Table VI-1: Differential regulation of novel target genes implicated in cell motility by G-actin signing.
Genes potentially relevant for migration are difetially regulated by actin binding drugs. G-aatigulated
genes were induced by treatment with cytochalasifCD, 2 uM, 90 min). This induction was repressed by
latrunculin B (B, 5 uM). All samples were pretreated with cycloheximi(Bpg/ml) to enrich for primary
targets. Results shown are from Affymetrix micragranalysis of NIH 3T3 fibroblasts as previouslgaied
(Descot et al., 2009). The g-value is the lowelstefaliscovery rate at which the differentially eegsed probe
set is called significant.

Induction
Probe SetID Gene ID Name CD CD+LB g-value
1429183_at Pkp2 Plakophilin-2 12.85 2.08 0
1449799 _s_at Pkp2 Plakophilin-2 7.07 1.64 1.14
1423267_s_at Itga5 Integrin a5 4.09 1.55 0
1423268_at |tga5 |ntegrin a5 539 1.84 3.75
1417872_at Fhi1 Fhi1 414 1.06 0
1419149 _at Serpine1 Pai-1 398 213 3.01
1425654_a_at Lima1 Eplin 521 243 1.14
1435727_s_at Lima1 Eplin 3.98 2.38 1.99
1450629_at Lima1 Eplin 3.71 2.08 0
1422499 at Lima1 Eplin 3.51 217 0
1435649 _at Nexn Nelin 3.82 148 3.01
1419431_at Ereg Epiregulin 3.33 1.55 1.99
1456320_at  Fam126b Fam126b 7.79 3.09 0
1452521_a_at Plaur uPAR 5.39 1.66 3.01

Firstly, | validated the microarray results for $begenes using quantitative RT-PCR. The novel tumor
suppressor Epithelial Protein Lost in Neoplasmrreféto as Eplin is expressed in two isoforms. The
longer Eplinf contains all eleven exons, whereas the shorténdaplk transcribed from a different
promoter and comprises exons four to eleven. Terohéhe the regulated Eplin isoform, | performed
guantititative RT-PCR with primers that detect bBghlin-o and Eplinf and additionally with Eplirg-
specific primers.
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Figure VI-1: Validation of novel target genes implcated in cell motility for differential regulation by G-
actin signaling. Newly identified target genes implicated in celbtitity are responsive to actin binding drugs.
NIH 3T3 cells were treated with cytochalasin D @) for 90 min, or with cytochalasin following 15 mi
pretreatment with latrunculin B (BM). All samples were pretreated with cycloheximi@yug/ml) as before.
Shown is the average induction of mMRNA after noimagion to Hprt. Error bars indicate SEM (n=3) (And
half range for Eplir3 (B), respectively. Asterisk, significant activaticompared to untreated; double asterisk,
significant repression compared to CD-induced (PSQunpaired student's t-test).

All mRNAs were upregulated by cytochalasin D treatimwhich was prevented by the simultaneous
treatment with latrunculin B (Figure VI-1). In mosases the results of the quantitative RT-PCR and
the microarray analysis were well comparable. ka thse of Ereg and Fhll the mRNA induction
assessed by quantitative RT-PCR correlated espeal with the microarray data, Fam126b,
Limal and Pkp2 showed slightly higher induction tire microarray analysis compared to the
guantitative RT-PCR.

Quantititative RT-PCR with Eplifi-specific primers revealed, that this longer isofas in contrast to
the shorter Epline not affected by treatment with the G-actin bindihgigs cytochalasin D and
latrunculin B. This suggests that transcriptionnirthe Epline. promoter, but not from the Eplih-
promoter, is regulated by G-actin. Note that thére@/f RT-PCR primers detect both theand the
B-isoform. Similarly the probe sets of the Limal geare bound by both isoforms. The actual
induction of the Eplinx transcription by cytochalasin D is therefore higlas assessed by both
microarray analysis and quantitative RT-PCR. Thiéedince between actual and assessed fold
induction depends on the relative levels of Epliand Epling mRNA in the cell.

The microarray data and the verification by quatitie RT-PCR showed that all the selected genes
with potential roles in cell motility respond toastges in the G-actin level, which is known to cohtr
MAL/MRTF activity. As the translation inhibitor ci@heximide was added in the microarray analysis
and the quantititative RT-PCR experiments it cancbacluded that the selected genes are novel

targets directly regulated by G-actin.
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2 Characterization of novel G-actin regulated genessadirect MAL targets

2.1  Assessment of a potential involvement of MAPK sigriag in target regulation

To exclude the involvement of MAPK signaling in tlserved expression induction | repeated
quantitative RT-PCR upon cytochalasin D treatmentiiost of the selected targets in the presence of
the MEK inhibitor UO126. As expected cytochalasinni2diated target induction was essentially
unaffected by inhibition of MAPK signaling (Figux4-2).
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Figure VI-2: MAPK signaling does not contribute to the induction of novel G-actin target genes by
cytochalasin D.Effect of pretreatment with UO126 (104, 30 min) on the average induction target mMRNA by

CD (2uM, 90 min) as assessed by qRT-PCR. Showithareelative target mRNA levels after normalization
Hprt.

The possible regulation of the novel G-actin tasgehll, Pkp2, Pai-1 and Eplinty MAL/SRF
signaling was then examined in more detail.

Eplin-a was described earlier as an immediate-early seesponsive gene (Chen et al., 2000). Indeed
guantititative RT-PCR in the presence of cyclohadanshowed that Eplin-was induced by serum
independent from protein translation (Figure VI-8s serum stimulation also activates the MAPK
pathway in parallel to Rho-actin signaling it ispantant to note, that the serum mediated induation
Eplin-a was significantly inhibited by latrunculin B preatment, which has no effect on MAPK
signaling towards SRF-dependent transcription (feigd-3).



VI. Results 59

4.5 -
4 4
3.5 1
3
235 1
2 1 wox
1.5 A

1 .
0.5 A1 |_|
0 i
un. FCS FCS
LB

relative Eplin-amRNA

Figure VI-3: Serum mediated induction of Eplin-a is dependent on actin-MAL signaling.Effect of 15 min
pretreatment with latrunculin B (5 pM) on the aggrdanduction of Eplin-a mRNA by serum (FCS, 15%, 90
min) as assessed by quantitative RT-PCR. Shovheisterage induction of mMRNA after normalizatioriart.
Error bars indicate SEM of at least three indepehdxperiments. Asterisk, significant activatiomutile
asterisk, significant repression (p < 0.01, unghsdent’s t-test).

To examine a potential involvement of MAPK signglim Eplino regulation more precisely, cells
were pretreated with the MEK inhibitor UO126 befamddition of serum and cytochalasin D,
respectively. A slight but significant reduction s#rum-mediated Eplin-upregulation was observed,
whereas cytochalasin D induction was essentialdffented (Figure VI-4). This suggests that MAPK-

TCF signals might contribute to Eplinregulation, whilst actin-MAL signaling is stricthequired.

5 -
45 A
4 -
3.5 - e PO
3 -
25 A
2 -
1.5 1
1 -
0.5 -
0 A —

un. UO FCSFCS CD CD

uo uo

relative Eplin -a mRNA

Figure VI-4: MAPK signaling might contribute to the serum mediated induction of Eplina. Effect of
pretreatment with UO126 (4@M, 30 min) on the average induction of EpirmRNA by serum (FCS, 15%, 90
min) and CD (2uM, 90 min) as assessed by quangtd®T-PCR. Shown is the average induction of mRNA
after normalization to Hprt. Error bars indicateNbBf at least three independent experiments. Doabterisk,
significant repression (p < 0.01, unpaired studentest).

2.2 Target promoter characterization

Next | searched for the MAL-SRF responsive elenmetiie Epline. promoter. | tested whether a 2 kb

long fragment of the murine Eplm-promoter containing the transcription start sitedimated
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differential expression of a heterologous luciferasporter. Indeed this 2 kb promoter fragment was
induced by serum and cytochalasin D in NIH 3T3s;elhd its induction was reduced significantly by

latrunculin B pretreatment as assessed by lucdemasays (Figure VI-5).
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Figure VI-5: The proximal promoter of Eplin-e is regulated through actin. A fragment of the Eplirn:
promoter ranging from nucleotides -1802 to +132atie¢ to the putative transcription start site eosf
differential regulation to a luciferase reportemgeNIH 3T3 cells transiently transfected with theiferase
reporter construct were treated with latrunculin(® uM; 30 min pretreatment), serum (15%, 7 houns) o
cytochalasin D (2 uM, 7 hours) as indicated. Theosuluciferase activity was measured and normalized
renilla luciferase activity. Shown is the mean tig&a luciferase activity. Error bars, SEM (n = 3sterisk,
significant activation; double asterisk, signifitaepression (p < 0.05, unpaired student’s t-test).

The genomic region encoding the two Eplin isoforsnschematically represented in Figure VI-6.
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Figure VI-6: Genomic organization of the Eplin-w and Eplin-p promoter regions Schematic diagram of the
genomic structure of the Eplin gene, and the premeporter constructs used. The Efireporter ranges from
-1249 to +71, and the truncated Epdiriragments range from the indicated nucleotide 2844 relative to the
transcription start site. Bars in the genomic stiecindicate exons.

The 2 kb long promoter fragment contains two pea&r@RF binding sites: a CArG-like element at

position -1050 relative to the transcription stite and a consensus CArG Box at -124. | therefore
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additionally cloned two promoter deletions into theiferase reporter construct and tested thelitabi

to mediate regulation of the luciferase reportgregsion (see Figure VI-7).

The longer deletion construct comprised both p@€i8RF binding sites whereas the shorter one
lacked the CArG-like element at -1050 but still toned the proximal CArG consensus box at -124.
Both deletion constructs show very similar regolatoy serum and cytochalasin D than the original 2
kb long promoter fragment suggesting that the awise CArG Box at -124 near the transcription
start site mediates Eplintesponsiveness to MAL-SRF signaling. This conse®@RF binding site is
conserved in the human promoter. Consistent withossible involvement of MAPK signaling in
Eplin-a regulation, a TCF-binding site is located adjaderthis CArG Box (Chen et al., 2000).

As a control | analyzed a 1.3 kb long Epfireromoter fragment. The putative Eppnpromoter
contains no potential SRF binding site. As expetiiedanalyzed fragment containing the transcription
start site mediated basal transcription of thefémase reporter but was neither induced by serum no
cytochalasin D (Figure VI-7).
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Figure VI-7: A proximal CArG consensus element at psition -124 mediates Epline. responsiveness to
MAL-SRF signaling. Analysis of the indicated Eplin promoter reportenstructs by transient luciferase assays
in NIH 3T3 fibroblasts. Luciferase activity was mseeed after treatment with latrunculin B (5 puM; 80n
pretreatment), serum (15%, 7 hours) or cytochalBs{@ pM, 7 hours) as indicated. Shown is the nretative
luciferase activity normalized to renilla lucifeeaactivity. Error bars, SEM (n = 3).

Since Epline was described as an epithelial protein with dcalitrole in junction formation, | next
tested the regulation of the shortest promotemfiey in mouse mammary epithelial EpRas cells. As
observed before for other known SRF targets (Bustlad., 2008), the Eplin-induction mediated by
actin binding drugs was generally lower than in NBM3 fibroblasts. Nevertheless, the principle
regulation of the Eplin: promoter by changes in actin dynamics was compaiabepithelial cells:
the reporter was upregulated by both cytochalasianb the F-actin stabilizing drug jaspakinolide,

which also induces actin-MAL signaling (Figure VI-8n both cases the induction was repressed by
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latrunculin B pretreatment. This suggests thatrtfuele of Epline regulation is not fundamentally

different in epithelial cells.
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Figure VI-8: The proximal Eplin- a promoter is differentially regulated by actin binding drugs in mouse
mammary epithelial EpH4 cells.Cells were transiently transfected with the Epli-915) promoter reporter
construct, treated with cytochalasin D (2uM, 7 ®pudatrunculin B (5 uM, 30 min pretreatment), or
jasplakinolide (0.5uM, 7 h), and by luciferase assays. Shown is thenmelative luciferase activity normalized
to renilla luciferase activity, with error bars iodting half range.

To test the regulation of the Eplinpromoter by actin in a more direct way | analyzee effect of
different actin mutants on the luciferase repaativity.

R62D is a nonpolymerizable point mutant actin tisahot incorporated into actin filaments, but
increases the total cellular G-actin level, bindsMAL and consequently inhibits SRF activation
(Miralles et al.,, 2003; Posern et al., 2002). Imtcast, the actin mutant G15S enhances F-actin
formation and constitutively activates MAL-SRF siding (Posern et al., 2004). Thus | ectopically
expressed these two actin mutants and wild tyga,aespectively, together with the shortest Eplin-
promoter construct in NIH 3T3 cells. Actin R62Dwasll as actin wildtype significantly inhibited the
cytochalasin D mediated induction of luciferaseorggr activity (Figure VI-9). Inhibition of serum-
mediated reporter activation was also observabtmversely, G15S activated the Eplinsromoter
independently of external stimuli and the reposretivation was even slightly further increased by

cytochalasin D and serum, respectively (Figure \/I-9
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Figure VI-9 Eplin- a expression is controlled by mutant actinsCotransfection of NIH 3T3 cells with the
shortest proximal Eplin: reporter and actin wildtype (wt), non-polymerizalhutant actin R62D, and F-actin
stabilizing mutant actin G15S. Following cytochaasreatment, the luciferase activity was deterrdine
luciferase assays. Shown is the mean relativedtasg activity normalized to renilla luciferaseiast. Error
bars, SEM (n = 3). Asterisk, significant activatiatouble asterisk, significant repression (p < QWipaired
student’s t-test).

Next | investigated whether G-actin responsive elets exist also in the promoter of Pai-1, Pkp2 and
Fhi1.

I cloned a 2.2 kb long fragment of the murine Pardmoter containing the transcription start st i
the luciferase reporter plasmid pGL3. The genomganization of the Pai-1 gene and its proximal

promoter region is depicted in Figure VI-10.
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Figure VI-10: Genomic organization of the Pai-1 pronoter region. Schematic diagram of the genomic
structure of the Pai-1 gene, and the promoter tepapnstructs used. The original Pai-1 reportagea from
-2093 to +92, and the truncated Pai-1 fragmentgedrom the indicated nucleotide to +118, relativethe
transcription start site.

Pai-1 -1548

By luciferase assays | tested whether the 2.2 kg lvagment of the Pai-1 promoter mediated

differential expression of the heterologous lu@ss reporter. Indeed this 2.2 kb promoter fragment
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was induced by serum and to a lesser degree bytatasin D in NIH 3T3 cells, but surprisingly its
induction was unaffected by latrunculin B pretreamtn(Figure VI-11A).
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Figure VI-11 The proximal promoter of Pai-1 is serum responsiveA fragment of the Pai-1 promoter ranging
from nucleotides -2011 to +92 relative to the pugatranscription start site confers differentiabulation by
serum to a luciferase reporter gene. (A) Analy$ighe indicated Pai-1 promoter reporter constrbgtéransient
luciferase assays in NIH 3T3 fibroblasts (B). NIF33cells transiently transfected with the luciferasporter
constructs were treated with latrunculin B (5 pN;r8in pretreatment), serum (15%, 7 hours) or cydtadin D
(2 uM, 7 hours) as indicated. Thereupon luciferastivity was measured and normalized to renillaféuase
activity. Shown is the mean relative luciferasewvitgt Error bars indicate half range (A).

The 2.2 kb long promoter fragment contains three@hke elements at positions -1736, -1193, and
-354 relative to the transcription start site. eréfore additionally tested the regulation of two
promoter deletions by serum and G-actin bindingygru

The longer deletion construct comprises the tweemtidl SRF binding sites at -1193 and -354
whereas the shortest one only contains the mostimpab element at -354. The shortest promoter
construct showed a very similar regulation thandtiginal longest Pai-1 promoter fragment. It was
induced by serum and to a lesser degree by cytwinohBl The -1548 construct was more weakly
induced by serum and unaffected by cytochalsin @aia latrunculin B did not affect the inducibility
of both truncated fragments (see Figure VI-1185.all three promoter fragments were induced by
serum but unaffected or only marginally activated dytochalasin D and the serum mediated
upregulation was unaffected by latrunculin B treztinl seems likely that the most proximal CArG-
like element at position -354 mediates regulatibRai-1 by MAPK signaling or other pathways but is
not responsive to actin-MAL signaling. The MAL-SRé&sponsive element has therefore yet to be
identified. Unfortunately | was not able to clone the MAL-SREsponsive promoter fragments of
Pkp2 and Fhll; the created reporter constructedaid show considerable responsiveness to either

stimuli (data not shown).
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2.3  Regulation of target expression by MAL

To determine whether these G-actin regulated geresdirect targets of MRTF signaling | transiently
retrovirally infected NIH 3T3 cells with various MAconstructs and examined the effect on target
expression by quantitative RT-PCR.

The different MAL constructs used are schematicafyresented in Figure VI-12.
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Figure VI-12: Schematic diagram of the MAL mutantsused in this study.Conserved sequence motifs in the
mouse MAL protein family are highlighted as boxB®EL motifs are indicated by green bars, basic daxe

in black, and other conserved elements in blue. frhescriptional activation domain is contained tire
C-terminal region. Structures of five different MAhutants are shown.

The upper panedhows wild type MAL with the three RPEL-motifs &etN terminus by which MAL
binds to G-actin. The B-1 domain is essential faclear import and SRF binding, the leucine zipper
mediates dimerization and the C-terminal part dostéhe transactivation domain. MAL (met) starts
from the first methionine and therefore lacks orfetlee three RPEL-motifs, thus the negative
regulation of MAL by G-actin is weakened. MAAN lacks all three RPEL-motifs, the negative
regulation by G-actin is completely abolished ahi$ tconstruct is therefore constitutively active
(Miralles et al., 2003; Mouilleron et al., 2008).AU AN additionally lacking the B1 domain is
thought to associate with MAL via the leucine-zippetaining it in an inactive, cytoplasmic state
(Knoll et al., 2006; Zaromytidou et al., 2006). $thionstruct is therefore dominant negative such as
MAL ANAC which has no transactivation domain (Wang eR28I04; Zaromytidou et al., 2006).
Transient retroviral infection of NIH 3T3cells whighly efficient; the GFP control shows an infeatio
rate of more than 90% (Figure VI-13).
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GFP control

Phase contrast Fluorescence

Figure VI-13: Expression analysis of GFP in controlinfected NIH 3T3 cells by fluorescence microscopy.
Roughly more than 90% of NIH 3T3 cells express hagounts of GFP as judged by comparing fluorescence
microscopy and phase contrast pictures.

All MAL constructs were highly expressed in thesdls; as shown by western blotting (Figure

VI-14).
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Figure VI-14: Transient retroviral infection of NIH 3T3 cells yields high expression levels of the MAL
mutants. Expression analysis of MAL constructs in infectlls using anti-HA antibodies (top), anti-MAL

antibodies (middle), and anti-tubulin as a contbamittom).

Transient retroviral infection with an Mrtf-shRNAgstruct targeting both murine MAL and Mrtf-B
resulted only in partial knockdown; the knockdowfficeency was analyzed by quantitative RT-PCR

and was about 60% for both Mrtf-A and B (Figure\d}.
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Figure VI-15 Determination of knockdown efficiencies yielded by transient retroviral infection with Mr tf
knockdown construct. MAL and Mrtf-B expression was analyzed by qRT-P@#n knockdown. mRNA was
isolated from transiently infected cells, reversegnscribed and quantitated by real-time PCR. felative
MRNA levels after normalization to Hprt are depictError bars, SEM (n=3)

Two days after retroviral infection total RNA wasepared and endogenous levels of target mMRNA
was determined by quantitative RT-PCR. Althoughftiié variations in relation to the control varied
greatly among the different analyzed target gettes principal pattern of regulation by the various
MAL constructs was strikingly similar in all cas@gggure VI-16). Target expression was significantly
induced by the constitutive active MAL construd#AL full length exhibited the weakest activity,
consistent with its tightest regulation throughrad¥lAL AN, which lacks all RPEL motifs and cannot
be bound by G-actin mediated the strongest targdtiction. Endogenous Fhll mRNA was
upregulated most strongly, retroviral infection WAL AN lead to an almost 100fold induction.
Fhi1 is the only target which was also significgnipregulated by wild type MAL that only mediated
a slight induction of the other genes examineduf&g/I-16).
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Figure VI-16: MAL/MRTF alone is sufficient to induce Fhll, Pkp2, Pai-1, and Epline. NIH 3T3
fibroblasts transiently infected with the indicateahstructs were analyzed for mRNA expression di EA),
Pkp2 (B), Pai-1 (C), and Eplin{D) by quantitative RT-PCR. Vector control usedsvgPCX (ctrl.). Shown is
the average induction of mRNA after normalizatiorHprt. Error bars, SEM (n=3). Asterisk, signifitamange
compared to the untreated control (p<0.01, unpatedent's t-test).

Immunoblotting was performed with antibodies agairldL1, PKP2 and PAI-1 and confirmed the
MAL mediated upregulation of these targets on pndevel (Figure VI-17).

Itga5 regulation by actin-MAL signaling has prevébubeen examined by our group. Itga5 mRNA
was induced upon transient overexpression of aetivieborms of MAL, SRF and RhoA (Descot et al.,
2009). Moreover, a CArG-Box within the Itga5 promgtwhich was shown to bind SRF in EMSA,
had already been described (Sun et al., 2006ajadtshown to be upregulated by activated forms of
MAL and SRF.
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Figure VI-17: MAL/MRTF alone is sufficient to induce FHL1, PKP2, PAI-1, and Eplin-w on protein level
Target protein induction by MAL, and repression mgaockdown. Total lysates of transiently infectzslls
were analysed by immunoblotting with antibodiesiagaPKP2, FHL1, PAI-1 and tubulin as a control

The results show that MAL alone is sufficient tduce expression of Fhll, Pkp2, Pai-1 and Eglin-
These genes are thus direct MAL targets. Convetdelsted whether MRTFs are required for serum
induction of these genes. shRNA mediated knockdofwdRTFs resulted in considerably decreased
inducibility of Fhil, Pkp2 and Pai-1 by serum (Fig/I-18).
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Figure VI-18: MAL/MRTF is necessary for FCS mediatel induction of Fhll, Pkp2, and Pai-1 NIH 3T3

fibroblasts transiently infected with the Mrtf kid@own construct or the vector control pSUPER-rpSR)

were analyzed for mRNA expression of Fhil (A), PKB2, and Pai-1 (C) by quantitative RT-PCR. Cellsrev
serum-starved (0.5%) prior to stimulation with fetalf serum (15%, 90 min). Shown are the meantivea
MRNA levels after normalization to Hprt. Error ba®&EM (n=3). double asterisk, significant represgjp<0.05,

unpaired student's t-test).

The repression of serum mediated PAI-1 inductionMiRTF knockdown was also observable on
protein level as shown by immunoblotting (FigureMl). In contrast MRTF knockdown had little
effect on the serum mediated upregulation of Epliff<igure VI-19). | therefore tested the effect of
ectopic expression of dominant negative MANAB and MAL ANAC. Interestingly, only MAL
ANAC significantly inhibited serum induction of Eplip-whereas MALANAB had like the partial
Mrtf knockdown little effect (Figure VI-19).
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Figure VI-19: Effect of dominant negative MAL or Mrtf depletion on serum-stimulated Eplina
expression.NIH 3T3 fibroblasts transiently infected with tlwdicated constructs were analyzed for mRNA
expression of Eplint by quantitative RT-PCR. Cells were serum-stan@89%) prior to stimulation with fetal
calf serum (15%, 90 min) Shown are the mean radfplino MRNA levels after normalization to Hprt. Error
bars, SEM (n = 3). Asterisk, significant activatiatouble asterisk, significant repression (p < QMipaired
student’s t-test).

This result could be explained by a putative ineohent MAPK signaling in Eplin- regulation.
MAL ANAC is thought to block MAL/SRF function by forming teanscriptionally inactive SRF
complex on target promoters. Binding of MAMNAC to SRF via its basic region does not allow
association of SRF with the MAPK-regulated cofastaf the TCF-family (Wang et al., 2004;
Zaromytidou et al., 2006). In contrast, MAINAB retains MAL via its leucine zipper in an inactive
cytoplasmic state as mentioned above but doesaompete with TCF binding to the common SRF
surface (Knoll et al., 2006; Zaromytidou et al.0g]

In order to determine the regulation of these taggmes by MAL in epithelial cells, stably infected
mouse mammary epithelial EpRas cells with activenidant negative and knockdown constructs of
MAL/Mrtf-B were analyzed. Upon whole RNA preparatibdetermined the relative mRNA levels of
Eplin-a, Pkp2, Fhl1l and Pai-1 by quantitative RT-PCR (Fegul-20). Epline, Pkp2 and Fhl1 were
elevated in EpRas cells stably expressing M#IL and MAL (met), whereas Pai-1 was upregulated
only by MAL (met). Conversely, Fhi1 was consideyadecreased by the dominant negative MAL
constructs, whereas Pai-1 and Pkp2 were littlectdite Further analysis of the EpRas cells harbaing
stable Mrtf knockdown revealed a significant reduttof all four target genes, with the strongest
effect on Fhl1 (Figure VI-20). These results demi@ts that MRTFs are sufficient and required for

the expression of the selected targets in epithadits.
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Figure VI-20: Effect of MAL on target expression in epithelial EpRas cells.Relative mRNA levels of Fhil
(A), Pkp2 (B), Pai-1 (C), and Eplin-(D) in EpRas epithelial cells stably infected withe indicated MAL
constructs. Shown is the average mRNA amount, cozdpdo the mock-infected control cells, of two
independent experiments after normalisation to Kpntor bars indicate half range). (E) Relative mRNvels
of MAL, Mrtf-b, Fhll, Pkp2, Pai-1, and Epliain EpRas cells stably expressing MRTF shRNA in parison
to the pSR control. Quantitation of relative mRNévéls after normalization to Hprt is depicted. Aisle
significant repression compared to the mock-infécintrol cells (p<0.05, unpaired student's t-test)

2.4  Recruitment of MAL and SRF to target promoters

To directly demonstrate the involvement of MAL ranscriptional regulation, | performed chromatin
immunoprecipitations using MAL/MRTF-B and SRF speciantibodies. The chromatin was

precipitated from NIH 3T3 cells treated with andheut cytochalasin D. The known MAL target

gene Srf and the “housekeeping” gene Gapdh wer@ aseontrols. In order to determine whether
MAL and SRF are recruited to the Eptinpromoter, | performed quantitative PCR followinglE

with primers flanking the proximal CArG-Box at -12¢hat was shown to mediate Eptn-
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responsiveness to MAL-SRF signaling in the luciderassays. The Pkp2 gene contains a CArG-like
element in the first intron at nucleotide 2894 mftee transcription start site, which is conserued
human, rat and mouse. This region was analyzedVi@iTF and SRF binding by ChIP. Upon
treatment with cytochalasin D MAL was inducibly rneted to the analyzed Eplim-and Pkp2
promoter regions, similarly to the known MAL targgéne Srf (Figure VI-21). Quantitative PCR
revealed that MAL recruitment to the Eplinand the Srf promoter was increased more than [t0-fo
MAL-binding to the Pkp2 intronic region was sigedntly induced 5fold (Figure VI-22). SRF on the
other hand proved to be constitutively presenhatHpline. and the Srf promoter, and its binding was
only slightly enhanced upon cytochalasin D treatm&his constitutive binding of SRF to promoter
regions has been previously shown for other knaavget genes such as Vinc and Cyr61 (Descot et
al., 2009; Miralles et al., 2003). Surprisingly tB&F recruitment to the Pkp2 intronic region is
strongly increased upon induction of MAL-SRF sigmgl

input ctrl IP: SRF IP: MAL
un. CD un. CD wun. CD un. CD
— e WS «— Pkp2
O o i - s <«— Eplin-a
W —— W — - - < Srf
- - - <«— Gapdh

Figure VI-21: MAL and SRF are recruited to the Eplin-a and the Pkp2 promoter. Following chromatin
preparation from starved (un.) and stimulated NIFB ®ells (CD, 2uM; 30 min), antibodies specific for SRF
and MAL, or a negative control antibody (ctrl), wensed for Chromatin-IP. Immunoprecipitated anduinp
Pkp2, Srf and Gapdh promoter fragments were aragliiy conventional PCR and visualized by agarose ge
electrophoresis.
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Figure VI-22: MAL and SRF are recruited to the Eplin-a and the Pkp2 promoter Upon chromatin
preparation form starved (un.) and stimulated NIFB 2ells (CD, 2 uM; 30 min) and chromatin-IP usBBF
and MAL specific antibodies the relative amountspadcipitated promoter fragments were measuredeblf r
time PCR. Shown is the relative quantitation of @apSrf, Epline, and Pkp2 promoter fragments from three
independent chromatin preparations and IPs, exgaleiss % of the input chromatin. Error bars, SEM 3=
Asterisk, significant change compared to the utéidaontrol (p<0.01, unpaired student's t-test).
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SRF recruitment and inducible MAL recruitment te ®rf and the Eplin-promoter was also detected
after serum stimulation (Figure VI-23). The contasitibody did not immunoprecipitate any of the

analyzed promoter fragments, and neither MAL noF 8Rre recruited to the Gapdh promoter.
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Figure VI-23: MAL is inducibly recruited to the Eplin-a promoter upon serum stimulation Upon
chromatin preparation form starved (un.) and statad NIH 3T3 cells (FCS, 15%; 30 min) and chrom#@n
using SRF and MAL specific antibodies the relatweounts of precipitated promoter fragments weresoneal
by real-time PCR. Shown is the relative quantitatid Gapdh, Srf, and Eplinfpromoter fragments expressed in

% of the input chromatin. Bound Eplinpromoter fragment in MAL immunoprecipitates wasrgased 5.8 fold
by FCS.

The ChIP results suggest that both the Egliand the Pkp2 promoter are inducibly bound and
regulated by MAL through its interaction with SRF.

2.5 Target regulation in other cellular systems

Furthermore | analyzed the responsiveness of PRgZ-all to MAL-SRF signaling in other cellular
settings. In epithelial MDCK cells MAL dependentrtscription is induced upon disruption of
E-cadherins and Adherens Junctions, e.g. by remtucti extracellular calcium (Busche et al., 2008;
Busche et al., 2010). Indeed PKP2 is upregulatemh upssociation of MDCK cell-cell contacts by
calcium withdrawal as shown by immunoblotting (Fegw/I1-24). Similarly, FHL1 was induced in
mouse embryo fibroblasts treated with cytochal&s{frigure VI-24). This suggests that the regulation
of the Pkp2 and Fhl1 genes through the actin-MAlhway is a widespread mechanism and applies to
various cell types and upstream stimuli.
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Figure VI-24: PKP2 and FHL1 are upregulated by varbus upstream stimuli inducing MAL-SRF
signaling. Protein expression of PKP2 and FHL1 upon MAL/SRéuition by either calcium withdrawal in
epithelial MDCK cells or cytochalasin D treatmeBti (M, 7 h) in mouse embryo fibroblasts as assessed by
immunoblotting of 2Qug of total lysate .

Immunoblotting for PKP2, FHL1, and PAI-1 in totaishtes of various cell lines revealed a rather
heterogeneous expression pattern of those tarfgiensr€ VI-25). As expected, PKP2 is most strongly
expressed in non-invasive epithelial cell lineshsas EpH4, EpRas, and MDCK cells. However, it is
also detectable on protein level in the epitheliabast cancer cell lines MDA-MB-468 and
MDA-MB -231 and in the NIH 3T3 fibroblasts. Endogers basal FHL1 levels were low in most cell
lines analyzed, although Fhll is detectable on mR&U&l in EpRas cells, for instance. FHL1 protein
was only visible in MDCK and NIH 3T3 cells. PAI-Tqgtein levels were detectable in all cell lines
tested. Interestingly it was similarly to PKP2 vergakly expressed in the breast cancer cell lines
MDA-MB-468 and MDA-MB-231 whereas the non-invasiepithelial mouse mammary cell lines

EpH4 and EpRas contained high amounts of endogdPali& protein.
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Figure VI-25: Protein expression of novel MAL-SRF argets in various cell lines Protein expression of the
G-actin regulated genes Pkp2, Fhil and Pai-1 wesrdaed by immunoblotting of 2(g of total lysate from
the indicated cell lines.

3 MAL impairs cell motility of non-invasive fibroblas ts

MAL-SRF signaling plays a pivotal role in cytoskigle organization and actin homeostasis as
demonstrated by the numerous target genes encatlingtural and regulatory effectors of actin

dynamics and components of focal adhesions. Inrotoldest whether MAL/MRTFs affect cell
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motility through such target genes, including three® characterized above, | ectopically expressed
various MAL constructs in non-invasive cell linesdaexamined the effect on the migratory behavior.
As a non-invasive mesenchymal system | chose the3NI3 cell line, in which actin MAL signaling
was previously characterized and the regulatiaih®felected novel MAL targets was examined.
Upon transient retroviral infection of NIH 3T3 celith the MAL constructs described above the
effect on migration through uncoated transwell membs was measured. The directed motility of
NIH 3T3 cells towards growth medium containing 1%3-as a chemoattractant was significantly
impaired by ectopic expression of constitutive\xaetlAL AN and MAL (met). Conversely dominant
negative MALANAB and MAL ANAC as well as partial MAL/Mrtf-B knockdown enhanagidected
migration through transwells (Figure VI-26, Figiwe27A).

Constitutive active MALAN and MAL (met) as well as wild type MAL also sifinantly decreased
undirected transwell migration of fibroblasts irrga-containing medium (Figure VI-27B); ectopic
expression of dominant negative MAL and MAL dematihad little effect under those conditions

(data not shown).

ctrl.  MAL (met) MALANAB PSR

MALAN  MAL(fl)

Figure VI-26: MAL/MRTF has an antimigratory effect in NIH 3T3 fibroblasts. Transient overexpression of
constitutive active and wild type MAL impairs migian through uncoated transwell membrane in Boyden
chamber assay whereas dominant negative MAL and MAhckdown enhance cell motility. Directed cell
migration was analyzed by letting cells migratenfr6CS free medium towards 1% FCS containing medarm

2 hours. Representative micrographs of stainedatggrcells on the lower side of the membrane aveish
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Figure VI-27: MAL/MRTF has an antimigratory effect in NIH 3T3 fibroblasts. Transient overexpression of
constitutive active and wild type MAL impairs migian through uncoated transwell membrane in Boyden
chamber assay whereas dominant negative MAL and MAhckdown enhance cell motility. Directed cell
migration was analyzed by letting cells migratenfr6CS free medium towards 1% FCS containing medarm

2 hours (A). Undirected motility through transwalembranes was determined after 8 hours in growtttiume
containing 10% FCS (B). Expression of MAL consteuahd shRNA was accomplished by transient retrbvira
infection. Quantitation of three independent inimes$ is depicted with error bars indicating SEM tekisks:
significant changes (p<0.05, unpaired studengstt

MAL AN showed the strongest negative effect on fibrabtaigration consistent with the lack of
negative regulation by G-actin binding.

Together these results suggest an antimigratorgtibm of MAL activity in fibroblasts. Transwell
migration is a rather artificial process in whiaklls have to squeeze through narrow pores oh8n
diameter. To examine whether the negative effecMéid on fibroblast migration was a general
feature that could be reproduced under differentlitmns | performed in vitro wound closure assays.
To exclude an influence of altered proliferatioradded mitomycin C, which blocks cell cycle
progression. The NIH 3T3 cells’ ability to migraitgo a preformed wound in the cell layer was
significantly impaired by ectopic expression of MAIN, MAL (met) also slightly decreased wound
closure (Figure VI-28, Figure VI-29A).

Conversely dominant negative MAANAB and MAL ANAC as well as partial MAL/Mrtf-B
knockdown enhanced fibroblast migration into thd tree space (Figure VI-29B). The observed

promigratory effect of MALANAB was significant.
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Figure VI-28: MAL/MRTF impairs 2-D migration in wou nd closure assaysTwo days after infection cells
were seeded into migration inserts at a densitg@®O00 cells in 7Qu growth medium per reservoir. After
attachment overnight the inserts were removed cefid were allowed to migrate into the wound fortRih the
presence of mitomycin C (10g/ml) to block proliferation. Micrographs of the wod closure with lines
indicating the migration front are depicted.
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Figure VI-29: MAL/MRTF impairs 2-D migration in wou nd healing assaysWound closure assays were
conducted as described above (Figure VI-28). Walloslure was measured after 24 h to determine feetedf
active MAL (A), and after 11 h to analyze the effeEdominant negative constructs and MAL knockddBi,
respectively. Quantitation of the relative migratidistance is shown. Expression of MAL construcis shRNA
was accomplished by transient retroviral infectigmor bars indicate SEM of three independent erpents.
Asterisks indicate significant changes (p<0.05,airgal student's t-test).

MAL activity was therefore shown to negatively cdate with migration of non-invasive,
mesenchymal cells under various conditions; dicecad undirected migration through transwell
membranes as well as two-dimensional wound closae significantly impaired by active MAL. As
observed before in the activation of target expoasthe ability of G-actin to negatively regulatet
various active MAL constructs is reflected in thensactivation potential of the constructs; expogss

of wild type MAL has the weakest effects on targeluction and migration of fibroblasts, consistent
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with its tightest regulation through actin. As MAIN lacks all RPEL-motifs, inhibition by G-actin is

completely abolished and this construct therefarelsts the strongest transactivation activity.

4 MAL exhibits similar antimigratory functions in non -invasive epithelial cells as in

fibroblasts

To test whether MAL has different effects on migmatof epithelial non-invasive cells, EpRas lines
were selected which stably express wild type MAttivee MAL AN and MAL (met), dominant
negative MALANAB and MAL ANAC and the MAL/Mrtf-B shRNA construct. The mouse nmaany
epithelial EpRas cell line was used as a modekesih exhibits many features characteristic of
untransformed epithelial cells, including formatiohproper junctions and expression of cytokeratin
(Huber et al., 2004; Oft et al., 1996).

Retroviral infection of EpRas cells is consideralggs efficient than NIH 3T3 infection. Therefore
selection of stable lines was necessary. Ectogicession of the activated MAL constructs was very
weak and did not exceed endogenous MAL levels dged by immunoblot analyses with antibodies
against MAL/MRTF-B and the HA expressed by the tatss (Figure VI-30).
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Figure VI-30: Expression analysis of MAL constructsin stably infected EpRas cellsMAL protein levels
were determined by immunoblotting using anti-HAilbodies (top), anti-MAL antibodies (middle), andtian
tubulin as a control (bottom).

The weak expression of especially active MAL irbtaselected cells is likely explained by impaired
growth of high-expressing cells, due to recentlyoréed antiproliferative MAL effects (Descot et, al.
2009). To assess whether the obtained expressisrsufficient for detectable activity of the various
constructs, the stable EpRas cell lines were teztsfl with a MAL responsive luciferase reporter
constructs and reporter activity was measured ineated cells and upon cytochalasin D induction
(Figure VI-31).
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Active MAL AN and MAL (met) significantly enhanced basal repoictivity, but did not further
enhance cytochalasin D mediated reporter activatiime dominant negative MAL constructs
MAL ANAB and MAL ANAC both significantly decreased basal reporter aggtand impaired the

cytochalasin D mediated inducibility.

MAL activity in stable EpRas lines

relative luciferase activity

ctr. MAL MAL MAL MAL
AN (met) ANAB ANAC

Figure VI-31: Stable expression of MAL constructsim EpRas cells effects MAL-SRF signalingAnalysis of
SRF activity by transient luciferase assays in Igtatansfected EpRas cells. Shown is the meanivelat
luciferase activity, normalized to Renilla lucifeea Error bars, SEM (n=3). Asterisk, significantacge
compared to control (p<0.05, unpaired studengst)t

The results of the luciferase assays suggestetdthactopic expression of the MAL constructs was
sufficient to considerably affect actin-MAL signadj activity in the stable EpRas cell lines. Thiig, t
migratory behavior of these cells was analyzed.

The effect of the different MAL constructs on celbtility of these non-invasive epithelial cells was
strikingly similar to those observed in NIH 3T3 riblasts. Ectopic expression of both active
MAL AN and MAL (met) significantly impaired undirectedigration of EpRas cells through
uncoated transwell membranes (Figure VI-32, Figtr83A). Conversely dominant negative MAL
ANAB and MAL ANAC slightly enhanced undirected as well as direttaaswell migration (Figure
VI-32, Figure VI-33). Active MAL showed no effecnhadirected migration of EpRas cells through

transwell membranes (Figure VI-33B).
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Figure VI-32: MAL/MRTF has an antimigratory effect in epithelial EpRas cells.EpRas cells stably
expressing constitutive active MAL show impairedgration through uncoated transwell membrane in Bayd
chamber assay, whereas cells stably expressingndomnegative MAL constructs or Mrtf shRNA exhibit

increased cell motility. Undirected movement wassaged in serum-free growth medium for 23 h.
Representative micrographs of stained migrated cellthe lower side of the membrane are shown.
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Figure VI-33: MAL/MRTF has an antimigratory effect in epithelial EpRas cells. EpRas cells stably
expressing constitutive active MAL show impairedgration through uncoated transwell membrane in Bayd
chamber assay, whereas cells stably expressingndominegative MAL constructs exhibit increased cell
motility. Undirected movement was assayed in seftem-growth medium for 23 h (A), directed movement
occurred from serum-free medium towards 10% FCSatoing medium for 14 h (B). Quantitation of three
independent experiments is depicted with error lradgating SEM. Asterisks: significant changes {55,
unpaired student's t-test).

Partial MAL/Mrtf-B knockdown significantly enhancetoth directed and undirected transwell
migration of these non-invasive epithelial cellsg(ffe VI-34) although the knockdown efficiencies

for MAL and Mrtf-B were only 50% and 40%, respeetiy, as shown above (Figure VI-20).
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Figure VI-34: MAL/MRTF has an antimigratory effect in epithelial EpRas cells.Cells stably expressing
Mrtf shRNA exhibit increased transwell migrationndirected movement was assayed in serum-free growth
medium for 23 h, directed movement occurred fromrsefree medium towards 10% FCS containing medium
for 14 h. Quantitation of three independent expents is depicted with error bars indicating SEMtefisks:
significant changes (p<0.05, unpaired studengst-t

Our group previously described negative regulattbrthe EGFR-MAPK signaling axis by MAL
dependent MIG6 induction (Descot et al., 2009).idition of MAPK signaling could potentially
impair cell motility, but since the effects of MAGn migration were also observed in serum free
conditions, it is unlikely that they are solely medd by MAL dependent MIG6 expressiorhe
results of the transwell migration assays sugdedtiow levels of MAL are sufficient to exhibit ot
transcriptional and migratory responses and that_Mvas similar antimigratory functions in non-

invasive epithelial and mesenchymal cells.

5 MAL is required for cell motility of invasive tumor igenic cells

Interestingly MAL and MRTF-B have recently been lioated in tumor cell invasion and metastasis.
Knockdown of both MAL and MRTF-B strongly reducedhasion, spreading, invasion and motility
of highly invasive breast cancer and melanoma ¢kledjkane et al., 2009). To address this apparent
discrepancy between MAL/MRTF-B requirement for isive cell motility and its antimigratory
function in non-invasive epithelial and mesenchygsls, | analyzed transwell migration and wound
closure upon partial MAL depletion in the invastweast cancer cell line MDA-MB-231, which was
used in the study by Medjkane et al.

In spite of low transfection efficiencies, both mation through transwell membranes and wound
closure were impaired by a partial MAL/Mrtf-B knabwn, essentially reproducing the antimigratory
effect of Mrtf depletion (Figure VI-35).
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Figure VI-35: MAL is required for cell motility of invasive MDA-MB-231 cells Depletion of MAL impairs
migration of MDA-MB-231 through uncoated transwetiembrane in Boyden chamber assay or in wound
closure assay. MAL/Mrtf-B was depleted from MDA-MEB1 cells by transient transfection with Mrtf sShRNA
To analyze transwell migration cells were allowedttigrate from FCS free medium in the upper conmpeant
towards 10% FCS containing medium in the lower dbremnfor 15 h. Depicted is the quantitation of tekative
transwell migration and the relative migrationgaliee, respectively.

Thus, differences in experimental procedures cdogd excluded as cause for the seemingly
contradictory results. We therefore hypothesized MAL could have opposite effects on migration
in the different cells studied. To test whether Mi&lLrequired for cell motility of other invasivellse

| treated the stable MAL expressing EpRas lines WiGF for 6 days, which induces an epithelial-
to-mesenchymal transition (EMT). The morphologigalltered mesenchymal cells obtained are now
termed EpRasXT and are able to develop invasiversinrm mice (Oft et al., 1996), similar to the
highly invasive human breast cancer cell line MDABI31. After the transition to the mesenchymal
phenotype was completed, transwell migration asgalysthe EpRasXT lines stably expressing the
various active and dominant negative MAL construetsre performed. Strikingly, the MAL
constructs exhibited opposite effects on transweilfjration of these invasive EpRasXT cells
compared to the epithelial EpRas cells: active M#irongly enhanced migration in transwell
chambers, whereas dominant negative MAL had nactefie caused a slight reduction in motility
(Figure VI-36, Figure VI-37). These findings suggadundamentally different migratory function of

MRTFs in invasive and non-invasive cells.
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Figure VI-36: MAL enhances transwell migration of invasive EpRasXT cells Stable mutant MAL
expressing EpRas cells which had undergone epithmisenchymal transition by TGFtreatment for 7 days
were assayed for directed transwell migration tawa0% FCS for 24 h. Representative micrograplstaified

migrated cells on the lower side of the membraseshown.
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Figure VI-37: MAL enhances transwell migration of invasive EpRasXT cells Stable mutant MAL
expressing EpRas cells which had undergone epithmisenchymal transition by TGFtreatment for 7 days
were assayed for directed transwell migration talwak0% FCS for 24 h. Quantitation of the relatianswell
migration with error bars indicating half range 2)3s depicted.

6 Identification of MAL targets mediating the antimigratory function of MAL in

non-invasive cells

To identify MAL/MRTF targets that mediate the angmatory effect of MAL in non-invasive

epithelial and mesenchymal cells | depleted thecsetl newly identified G-actin regulated genes with
potential roles in cell motility in our cellular del systems. Upon transient transfection of NIH 3T3
cells with siRNAs against Itga5, Pkp2, and Fhlletfprmed wound closure and transwell migration
assays. Partial depletion of Itga5 and Pkp2 sicauifily enhanced NIH 3T3 wound closure whereas
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Fhil knockdown had no effect (Figure VI-38A). Woudidsure assays performed on dishes coated
with the ITGAS ligand fibronectin showed strikinglyimilar effects of Itga5 depletion (Figure
VI-38B).
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Figure VI-38: Knockdown of integrin a5 and plakophilin 2 enhances fibroblast wound close. Cells were
transiently transfected by RNAIMAX with the indieat sSiRNA and plated in wound closure chambers ai no
coated cell culture dishes (A) or fibronectin cadatiishes (10 pg/cth (B) at a density of 20.000 cells in 70
growth medium per reservoir. After attachment oighththe inserts were removed, and cells were atbwo
migrate into the wound for 12 h in the presencemitbmycin C (10ug/ml) to block proliferation. A non-
targeting siRNA was used as a control. Quantitatibrthe mean relative migration distance with erpars
indicating SEM (n=3) is depicted. Asterisk, sigoént induction (p<0.05, unpaired student's t-test).

Similarly, Itga5 and Pkp2 knockdown enhanced umti@ migration of NIH 3T3 cells through
uncoated transwell membranes; the observed protoigraffect of Itgab siRNA #2 was significant
(Figure VI-39A). Again Fhll depletion had no effect NIH 3T3 migration.

The knockdown efficiencies are shown in Figure YB3
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Figure VI-39: Knockdown of integrin a5 and plakophilin 2 enhances fibroblast transwell rigration. Cells
were transiently transfected by with the indicag#®@NA and plated in uncoated as before. A non-targe
siRNA was used as a control. Quantitation of themeelative transwell migration with error barsigaling
SEM (n=3) is depicted (A). Asterisk, significandirction (p<0.05, unpaired student's t-test). Theckdown
efficiencies of the indicated target genes in NIFB3ells were measured by quantitative RT-PCR. $hare
the mean relative mRNA levels after normalizationHprt. Error bars indicate SEM of three independen
experiments.
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Interestingly, the Itga5 siRNA#2 that yielded inwvier knockdown efficiencies than the siRNA #1
showed in both migration assays stronger effedts dould be explained by a biphasic dependence of
migration speed on integrin expression, which hesnbpreviously described (Palecek et al., 1997).
The extremely low Itga5 levels attained with Itga®RNA #1 might be suboptimal for NIH 3T3
motility.

A second and even more efficient sSiRNA for Pkp2 wais® tested, but its migratory effects were not
interpretable due to cytotoxicity in NIH 3T3 ceftsot shown).

Epithelial EpRas cells were transiently electropenido achieve target depletion. The migratoryatffe
was analysed in directed transwell migration ass@®kp2 and Fhll knockdown strongly and
significantly enhanced cell motility, as assessétl two different sSiRNAs each (Figure VI-40). The
considerably smaller effect of Fhil siRNA #2 on EgRcell motility was reflected by the lower
knockdown efficiency obtained by this siRNA.
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Figure VI-40: Pkp2 and Fhll knockdown affects migraion of epithelial EpRas cells Cells were transiently
electroporated with the indicated siRNA and plaitedincoated as before. Directed transwell migraticas

analyzed by letting the cell migrate from serunefreedium towards 10% FCS containing medium for 18 h
non-targeting siRNA was used as a control. Knockdetficiencies as assessed by qRT-PCR are givenviees

percent decrease, compared to the control. Qutntitaf the mean relative transwell migration wétror bars

indicating SEM (n=3) is depicted. Asterisk, sigoént induction (p<0.05, unpaired student's t-test).

These results indicate that both PKP2 and FHLkatieally limiting the migratory potential of thes
non-invasive epithelial cells. | also tested thfedf of Pai-1 depletion on motility of non-invasive
epithelial and mesenchymal cells but due to vew konockdown efficiencies and apparent off-target
effects, | was not able to determine its role ith weggration. Epline. knockdown had no effect on cell
migration under the tested conditions (data notsho
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The strong and significant effects of Pkp2 and Rtibckdown on EpRas migration suggested that
these targets could contribute to the antimigratiomyction of MAL in these cells. Fhll was an

especially promising target, as its expressionhi@ EpRas lines stably expressing various MAL
constructs strongly correlated with the observedyration rates through uncoated transwell

membranes.

6.1 Knockdown of Pkp2 and Fhll partially rescues the atimigratory MAL effect in
epithelial cells

To establish a contribution of these novel targetshe MAL mediated migration effect, | tested,
whether a knockdown of Pkp2 and Fhll could reshanenal transwell migration rates in the EpRas
line stably expressing MAL (met). Depletion of @itiPkp2 or Fhill by transient electroporation with
two different siRNAs each resulted in a more thaoftld increase in migrated cells compared to
MAL (met) expressing cells transfected with a cohg8iRNA (Figure VI-41A). The effects of both

Pkp2 siRNAs were significant. Double knockdown bfFFand Pkp2 also resulted in a significant and
even slightly stronger enhancement of transmignattdowever, comparison to EpRas cells stably
infected with the vector control revealed, that raigpn was only partially restored (Figure VI-41A).

Target mMRNA levels in the different samples weralgsed by quantitative RT-PCR (Figure VI-41B).
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Figure VI-41: The antimigratory effect of MAL is partially rescued by knockdown of Fhi1 or Pkp2 EpRas
cells stably infected with MAL (met) or vector cositwere transiently electroporated with the intéchsiRNA
(ctrl., non-targeting siRNA; DKD, double knockdowh Fhi1 and Pkp2). Directed cell migration was gmat

by letting cells migrate from FCS free medium ie tipper transwell compartment towards 10% FCS guntp
medium in the lower chamber for 16 h. Shown isrttean relative transwell migration with error bardicating
SEM (n=3). Asterisk, significant induction compartaml MAL expressing cells electroporated with cohtro
siRNA (p<0.05, unpaired student's t-test) (A). Reta Fhll and Pkp2 mRNA levels upon knockdown were
measured by quantitative RT-PCR. Shown are the melative mRNA levels compared to MAL expressing
cells electroporated with control siRNA after notization to Hprt. Error bars, SEM (n=3).

The residual Pkp2 mRNA levels upon transfectiorhvidkp2 siRNA #1 and siRNA #2 as well as in
the double knockdown fell below the endogenous RRBERA levels in the vector control cells not
stably overexpressing MAL (met) (Figure VI-41B)stfficient Pkp2 knockdown efficiencies could
therefore not explain the partial rescue of migmatiin contrast, the remaining FhiI1 mRNA amount
upon transient Fhil depletion in the MAL (met) eegsing cells was still three times higher than in
the control infected cells (Figure VI-41B). Thisndenstrates that insufficient Fhll knockdown
efficiency could have prevented a complete res€ughermore, Pkp2 and Fhil are most likely not the
only targets contributing to the antimigratory ftion of MAL in non-invasive epithelial cells.
Nevertheless, these results show that depletidfhtif and Pkp2 partially restores the antimigratory
effect of MAL and strongly suggest that their uprdegion is involved in MAL regulation of cell
motility.
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7 Regulation of MAL during epithelial-mesenchymal transition

Carcinoma progression was shown often to involveoacalled epithelial-mesenchymal transition
(EMT); cell-cell contacts dissociate and epithetialls transform into unpolarized motile cells a&s a
early step of tumor progression (Perl et al., 1998)

Two recent reports have proposed that the trarigsmrgd coactivators of the MAL/MRTF family are
required for both EMT induction (Morita et al., 2Q0and invasive cell motility (Medjkane et al.,
2009).

In turn, we have recently demonstrated that MAladsivated during EMT and calcium-dependent
disassembly of E-cadherin-mediated epithelial jumst through activation of Rac and dissociation of
MAL from G-actin (Busche et al., 2008; Busche et 2010).

In order to investigate the involvement of MAL e&psion and activity in EMT | induced EMT with
EGF or TGFB in several model cell lines, including NBT-II (faedder carcinoma), PANC-1 (human
pancreatic carcinoma), HaCaT (human keratinocydad) EpRas. Phase contrast imaging confirmed

the typical early morphological changes such attesirag and flattening (Figure VI-42).

NBT-II A HaCaT

Figure VI-42: Induction of epithelial-mesenchymal tansition in four model cell lines To induce EMT,
EpRas, PANC-1, and HaCaT cells were treated witbmbinant human TGB1 (5 ng/ml, 10 ng/ml, and 2.5
ng/ml, respectively). NBT-II cells were treated lwitecombinant human EGF (10 ng/ml). The medium was
changed every second day. Representative phasastomicrographs were taken after three days.

As observed before in EpRas cells (Busche et @082 EMT induction resulted in induced MAL
dependent SRF activity in all four model cell-linas assessed by luciferase assays (Figure VI-43).
could therefore confirm that dissociation of epligdgunctions and epithelial-mesenchymal transitio

stimulates MAL transcriptional activity through saing.
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Figure VI-43: Induction of MAL dependent SRF activity during EMT . Relative SRF luciferase reporter
activity in EMT model cell lines. Cells were traesfed with a MAL responsive luciferase reporter.ndirs
later EMT was induced as described above (see €&igl#2). Shown is the mean relative luciferaseavigt
after normalization against renilla luciferase tgiin comparison to untreated control cells. Erpars indicate
SEM (n=3). Asterisk, significant induction (p<0.QBpaired student's t-test).

Furthermore | analyzed the regulation of MAL exgies upon EMT induction by immunoblotting. In
all four model cell-lines MAL protein levels weraligkly elevated at the onset of EMT, regardless of
the used EMT inducing ligand (Figure VI-44). Itiimportant to note, that the antibody used for
immunoblotting recognizes both MAL and MRTF-B.
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Figure VI-44: MAL protein is upregulated upon EMT induction. MAL Protein was determined by
immunoblotting of 20ug of total lysate from the indicated cell lines. EMvas induced as described above.
Tubulin served as loading control.

Next | analyzed the effect of EMT induction in teesiodel cell lines on MAL and Mrtf-B mRNA
levels by quantitative RT-PCR. Endogenous MAL mRMAs quickly upregulated upon EMT
induction (Figure VI-45). Thus, epithelial-mesenctal transition not only stimulates MAL
transcriptional activity through signaling but aushally induces MAL expression as observed on
MRNA and protein level. Strikingly, Mrtf-B mRNA lels remained essentially unaffected (Figure
VI-45).
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Figure VI-45: MAL mRNA is upregulated upon EMT indu ction. MAL and Mrtf-B mRNA regulation during
EMT was analyzed by quantitative RT-PCR. EMT waduted as described above. Shown are the relative
MRNA levels after normalization to Hprt (EpRas adBT-Il cells) or Alasl (PANC-1 and HaCaT cells) in
comparison to untreated cells. Error bars indiGHEM (n=3). Asterisk, significant induction (p<0.Qpaired
student's t-test).

Together, these results suggest a role of MAL duearly steps of EMT. Whether the enhanced MAL
expression at the onset of EMT represents a femdafd regulation or rather a negative feedback

mechanism has yet to be determined.

7.1  Contribution of miRNAs to the differential regulati on of MAL

| thus asked which mechanisms might affect MAL esgion during epithelial-mesenchymal
transition. One possibility could be modulation tmjcroRNAs, which fine-tune mMRNA expression
and stability (reviewed in (Bartel, 2004)). It Hasen estimated that 30% of all genes are subject to
regulation by microRNAs. Cancer-associated EMT mmedastasis are among the numerous processes
regulated by miRNAs (reviewed by (Gregory et 2800, Ma and Weinberg, 2008).

Therefore | used the miRNA databases PICTAR andéf&can to screen for miRNA binding sites in
the 3'UTR of the MAL mRNA. Indeed, we found threéRiNAs potentially targeting MAL. They are
good candidate miRNAs because i) they are phyldgetly highly conserved (human, mouse, rat,
dog, chicken); ii) they have highly-conserved bimdiites in the MAL 3'UTR; iii) the free energy
(-AG) of the binding is high; and iv) they form exegit seeds comprising the nucleotides 2-8 of the
mMiRNA (Fig. 4).
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Figure VI-46: Schematic diagram of the predicted dplexes between MAL mRNA and the potential MAL
targeting miRNAs. miRNAs (green), corresponding binding sites in MAL 3'UTR (red), and the free
energies of the binding are depicted. The predictediexes between the MAL 3'UTR and the potential
targeting miRNAs show perfect-match base pairingmasing nucleotides 2-8 of the miRNA.

Of note, we did not find any miRNA potentially tetang Mrtf-B, which failed to show differential
expression during EMT. The miRNA miR-1-1 is tramgtonally regulated by the MAL homolog
myocardin and SRF itself and is prominently expedsa muscle cells (Chen et al., 2006; Zhao et al.,
2005). However, it is repressed in metastasizingateeellular carcinoma, whereas miR-219 was
found to be induced in the same study (Budhu et28l08). The miR-206 is also predominantly
expressed in muscle (Sweetman et al., 2008), hytresses breast cancer metastasigivo and
reduces migratiom vitro through as yet unknown mechanisms (Tavazoie 2@083).

| used synthetic 2'-O-methyl antisense-RNAs to darthese endogenous miRNAs. The neuron-
specific miR-124, which has no homology to MAL, wesed as a negative control (Visvanathan et al.,
2007). To monitor the effect on MAL expression)dred the 3'UTR of human, rat and mouse MAL
behind a luciferase reporter gene under the coofral constitutive TK promoter. Assuming that the
endogenous miRNAs under investigation are indesgbting the putative binding sites in the MAL
3'UTR, inhibition of these miRNAs should lead toianreased reporter activity.

The EMT model cell lines were transiently transéelctvith the luciferase reporter plasmid containing
the corresponding MAL 3'UTR (human, rat, and mousspectively) and the synthetic 2'-O-methyl
antisense-RNAs. Two days after transfection with d@intisense-RNA targeting miR-1-1 a significant
induction of reporter activity as assessed by &rage assays could be observed in murine EpRas and
human PANC-1 cells. However, the effect was ondynsient, on day three reporter activity reached
basal levels again. The antisense-RNAs targetirig-20i6 and miR-219 had no significant effect on

luciferase reporter activity (data not shown).
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Figure VI-47: Inhibition of miR-1 induces MAL 3'UTR driven reporter activity. Cells were simultaneously
transfected with a MAL 3'UTR containing luciferassporter and a synthetic 2'-O-methyl anti-miR-liserise-
RNA. Shown is the mean relative luciferase actiafter normalization against renilla luciferaseidtt in
comparison cells transfected with a control angsseRNA (2’-O-methyl anti-miR-124 antisense RNA)rdr
bars indicate SEM (n=3). Asterisk, significant intlan (p<0.05, unpaired student's t-test).

These preliminary results suggest that miR-1-1 iighable to target the 3'UTR of MAL and thereby
inhibit MAL expression.

| also analyzed the effect of miRNA inhibition lyamsient transfection with 2’-O-methyl antisense-
RNAs on endogenous MAL protein levels but did niotain reproducible results probably due to the
rather weak regulation mediated by miRNAs thabissidered to fine tune target expression.

Ectopic overexpression of miRNAs also yielded diestt results. | could not determine the
underlying cause as | was unable to measure thaneiok miRNA levels by Northernblotting. The
establishment of a sensitive method to quantify MARevels will be critical not only as a quality
control for experimental setups but also to measiuieeendogenous levels of miR-1, miR-206, and
miR-219 in my cellular systems and analyze theledijun of these miRNAs during EMT.

Therefore, further analyses to establish the réigulaf MAL expression by miRNAs and to relate the

corresponding miRNAs to EMT induction will havelie carried out.
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Discussion

1 MAL/MRTF impairs migration on non-invasive cells

Cell migration is a highly regulated process tisaiundamental for tissue formation, maintenance and
regeneration. Efficient cell migration requirestiglaand temporal coordination and a tightly regeda
interplay between cell-cell adhesion, cell-matrghesion and localized cytoskeletal reorganization.
Changes in the concentration of adhesion receptyteskeleton-linking proteins and extracellular
matrix ligands can affect cell motility (Huttenlcarhet al., 1995).

The transcription factor SRF plays important ralesytoskeletal organization and actin homeostasis
(reviewed in (Miano et al., 2007). Srf depletionniice results in embryonic lethality at gastrulatio
Srf (-/-) embryonic stem cells show impaired celteading, adhesion and migration due to defective
formation of actins stress fibers and focal adhesgilaques (Schratt et al., 2002). Numerous MRTF
dependent SRF target genes are involved in coidrdanctions, actin microfilament dynamics and
cell motility (reviewed in (Olson and Nordheim, ZD1 pointing towards an important role for MAL-
SREF signaling in cell migration.

In this study | show that MAL impairs cell motilitgf non-invasive fibroblasts and epithelial cells.
Ectopic expression of active MAL negatively affe¢t¢H 3T3 migration in wound closure and
transwell assays. Conversely, dominant negativeNdAt knockdown constructs enhance NIH 3T3
migration. In line with this active MAL impairs tnawell migration of epithelial EpRas cells whereas
dominant negative and knockdown constructs enh&mpéeas cell motility. Although mesenchymal
and epithelial migration modes differ consideraAL-SRF signaling seems to influence motility of
both fibroblasts and epithelial cells equally, pinig to a common function of MAL in non-invasive
cell migration.

As numerous targets of MAL-SRF signaling encodeoskgtletal proteins associated with cell
junctions, active MAL supposedly strengthens beathaell and cell-matrix adhesions. Two key steps
in migration are focal adhesion (FA) formation afidassembly (Webb et al., 2002) and fast FA
turnover correlates with high migration velocityicteasing cell-matrix adhesiveness by MAL-
mediated upregulation of integritd might inhibit FA disassembly at the rear andéfane impair cell
migration. Also, it is conceivable that MAL-medidtestrengthening of cell-cell adhesions via
upregulation of cytoskeletal proteins associatetth well-cell junctions such as Plakophilin 2 could
hinder mesenchymal single cell movement. It hasetooted though, that mesenchymal and epithelial
cell migration differ considerably, especially redjag the preservation of cell-cell adhesion during
motility. Whereas mesenchymal cells migrate asviddal cells, epithelial cells usually move
collectively as epithelial sheets (Friedl and Wd&010). Nevertheless, migration of EpRas cells
through transwell membranes most likely does ns¢méble the typical collective epithelial mode of
motility but rather reflects amoeboid-like motilir multicellular streaming. Ectopic expression of

active MAL could lead to an upregulation of cytdskal proteins associated with cell-cell adhesions
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such as Plakophilin 2. The resulting strengthermdfiglesmosomal cell-cell contacts could therefore
impair epithelial transwell motility.

Another mechanism by which MAL-SRF signaling coirapair cell motility might be the MIG6
mediated negative crosstalk towards the EGFR-MAR#nading axis (Descot et al., 2009).
Nevertheless, the inhibitory effect on MAPK signglimost likely does not account solely for the
antimigratory MAL effect, as it was also observabiethe absence of any inducers of the MAPK
signaling nodule.

The fact that a complete Mrtf-B knockout in MAL detfed non-invasive mouse embryonic fibroblasts
results in impaired migration in wound healing gsséMokalled et al., 2010) points to a biphasic
dependence of migration speed on MAL expressiors ifight be explained by the numerous MRTF
target genes involved in adhesiveness. Theorditalyses predict that the cell-substratum adhesion
strength contributes to the rate of locomotion inighasic manner, with maximal migration speed at
intermediate adhesiveness (DiMilla et al., 1991)ttes speed generated by the migration cycle is
limited by the turnover rates of adhesion and deeaibn events. Indeed this biphasic dependence
could be demonstrated for integrith and its ligand fibronectin: migration speed ighast at
intermediate receptor and ligand concentrationsbantil increasing and decreasing the cell-substratum
adhesion strength by altering the receptor or ligaoncentration impairs migration (Palecek et al.,
1997). If MAL activity correlates through its cytasdetal targets with adhesiveness, altering MAL
expression could have different outcomes depenglintpe adhesive/cytoskeletal repertoire of the cell

Figure VII-1 depicts this hypothesis.

highly motile and non-transformed cells of
invasive tumor cells > low motility and
¢~ invasiveness

Cell motility

P P

MAL activity — equipment with cytoskeleton and adhesion components

Figure VII-1 Migration speed might exhibit a biphasc dependence on MAL signaling activity due to
numerous MRTF target genes involved in adhesiveness

The highly-adherent cells investigated here mapdraa repertoire of adhesion receptors that is @bov
the migratory optimum. Consistent with this hypaise MAL overexpression impairs migration,
whereas a partial knockdown of MAL has a benefiefééct on cell motility. Unsurprisingly a further

decrease in cytoskeletal target gene expressiandopmplete Mrtf knockout leads to drastic changes
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in the cytoskeletal organization and impairs caljnation as reported for Mrtf double knockout MEFs
(Mokalled et al., 2010).

MRTFs have recently been shown to be requireduimot cell invasion and metastasis (Medjkane et
al., 2009). Knockdown of both MAL and Mrtf-B strdggeduced adhesion, spreading, invasion and
motility of highly invasive breast cancer and melana cells (Medjkane et al., 2009).

These results seem to be contradictory to the aptory function of MAL | observed in non-
invasive cells. | addressed this apparent disc@pby Mrtf depletion in the previously used MDA-
MB-231 cell line. The antimigratory effect of Mithockdown in these highly invasive breast cancer
cells could be reproduced, excluding experimentér@nces as a primary reason for the inconsistent
results. In addition ectopic expression of the Médnstructs in TGIB- treated invasive EpRasXT
cells that had undergone an epithelial-mesenchyraakition showed opposite effects on migration
compared to the epithelial EpRas cells: active Msttongly enhanced migration in transwell
chambers, whereas dominant negative MAL had nateffe caused a slight reduction in motility.
These findings suggest a fundamentally differergratory function of MRTFs in invasive and non-
invasive cells.

One explanation could be that activated oncogerreyadous induced signaling pathways in
transformed and invasive cells distinctly affea tinigratory response to altered MAL target genes
expression.

The biphasic model for the dependence of migrasipped on MAL activity might provide another
explanation: invasive cells such as the human bezager cells MDA-MB 231 are less adherent to
the ECM substrate or to neighboring cells as theyeguipped with levels of cytoskeletal components
and adhesion receptors that are optimized for maraknockdown of MRTFs and reductions of its
cytoskeleton-associated targets therefore reduogtyn

In line with this both non-invasive and invasivdlg@ctopically expressing activated MAL show a
large numbers of focal adhesions and a strongkyaspout morphology, which may be indicative for
increased adhesion and less motile properties esal., 2009; Medjkane et al., 2009). Vice versa
transformation of rat intestinal epithelial cell#lwRAS or SRC suppressed the nuclear translocation
of MRTF-A/B and resulted in disorganization of thetin cytoskeleton and reduced expression of the
SRF/MRTF-regulated cytoskeletal proteins caldesmauoth tropomyosin. Expression of constitutively
active MRTF-A/B in these transformed cells reversieglse effects and impaired their invasiveness
and anchorage-independent growth (Yoshio et al.OR0

Based on my results | suggest that MAL influence adhesiveness through the regulation of
cytoskeleton-associated target genes, therebyatlmgr motility. Migration speed shows a biphasic
dependence on adhesive strength which is not anirgent on integrin expression but numerous
other cytoskeletal MRTF target genes. Thus | prepasbiphasic model for the dependence of
migration speed on MAL activity. It is conceivablbat in highly adherent non-invasive cells, the

transcriptional upregulation of the cellular adkesmachinery by MAL results in a net reduced
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migration. Ectopic overexpression of MAL might alsegatively affect cell migration in highly
invasive cells, consistent with the results of Mostt al. (Yoshio et al., 2010), but this remaiase
tested for the invasive MDA-MB-231 cells.

Endogenous MAL activity and target gene expressom turn regulated by actin microfilament
dynamics, establishing an actin-MRTF-SRF circuibhteolling cell motility. Thus, MAL-mediated
transcription appears to be at the center of ativegéeedback loop which functions to counteract

inappropriate migration of non-invasive cells.

2 Cytoskeleton-associated target genes mediate motilenctions of MAL

| wanted to identify target genes that mediatertfwgile functions of MAL in non-invasive cells. |
deliberately focused on recently identified novela@in regulated genes that were shown to be
upregulated by cytochalasin D and downregulatethtoynculin B (Descot et al., 2009). Among these
targets cytoskeleton-associated genes with putedies in cell migration were investigated furtimer
this study.

Integrin receptors mediate attachment of the aelthe ECM and have crucial functions in cell
migration. Thus, the novel G-actin target integr® was an obvious choice for further
characterization. It contains a CArG-like elemeh€TTATAAGG) at position -1691 in its promoter
that was shown to be bound by SRF in EMSA (Sunl.e2806a). Furthermore we have recently
shown that Itga5 is transcriptionally induced byiated forms of MAL and SRF (Descot et al.,
2009). Preliminary results show, that the ItgaSnpoter mediates regulation of a luciferase reporter.
The promoter constructs are responsive to active. M&rum, cytochalasin D and latrunculin B. The
regulation of the Itga5 promoter by actin-MAL sifjimey seems to be mediated by the CArG-like
element at position -1691, presumably in conjumcticth another more proximal CArG Box at
position -530 (CCAAGAAAGG) or -153 (CCTCATTAGG) aemonstrated by luciferase assays and
ChIP (Mengel et al., unpublished data).

As mentioned above, migration speed shows a biphdspendence on the concentration of
integrina5 and its ligand fibronectin (Palecek et al., 1997)ine with this, the Itga5 siRNA yielding
better knockdown efficiencies showed in both migratassays weaker effects probably as the
extremely low Itga5 levels attained with this siRAght be suboptimal for NIH 3T3 motility. Thus,
a complete depletion would presumably impair mgtilitga5 regulation through actin MAL might
have a significant impact on cellular behaviorles tatio of integrirn subunit expression determines
the composition of surface integrin heterodimers$iciv affects cell fate (Sastry et al., 1996).
Moreover thea5 integrin displays a dynamic pattern of expressifmn instance during muscle
differentiation (Blaschuk and Holland, 1994).

| show that knockdown of the armadillo family memiikp2 enhances motility of EpRas epithelial
cells and NIH 3T3 fibroblasts. In addition Pkp2 kkdown partially rescues the antimigratory effects

of MAL. PKP2 is a major regulator of desmosome cosifion and positioning (Chen et al., 2002;
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Goossens et al.,, 2007). It coordinates actin-der@ndhaturation of desomosome precursors by
interacting with the intermediate filament-desmé&placomplex, PK@, and possibly F-actin (Bass-
Zubek et al., 2008; Godsel et al., 2005). Among glekophilins, PKP2 shows the broadest tissue
distribution (Bonne et al., 1999; Mertens et a096; Schmidt et al., 1999) and is the only plakbphi
expressed in the heart. It is also detectable lmofflasts (Figure VI-24; Figure VI-25) and
mesenchymal cells, where it colocalizes with clzdstadherins at sites of cell-cell contacts (Riicke
et al.,, 2009). PKP2 is essential for desmosomegiityein epithelial cells and cardiomyocytes
(Grossmann et al., 2004; Pieperhoff et al., 208®)Jation of Pkp2 in mouse results in lethal heart
defects due to destabilized junctions (Grossmanal.e2004). It is therefore conceivable, that the
promigratory effect of Pkp2 knockdown reported hisrenediated by weakening of cell-cell contacts,
both in fibroblasts and epithelial cells. Furthermadissolution of desmosomes might trigger
intermediate filament remodeling, which has beeplicated in cell migration (Beil et al., 2003; Btue
et al., 2001). However it has to be noted that PKiRght affect cell migration by other mechanisms
such as regulation of PKC @rcatenin signaling (reviewed in (Bass-Zubek et 2009; Chen et al.,
2002) and it cannot be excluded that it exertstamtdil functions at catenin-containing junctionsiror
the nucleus (Bass-Zubek et al., 2009).

I characterized Pkp2 as a novel actin-MAL-SRF targene. An intronic conserved CArG-like
element is inducibly bound by both MAL and SRF #&®ven by chromatin IP. The inducible
recruitment of SRF is somewhat unusual as conseD8u& Boxes in their proximal promoters of
other known SRF targets such as Vinc, Srf, Cyr@l Bplin-o, were shown to be constitutively bound
by SRF (Descot et al., 2009; Leitner et al., 200ralles et al., 2003). The slightly different
occupation of the Pkp2 CArG-Box by SRF suggestgemtive binding of MAL and SRF, which
might be caused by the intronic nature of this oespve element or the variation from the consensus
sequence at position 5 (CCTTGTAAGG).

Intriguingly, the recently described skin-specfid knockout in mice resulted in a hyperprolifevati
skin disease, associated with impaired desmosommeafmn (Koegel et al., 2009). Whether PKP2
expression in the affected skin layers is decreage8rf depletion, or even causative for desmosome

malformation, remains to be investigated.

Similar to Pkp2 depletion Fhll knockdown enhancetl motility of epithelial EpRas cells and

partially rescued the antimigratory MAL effect. Migion of fibroblasts was however barely affected.
Of note, among the target genes under investigakbll expression was most strongly and
consistently affected by all MAL constructs in éilial EpRas cells as well as in NIH 3T3 fibroblast
(Figure VI-16; Figure VI-20), strongly suggestingat Fhil is a direct MAL-SRF target gene.

Moreover, EpRas transwell migration persistentlyrelated well with low Fhll expression.
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Consistent with my finding that Fhll is regulateg BIAL-SRF signaling, a conserved intronic
consensus CArG Box has been identified (Sun e2@06a). Moreover, the closely related Fhl2 gene
is a known MAL/SRF target, and expression of Flollofvs that of Fhl2 (Philippar et al., 2004).
Together, this strongly suggests that Fhil is acdiMAL-SRF target that plays important roles in
mediating the antimigratory effect of MAL epithéleells.

FHL family members exert important roles in focdhasion. FHL1 localizes to the actin cytoskeleton,
intercellular junctions, and focal adhesions (Broetral., 1999), and interferes with integrin-meelht
processes (Robinson et al., 2003). It was showaffiect adhesion, spreading and migration of
myoblasts (Robinson et al., 2003). In SRC-transéatrfiibroblasts, FHL1 has been shown to inhibit
non-anchored tumor cell growth and migration uniess suppressed by CAS phosphorylation (Shen
et al., 2006).

It is important to note, that FHL1 could affect Icaligration by means other than its cytoskeletal
function, as it is also involved in transcriptiomabulation by binding and modulating the activify
multiple transcription factors. For instance, FHlshs reported to interact with SMAD family
members mediating a TGF-R like response that sesulictivation of Pai-1 and the tumor suppressor
gene p21, and repression of the oncogene c-myag(&ial., 2009b).

Interestingly FHL1 expression is down-regulatedvarious types of malignancies and negatively
correlates with tumor progression (Ding et al., 280Shen et al., 2006). It is thus another addit@mn
the increasing number of MAL-SRF regulated putativeor suppressor genes, such as Mig6, Eplin-
and Cyr61.

Similar to FHL1, Epithelial Protein Lost in Neopfas: is a novel cytoskeleton-associated tumor
suppressor responsive to MAL-SRF signaling as jddme its induction in the unbiased microarray
screen, its MAL-controlled transcriptional regutatj the responsiveness of its proximal promoter to
G-actin binding drugs and mutant actins, and itemriatin 1P, which identified a proximal consensus
CArG Box that constitutively binds SRF and indugilbécruits MAL. Eplin crosslinks, bundles and
stabilizes F-actin filaments and stress fibers,cWwigorrelates with its ability to suppress ancherag
independent growth in transformed cells (Han et 2007; Maul et al., 2003; Song et al., 2002).
Furthermore it was shown to negatively affect cedltility (Jiang et al., 2008). Unfortunately | was
not able to confirm this antimigratory function Bplin-a in my model systems, probably due to
insufficient knockdown, principally different furiohs of Epline in the used cell lines or unsuitable
migration assays.

As yet, | neither could address the migratory raidPai-1 due to off-target effects but it could be
established as a direct target of actin-MAL sigmalibased on differential regulation by actin bivgdi
drugs and the consistent response to MAL overegmesand knockdown in both cell lines.
Intriguingly, PAI-1 expression is induced duringpridblast scratch wounding, but transcriptionally

inhibited by the ternary complex factor Net/Sap-Bich is required for optimal cell migration
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(Buchwalter et al., 2005). Ternary complex factamsl MRTF family members can compete for SRF
binding, whereby the weaker transactivating propgef the ternary complex factors essentially ltesu
in inhibited gene expression (Wang et al., 2004p#gtidou et al., 2006). Pai-1 is typically knows a
a TGF$ induced SMAD target, but recent reports also psegaphysical and functional interactions
between MAL and SMADs, or FHL1 and SMADs (Ding &€t 2009b; Masszi et al., 2010; Morita et
al., 2007). Importantly, although the inductionRa#i-1 upon MAL overexpression could theoretically
be an indirect effect mediated FHL1, the transmi@l upregulation of Pai-1 by G-actin binding
drugs in the presence of the translation inhilitaioheximide strongly suggests, that Pai-1 israafi
MAL-SRF target. Precise analysis of Pai-1 transmnal regulation remains an interesting subject to
investigate.

Taken together, Itga5, Pkp2, and Fhll were showeotdribute to the MAL-mediated restriction of
cell motility, but neither Pkp2 nor Fhll depletioor double knockdown could fully rescue the
antimigratory effects of MAL. Given the number of AW target genes encoding structural and
regulatory cytoskeletal components it seems likiet ITGAS5, PKP2 and FHL1 cooperate with other

known targets to mediate the antimigratory effédtiéL.

3 Involvement of MAL in epithelial-mesenchymal transtion

Finally, | analyzed the regulation of MAL duringitifelial-mesenchymal transition, as MRTFs have
recently been implicated EMT. Our lab has receddynonstrated that MAL transcriptional activity is
induced during EMT and calcium-dependent disassgmblepithelial junctions, which could be
verified for all four EMT model systems | testedirthermore | demonstrated that MAL is upregulated
on both mRNA and protein level upon EMT inductioheseas MRTF-B expression is essentially
unaffected.

Myocardin was shown to induce the expression déihtiation markers and block malignant growth
in human sarcoma cells (Kimura et al., 2010; Miblavet al., 2007).

In contrast, MRTFs were reported to be critical mtms of EMT (Morita et al., 2007). In line with
our own results TGB1 was shown to trigger the nuclear translocatioMBITFs. The authors further
suggested the association of MRTFs with Smad3 lemdubsequent binding and activation of the slug
promoter by the MRTF-Smad3 complex. They propos# the transcriptional induction of slug
mediated dissociation of cell-cell contacts.

It is however rather surprising that the levelsepfthelial and mesenchymal marker proteins were
already drastically changed after 24h of T@Ftreatment as they are normally assessed 5 tys da
after EMT induction. Moreover the induction of EMy MRTF signaling through Smads has been
challenged by Medjkane et al. (Medjkane et al., 2208s MRTF depletion did not affect expression of
mesenchymal markers or regulators of EMT. The sinitiés between the cytoskeletal phenotypes of
Mrtf and Srf-depleted cells suggested an SRF-mediattion of MRTFs.

Our own preliminary observations rather point lorag-term stabilization of the epithelial phenotype

mediated by the induction of transcriptional MALtigity.
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In line with this hypothesis, the group that iritiasuggested the requirement of MRTFs for EMT
induction (Morita et al., 2007) recently reportdchtt MRTFs suppress the oncogenic properties of v-
ras- and v-src-mediated transformants, enhancéoth®tion of stress fibers and focal adhesions and
result in a flattened cell shape.

| therefore propose, that the fast upregulatiorVi&XTF-A expression upon EMT induction might
represent a negative feedback loop counteractetptis of epithelial markers.

Luciferase reporter assays suggested that the MAUTR is targeted by endogenous miR-1.
Interestingly the miR-1 gene is a direct transaipdl target of serum response factor (Zhao et al.,
2005) and myocardin overexpression in human asmtigoth muscle cells was shown to induce miR-1
expression (Jiang et al., 2010).

Strikingly exogenous miR-1, which did not affect eogrdin or SRF expression, suppressed the
expression of contractile proteins, such as algii&and SM22, and impaired the actin cytoskeletal
organization (Jiang et al., 2010). This revealegative feedback loop involving miR-1 in SMCs that
regulates contractility induced by myocardin. | gest that the myocardin-induced miR-1
upregulation might reduce MRTF-A expression, résglin impaired actin cytoskeletal organization

repression of alpha-SMA and SM22.
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Abbreviations

Within this thesis the following abbreviations wersed.

ADP
AJd
AMP
Amp
Ampr
APS
Arp2/3 complex
as
ATCC
ATP

B domain
BCA
BSA
CD
cDNA
ChIP
CMV
CTGF
ctrl.
DAPI
DKD
DMEM
DMSO
DNA
DP
DTT
E.coli
ECM
EDTA
EGF
EGFP
EGFR
EMSA
EMT

adenosine diphosphate
adherens junction
adenosine monophosphate
ampicilline
ampicilline resistance
ammonium peroxidsulfate
actin-related protein-2/3 complex
antisense strand
American Type Culture Collection
adenosine triphosphate
basic domain
bicinchoninic acid
bovine serum albumin
cytochalasin D
complementary DNA
chromatin immunoprecipitation
cytomegalovirus
connective tissue growth factor

control

4’ 6-diamidino-2-phenylindole hydrochloride

double knock down

Dulbecco’s Modified Eagle Medium
dimethyl sulfoxide
deoxyribonucleic acid

desmoplakin

dithiothreitol

Escherichia coli

extracellular matrix
ethylenediaminetetraacetic acid
epidermal-growth factor

enhanced green fluorescent protein
epidermal-growth factor-receptor
electrophoretic mobility shift assay

epithelail-mesenchymal transition
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EPLIN
ES cells
FA

FAK
F-actin
FCS
FHL

fl

FRAP
G-actin
GAP
GDI
GDP
GEF
GTP
GTPase
HA
HEK
HEPES
HPRT
HPSF
HRP

B

IF

I9G

IP

IPTG
ITGAS
JAM
Jas
Kan

kd.

LB

LB broth
LIM domain
LIMK
LPA

epithelial protein lost in neoplasm
embryonic stem cells

focal adhesion

focal adhesion kinase

filamentous actin

fetal calf serum

four-and-a-half LIM domains

full length

fluorescence recovery after photobleaching
globular actin

GTPase-activating protein

GDP dissociation inhibitors
guanosine diphosphate

guanine nucleotide exchange factor
guanosine triphosphate
small guanosine triphosphatase

hemagglutinin

Human Embryonic Kidney
4-(2-Hydroxyethyl)piperazine-1-ethaneqitfacid
hypoxanthine phosphoribosyltransferase
high purity salt free

horseraddish peroxidase

immunoblot

intermediate filament
immunoglobulin G
immunoprecipitation

isopropyl thiogalactopyranoside

integrina5

junctional adhesion molecules
jasplakinolide

kanamycine

knockdwon

latrunculin B

Luria-Bertani broth

Linl1, Isl-1 & Mec-3 domain

LIM kinase

lysophosphatidic acid
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LZ
MADS
MAL
MAP
MAPK
MAT
MDCK
mDia
MEK
MET
MiRNA
MLC
MLCK
MPI
MRNA
MRTF
MT
MTOC
MW
PAGE
PAI-1
PAK
PBS
PCR
PDZ domain

Pg
PI3K
PKC
PKP
PLB
PMSF
pSR
Puror
PVDF
RNA
RIPA

leucine zipper

MCM1, Agamous, Deficiens, SRF
Megakaryoblastic leukemia protein
mitogen-activated protein
mitogen-activated protein kinase
mesenchymal-to-amoeboid transition

Madin-Darby Canine Kidney

murine diaphanous
MAPK/ERK kinase

mesenchymal-epithelial transition

microRNA

myosin light-chain

myosin light-chain kinase

Max Planck Institute

messenger RNA

myocardin related transcription factor

microtubule

microtubule-organizing center

molecular weight

polyacrylamid gel electrophoresis
plasminogen activator inhibitor 1
p2l-activated kinase

phosphate buffered saline

polymerase chain reaction

post synaptic density proté&mosophila disc large tumor suppressor, and

zonula occludens-1 protein domain

plakoglobin

phosphatidylinositol-3 kinase

protein kinase C
plakophilin

passive lysis buffer

phenylmethylsulfonylfluoride

pSUPER.retro

puromycine resistance

polyvinylidene fluoride

ribonucleic acid

radioimmunoprecipitation assay
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ROCK
RS

RT
RT-PCR
s.e.m.
SAP-1
SDS
ShRNA
SiRNA
SOB
socC
SRF
SS
TAT
TCF
TGF
+TIP
TJ

TK

TR

un.
UTR
VASP
WASP
WAVE
wt

ZO

RhoA activated coiled-coil kinase
restriction site

room temperature

real time PCR

standard error of the mean
sphingolipid activator protein-1
sodium dodecyl sulfate

small hairpin RNA

small interfering RNA

super optimal broth

super optimal broth with catabolite repi@ssi
serum response factor

sense strand
trans-activator of transcription

ternary complex factor

transforming growth factds-

plus end interactin protein

Tight junction
thymidine kinase

transfection reagent

untreated

untranslated region

vasodilator stimulated phosphoprotein
Wiskott-Aldrich syndrome protein
WASP-family verprolin-homolougous protein
wild type

zonula occludens protein
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