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Abstract

Abstract

Non-apoptotic plasma membrane blebbiraccursduring cell motility and tumor spread in
several human malignanci€Bleb dynamics are regulated througbarrangement ofhe cortical
actin cytoskeleton and its assoadt proteins.Our grevious studies reported the importance of
plasma membrane blebbingy the formin mDialin providing the driving forcdor entotic
invasion of one cell into its neighbdng cell Entosis is a form of homotypic céailcell invasion,
in which low cellular dhesion induces ROCKand actomyosirdependent invasion. The
physiological consequences of this process are notuvelkrstood Entotic invasion has been
suggested to induce tumor promoting effects, while other studies supported a taoppressor
role. Althoughthe molecular requirementand actinrbinding proteinsontrollingbleb dynamics
are well characterizedthe importance of a potential transcriptionaégulation underlying
sustained longterm blebbingasobserved duringancercell or entotic invasion has not been
studied Given the directassociationbetween the Serum ResponseFactor (SRFgoactivator
MyocardinRelated Transcription Factor (MRAFandactin dynamicsye addresedthe impact
of the MRTF/SRF transcriptional pa#yvfor plasma membrane blebbing and biafsociated
entotic invasion.In this study, w find that cortical contractilityduring plasma membrane
blebbingis tightly associated to dynamic MRTltoplasmienuckear shuttling Our findings
reveal that not onlythe dynamicsof plasma membrane blebs depend on MRTF/SRF, but also
entotic invasion Interestingly, wefound that MRTF/SRHBependent upregulation of the
metastasis associated ERM prot&zrinis fundamentalfor non-apoptoticblebbingand entotic
invasion. Thus, our results highlight a novetechanism by which the actindependent
transcription factor MRTF contrd Ezrin expressiorio facilitate bleb-associated invasive
motility. These findings may have important implications in understanding invasivetynasl|

well asfor future concepts targeting metastasis.
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Zusammefassung

Zusammenfassung

Nichtapoptotische Plasmamembranausstilpungen kénnen wahrend der Zellmotilitat und der
Dissemination von Tumoren im Rahmen vieler Erkrankungen auftreten. Dabei ist die Dynamik
einer Plasmamembranausstilpung durch Umgestaltung des kortikalen Aktinzytoskelett sowie
der assoziierten Proteine reguliert. Unsere vorhergehenden Arbeiten stellten Uber das Formin
mDialvermittelte Plasmamembranausstilpungen als treibende Kraft der edoén,
homotyptischen Zelin-Zellinvasion heraus, wobei eine geringe Adhésion diese RGEK
aktomyosinrabhangige Form der Zefl-Zellinvasion forderte. Die physiologischen
Konsequenzen der entotischen ZeHZellinvasion sind nicht hinreichend dék, da neben
tumor-férdernden auch inhibierende Effekte publiziert wurden. Obwohl die generellen,
molekularen Grundlagen und aktbindenden Proteine flr Plasmamembranausstiilpungen
weitestgehend bekannt sind, ist eine potentielle Regulation der Genesipreshei lang
andauernden Plasmamembranausstilpungen, welche bei Krebedelt entotischer Zelin-
Zellinvasion beobachtet wurden, nicht aufgeklart. Aufgrund der direkten Interaktion zwischen
dem KoeAktivator des Serum Response Factors (SRF), namfictakiinRelated Transcription
Factor (MRTR) und Aktindynamik haben wir die Bedeutung der MRTF{g&Rfeuerten
Genregulation fur Plasmamembranausstilpungen und die assoziierte, entotischin-Zeail
Invasion untersucht. Wir zeigen in dieser Arbeit,-dd® kortikale Kontraktilitat wahrend der
Plasmamembranausstilpungen eng mit der dynamischen, zytoplasmatikiééren
Translokation von MRTF korreliert. Unsere Ergebnisse veranschaulichen weiterhin, dass nicht
nur die Dynamik von Plasmamembranausstiilpem sondern auch die entotische Zelzelt
Invasion von MRTF/SRF abhangig ist. Wir fanden interessanterweise eine Notwendigkeit der
MRTF/SRBbhéngigen Steigerung der Genexpression des mit Metas@assoriierten ERM
Proteins Ezrin fur nickapoptotiscte Plasmamembranausstilpungen und entotischeiedlelt
Invasion. Daher erschliel3t sich aus unseren Ergebnissen ein neuartiger Mechanismus, bei dem
der aktinabhangige Transkriptionsfaktor MRTF die Genexpression von Ezrin kontrolliert, um
invasive, mit Rismamembranausstilpungeassoziierte Zellmotilitdt zu steuern. Dies hat
Auswirkungen auf das allgemeine Verstandnis der invasiven Zellmotilitdt und liefert unter

Umstanden neue Konzepte fur die Therapie von Metastasen.
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Introduction

1. Introduction

1.1. Cancer cell invasion
Tumor progression is a multistep procdes cancer cellsluring which they acqué different
characteristicswhich enable thento survive, proliferate and disseminaté€hese characteristics

are defined as hallmarks of cancer.

The fundamental hallmarksf cancer that enable tumor growth and metastatic dissemination
include sustaining proliferative signaling, evading growth suppressors, avoiding immune
destruction, enabling replicative immortality, tumor promoting inflammation, activation of
tissue invagin and metastasis, inducing sustained angiogenesis, genome instability and
mutation, resisting cell death evading apoptosis and deregulating cellular erexdggtjurel).
Thetumor microenvironment and its sigriay) interactionswithin different cancer phenotypes

further influence tumor cell behavioHanahan and Weinberg 2011)

Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding

cellular

Resisting Enabling

cell ‘ { replicative
death TP immortality
AT
Genome Z Tumor-
instability & promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &

metastasis

Figure 1: The hallmarks of cancefThe hallmarks of cancer define thessential alterations in cell
physiology andlifferent capabilities that cells acquire during tumor progression. This image was adapted

from (Hanahan and Weinberg 2011)

The most critical feature of cancer is sustained chronic proliferalimtoactivation of signaling
pathways by different mechanisman ncreasen cell proliferationwill result in tumor growth,
which in turn can trigger cell senescence and apoptosis. Accordingly, cancer cells negatively

regulate the action of tumor suppressor gertesovercome senesceBar apoptosisA lossof
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Introduction

celkcell contact inhibition further increases cell proliferation and impairs normal tissue

homeostasis in cancer ce{ldanahan and Weinberg 2011)

It has been observed that cancer cells undergo programmed cell death by apoptpeigess
which becomesncreasinglydebilitated during tumor progression. In contrast to apoptosis,
another form ofprogrammed cell death is necrosishereby cells release proinflammatory
signals into the tissue microenvironment triggering tuappomoting factors to enhance
angiogenesis, cell proliferation and invasiveness. In addition, other emerging haltvhesgkser
are the ability to reprogram cellular metabolism to support proliferation #melavoidance of
immunological destruction. Interestingly, genomic instability and mutability in cancerasell
well as tumor promoting inflammation by innate immune cellse two features that drive

tumor progression and facilitate acquisition of other hallmgftanahan and Weinbe@011)

Cancer cellsanacquire multiple feature$eading to invasion and metastasis, in which one of
the crucial steps is the regulation of signaling pathwalimwvingalteration of gene expression
to mediate actin cytoskeleton dynami@sl. F. Olen and Sahai 2009Furthermore activation

of signaling pathways promotes malignaringucing cellular programs, such as epitheigal
mesenchymal transition (EMTWhich activates tissue invasion and metastgglanahan and

Weinberg 2011)

1.1.1. Modes of cancer cell invasion

Neoplastic diseases are characterized by high levels of métadisseminationin whichcancer

cell migration is important to understand the invasiveness and metastasis of tumor cells
(Hanahan and Weinberg 2011}letastasis is the spread of cancer cells from the primary tumor
site into other organs, known as the metastatic cascade. This multistep process defined by
physiological changes in cetisginswith cell motility and invasion into the surrounding tissue,
followed by intravasation into the blood or lymphatic vessel$ransitthrough the vesselsand
ultimately extravasation from the vessels into other tissues generating migtastasior new

site colonizatios (Figure2) (Sahai 2007; SafMoreno and Marshall 2010)
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Figure2: The metastatic proces®rimary tumor cells invade into the tissue environment, then undergo
dissemination andntravasaton into blood or lymplatic vesselsThese tumor cells transiiathe blood
streamand subsequentlyget either arrested as emboli in narrow vessels or attached to the vessel wall
The latter idollowed by cancer cell extravasatiomhich resuk either inapoptosis dormancy or cafead

to tumor cell proliferationandthe formation of metastasisThe image was adapted frof8ahai 2007)

Cell migration and invasion are essential for the metastatic disseimmaf cancer celldere,
metastatic cancer cells undergo molecular and cellular changes invebnmgdelling of the
extracellular matrix (ECM) arttie actin cytoskeleton. This process can be studied either in
isolated cells moving acrosise ECMon two dimensional (2D) surfaces or under physiological
conditions using mammalian cells migrating in three dimensional (3D) tissues. Accordingly, their
cell motility and actirmediated protrusions within the ECM can diverge depegon whether
migration occursn 2D or 3D. Although actomyosinediated protrusions and cell contractility

are important for all migration types, thdistinct biophysical traits are dependent on the
migration mode Moreover, somecell migrationmodesrequire pericellular proteolysjsvhich
triggers ECM degradation and realignment during cell movement. Cell migration in 3D ECM is
describedby five different steps, initiatedby the action of an external stimuswhich results in

I) the protrusion of an acthdriven leading pseudopod, folved by Il) adhesion of the leading
edge to the ECM and consequently force generation towards the ECM to get realigned, then 1ll)
recruitment of proteases (MMPSs) to allqwoteolysis at the leading edge aBCM remodelling,
which results in 1V) actomyosaell contraction promoting V) reand retraction and forward
movement Thus, proteolytic cell migration is a mechanism dependent on the ECM and the cell

type (Figure3) (Friedl and Wolf 2009; A. J. Ridley 2003; Wolf et al. 2007)
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A

non-polar, sessile state |

¥ de novo path

Figure3: The fivesteps of cell migration. Cell migration require the coordination of several cellular
processes which can be divided into five steps: 1) adiiiven leadingedge protrusion; 2) adhesion and
force generation phase by formation of integmmediated interactions to the substrate; 3) matrix
disruption; 4)actomyosin cell contraction that leads to 5) reard retraction and forward sliding of the
cell. This image was modified fraffaried] and Wolf 2009)

Cancer cellpavethe ability to adapt to different environmental conditions by switching their
migration grategies(Sahai 2005)Tumor cells can migratey undergoing either individual or
collective modes of canceellinvasion(Figureb) in response to théissueenvironment and the
extracellular matrithrough changes ithe dynamic organizatioof the cytoskeletor{Friedl and
Wolf 2010) Cancer cells migratedividuallyusing different mechanisms such as the spike
mediated, the elongateagnesenchymal or the bletlependent rounded amoeboidhode of
migration Cellsundergoing collectie migrationmove as multicellular streamsmall clusters via
tumor buds oraslarge clusterdependent on celtell junctions(Friedl and Alexander 2011;
Pandya, Orgaz, and Savibreno 2017) This thesis is focused on the blabsociated mode of

invasion, thereby it isrucialto understand invasion of individual cancer cells

1.1.2. The amoeboid and the mesenchymal motility modes

Individual migrating cells, such #g melanoma cell line A37B12, are able to undergo two
different modes of tumor cell invasion: amoebpitbunded blebassociated motility and
elongatedmesenchymal cell motilityr{gure4). Several studies have reported thitae GTPase
RhaoA promotesroundedbleb-dependent cell motility, while the elongated mode of cell itityt
is associated witthe GTPas®ael (Sahai and Marshall 2003)
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The main phenotypic characteristics of the mesenchymal and amoeboid modes of invasiveness
are shown in(Figure4). The proteas@lependent mesenchymal type of invasion is defined by
elongated cell morphology, low cell motility speed, the formation of agth protrusions such

as filopodia or lamellipodia, and high catalytic activity assalt of Matrix Metalloproteinases
(MMPs) recruited to the integrifFECM binding siteUnlike mesenchymal cells, the protease
independent amoeboidinvasion mode is determined by rounded cell morphology, the
formation of actindriven bleb protrusions andigh cell motility speed dut a lack otight cell

ECM adhesio { K A YR al NAKFff wnnoT Interesénplg e S
blebby mode of motility requires the ERM protein Eztitha cell rear to drive polarized invasion
(Lorentzen et al. 2011)mportantly, amoeboid invasion is driven by RR®CK signaling, which
enhances actomyosin contractilityy increasing phosphorylation of MLGEriedl and Wolf

2010)

Mesenchymal-elongated Amoeboid blebbing
invasion invasion
MMP Rho/ROCK N
Rac1 Actomyosin contractility
Cdc42 ERM
B_integrins Loose ECM

Figure4: Cell plasticityduring AmoeboidMesenchymal TransitionCell motility of individual cells can be
either mesenchymaglongated orthe amoeboid blebbing type. Amoeboid motility is defined by a round
morphology, dependent on actomyosin contrdityi and does not involvéeeCM adhesion or degradation.

In addition, these migrating cells produce plasma membrane blebs during motility. In contrast,
mesenchymal motility is Ratependent whereascells show an elongated morphology and present MMP
mediatedECM degradatiod DI Y RI t 2 A 62 @3t SiG |t ® HamcO

Matrix Metalloproteinases (MMPs) are enzymes with high proteolytic actiitich degrade
components of the EClInd are knowno play an important rolein matrix degradation in cancer
cell motility (Wolf et al. 2003)Consistent with this, specific MMPs have been identifeete
upregulated in differentumors (Lubbe et al. 208, Poola et al. 2005Recent studies have

revealedthat MMP9cancontrol cancer amoeboid migration in a catalyitilependent manner

20



Introduction

by enhancing actomyosin contractility and increasing MLC2 phosphorylation to produce

sustained blebbing for amoeboid irsian(Orgaz et al. 2014)

Pasticity or intercanversionbetween these two cell motility modelsas been described~or
instance, silencing of DOCK10, a GEF specific for Cdc42, in melanoma cells was shown to
promote elongated mesenchymal migration viae amoeboid to mesenchymal transition
(AMT). This wa associatedvith a decreasan actomyosin contractility as a result of reduced

Rho activation andvith reduced MLC2 phosphorylatioriGadea et al. 2008)Consistently,
melanoma A379M2 cells underg@n amoeboid to mesenchymal traniih in a similar manner

upon treatment with the ROCK inhibitoi2¥ 632(Gadea et al. 2008Alternatively, other studies

have also demonstratethat mechanisms such as Rac inactivation indadeansition from

mesenchymal mode to anetoid motility (MATYSanzMoreno et al. 2008)

1.1.3. The role of tumorcell plasticity

Certain cell types are able to use different modes of motility and undergo transhigtveen
them, a processalso known as tumor cell plasticiffFigure 5). These transitions require
phenotypical adaptation of the motile cells in response to the microenvironment. The ability of
cells to switch between modes of @sion is controlled by the actin cytoskeleton and the
extracellular matrix (ECM@nd involvesseveral factors such as actomyosin contractility, Rho

signaling and the formation of actiich protrusion® t I 21 2@t S |t ® HamMnaT CNX !

Cell plasticity allows cells to undergo mesenchymal to amoeboid transition (MAT) and amoeboid
to mesenchymal transition (AM@p an adapve response to the environment. These modes of
invasion are interconvertible={gure5) and for instance, mesenchymal to amoeboid transition
can be induced in cancer cdligreducing the concentratioof fibersin the ECMThisresults in

a weakness of ceBECM adhesion enhancing activation of the Rho signaling pathway and
increasing actomyosin contractili@Gahai and Marshall 2003n additon, MAT is induced in
cancer cells by blocking key invasion components such as MM#tset al. 2003)Unlike MAT,

the underlying mechanisms drivindpe amoeboidmesenchymal transition (AMT) include
inhibition of Rho signaling, abrogation of pericellular proteolysis and weakening dE@#ll
adhesionsMoreover, epithelial cancer cells can undergtransition from collective invasion to
motile individual cells, known ahe epitheliatmesenchymatransition (EMT) as a result of
impaired cellcell junctionscausedby alterations in gene transcriptiofi-riedl and Wolf 2003;
DFYRIFIt20A62.0t SG t® HnmcO
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Dynamic rearrangement of the actin cytoskeleton is requireccé motility and invasiorand
the molecular mechanisms and signaling involved are criseiahderstandngthese processes.

Hence the next chapter will focus on the actin cytoskeleton and its role in cefiutations.

Morphology Migration
mode

Amoeboid
(blebby)

!

Amoeboid
(pseudopodal, <+—
filopodal)

Mesenchymal <—
Multicellular
streaming
Collective —

Figure5: Mechanisms of cancer cell motilityThis model shows the plasticity between the different
modes of cancer cell migratiomhe lattercan occur individually or collectively. Migratory plasticity allows
interconversion between the different invasianodes, which are characterized by cell morphology
and regulated by different molecular mechanisms. When-a&ll junctions remain, cells undergo the
collective invasion moving as multicellular streams, budding or large clusteematively, cells sing the
individual mode of invasion can use different protrustmesed mechanisms such as the elongated
mesenchymal or the bledependent rounded amoeboithode Alteration of different parameters can
lead to plasticity and conversion from one migrationaedo another. This image was taken fr¢Rried|

and Wolf 2010)
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1.2. The role of the actin cytoskeleton

The actin cytoskeleton is an important network of filameanhd regulatory proteinghat is
crucial for cell shapemigration, cytokinesis and intracellular transpdRletcher and Mullins
2010)

Eukaryotic cellhave three different types of ifaments: actin filaments, microtubules and
intermediate filaments. Actin filaments are the thinnest filaments of the cytoskeleton aith
diameter of 6-8 nm (Heath and Dunn 1978and its network is modulated by dynamic actin

polymerization and depolymerizatiqBugyi and Carlier 2010)

1.2.1. Introduction to actin

Actinisfound in two different forms, globular monomeric actin-éGtin) and filamentous actin
(Factin). Actin is a 4X&Da proteinand its filaments ar@rganized in double helicatructures

Actin filaments can cooperate with bundling proteins to generate mechanical functions,
including cell motility, cell shape, cell adhesion and transcrigfieeng et al. 2005)vhichare
regulated through changes betweenonomeric and filamentougctin (Pollard and Cooper
2009) Actin polymerization occurs when-&g&tin assemblegito actin filaments(Holmes et al.
1990) and the constant process aftin polymerization at the plus en@dr also called barkk
end) and simultaneoudepolymerizatiorat the minus end (or also called pointed eiglknown

asactin treadmilling(Figure6) (Pollard and Borisy 2003)

Actin treadmillingwhich isk £ a2 OF f £t SR & KSI R corirollddthibigh ATR £ & YSNR |
hydrolysigWegner 1976)andplays an important rolén driving cell mdility (Small 1995; Bugyi

and Carlier 2010)he regulation of ATP hydrolysis and ADP to ATP exchange are crucial for the

speed of the actin treadmifPollard and Borisy 2003 TRbound Gactin is incorporated at the

plus end of the filament and the bouiTPgetshydrolysed to ADP after polymerization. Then,

ADRbound Gactin located at the minus end of the filamemtadily disassemblg§igureb) (Le

and Carlier 2008; Dominguez and Holmes 2011)

Actin filament formation and its dynamicsare highly regulated procesgs, not only by the
regulation of ATP hydrolysis, but also by the action of several actin binding proteins (ABPS)
(Figure6). These includeéhe capping proteins thatontrol filament assembly andisassembly
Gelsolin bind at the plus end of factin to prevent polymerizatio(Kim, Cooper, and Sept 2010)
tropomodulin bingsat the plus end to block actin associatidfamashiro et al. 2012pdprofilin
bindsto ATP bound Gactin, thereby promoting actin polymerizatioiPring, Weber, and Bubb
1992) Additionally, actin treadmilling is also modulated in response to extracellular and

intracellular signalé conjunction withRhcGTPasge
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Profilin directs actin
monomers to barbed ends

Figure 6: Regulation of actin treadntling. Actin monomers polymerize o double-helical filamens.

Profilinforms a complex witPATRbound Gactin, whichis preferentially addedo the barbed end of the
filament. Upon hydrolysis of the ATP to ADP, the filaniedestabilizedvhile the poiried endassociates
with actinrdepolymerizing factors (ABF This leads to depolymerization oBEtin at the pointed endo

free ADPboundG-actin. As a resulfjucleotide exchange recycld®RG-actinto ATRG-actin, which can

againbe bound to profilinto restart the actin treadmil{Le and Carlier 2008)

Given thatspontaneous polymerization of actin dimers or trimers is energetically unfavourable
andto maintainan equilibrium between assembly and disassembly of actin filaments at steady
state, additional factors callediucleation promoting factor§NPFs) are required fate novo

actin filament formationPollard and Cooper 20Q%ctin nucleating factors can be divided into
three classes: 1) the Arp2/3 (actielated protein 2/3) complex, 2) the tandem monormer
binding nucleators like Spire and 3) the formins. Thigddamily is defined by a conserved
formin homology 2 domain andin particular, the diaphanous subfamiliy (mDia) will be
addressedn this study. These are fundamental reguleg ofthe formation of actin structures
such as lamellipodia, filopodia and bleb protars, which are essential for biological functions
such ascell migration, cytokinesis, cell adhesion and morphogen@igyi and Carlier 2010;

Chesarone, DuPage, and Goode 2010)
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1.2.2. Organization of the atin cytoskeleton during cell proesses

The dynamic actin cytoskeleton plays an important folemany physiological and pathological
functions. Actin is responsibleot only for the formation of membrane protrusions at the
leading edge, including cellular extensions l#méllipodia, lopodia, microvilli, ruffle¢Chhabra
and Higgs 2007)but also other membranes protrusions, such as podosof@@sona et al.
2008) and membrane blebgFackler and Grosse 2008Jhese actidriven structires are
important controlling directionality in cells cultured in 2Bnd 3D environmentgNurnberg,
Kitzing, and Grosse 2011furthermore, organization of actin filaments defines the cellular
phenotype modulated through RRG@TPases. For instance, filopodia protrusions are mainly
regulated by Cdc42, lamellipodia protrusions are-8gmendent, while blelprotrusions are

Rhodependent(Lehtimaki, Hakala, and Lappalainen 2017)

Actin structures are relevant for a wideariety of cellular processes including, among others,
cytokinesis(Glotzer 2001) cell adhesionfAdams 2004) endocytosis(Kaksonen, Tret, and
Drubin 2006) cell shapgPollard and Cooper 20Q0%ell migrationM. F. Olson and Sahai 2009)

and cell polaritDominguez and Holmes 2011)

The dynamic organization of the actin cytoskeleton is critical for cell migration in development
and disease. For arple, cell migration is necessary for gastrulatiorzebrafish germ cells
while neoplastic diseases are characteribgdhigh levels of metastatic cell migration. Thus, cell
migration and motility of cells areindamentalto understand invasiveness amdetastasis of
tumor cells.Actin polymerization takes place at the cell front leadinghe formation of actin
structures, whereas RRBOCHKnediated actomyosin contractility occurs at the rear edge of the
cell providing actirdependent force generation talrive cell motility(Anne J. Ridley 2011,

Lehtimaki, Hakala, and Lappalainen 2017)

Invasive cell migration requires actin assembly, which is the essential driving force to generate
protrusive membrane structures such as plasma membrane blebs, inva@dopopseudopodia
(Figure7). Besidesthe rearrangement of the actin cytoskeleton is critical fbructures like
invadopodia and lamellipodia, some evidenwasshown that bleb-dependent invasion is the
most effigent wayof migrationand requires less energy than thtemellipodium or filopodia
mediated motility (G. Charras and Paluch 2008pnsistent withthis, the work presented in this
thesis is focused on bleb structurashich are known taregulate migration and invasion in
invasivecancer cell phenotypes. Additionally, plasma membrane blebs are regulated through

the actomyosin cortex, which will be addressedhe following chaptes.
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Figure 7: Protrusive actindriven structures in cancer cell invasioi€Cancer cell invasion phenotypes
require the rearrangement of the actin cytoskeletpwhichin turn involvesthe formation ofdifferent
actin-driven protrusiors, such aplasma membrane blebs, invadopodia or pseuddip. The image was

taken from(Nurnberg, Kitzing, and Grosse 2011)
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1.3. Plasma membrane blebbing

Plasma membrane (PM) blebbing is required for cell motility during tumor cell invasion and
metastasig(Sahai and Marshall 2003; Madsen et al. 20C3)ncer cells can move generating
different actinrich plasma membrane protrusions, such as lamellipodia and filopodia when
cultured on rigid matrix or generating membrane lidan 3D extracellular matr(M. Bergert et

al. 2012)

1.3.1. Plasma membrane bleb structures

Cellular blebs, first described as bubb(e®ltfreter 1943) are spherical membrane protrusions
generated by changds hydrostatic pressure at the contractile cell cott@€unningham et al.
1992) These stuictures arehighly dynamic actimegulated cell protrusions as a result of
membrane detachment from the actin cell cort@Ruillaume T Charras et al. 20@®)olved in
common physiological features from different cellular processes, including cell motility,
apoptosis, cell spreading, cell migration and cytokin@seekler and Grosse 2008) addition,
blebs are actirdriven structures observed in different cell types such as zebrafish germ cells,
ameba, parasites, bacter; fibroblasts, endothelial cells, mesenchymal cells, immune cells and
tumor cells(SanzMoreno et al. 2008; Blaser et al. 2006; Norman, Sengupta, and Aranda
Espinoza 2011; Laster and Nkanzie 1996; Loitto et al. 2002; Ruprecht et al. 2015; Tournaviti
et al. 2007; Angus et al. 2008)

These protrusions of the PM can be either reversible {apoptotic blebs) or irreversible
(apoptotic blebs). Apoptotic blebbing during cell death is unifand leads to cell lysis, whereas
non-apoptotic prominent blebbindpas apolarized distribution allowing cell motility during cell
migration (G. Charras and Paluch 200Bpth types of blebbing are induced in response to
different mechanical or chemical stimuli resulting in contraction of the actin cortex and thereby,
initiating signalingransduction pathwayhat are regulated by the rearrangement$ the actin
cytoskeleton(Guillaume T Charras et al. 2008pn-apoptotic blebbing is typically defined by

the dynamic bleb cycle

In general, the bleb cycle isvitled in three phases: rapid bleb expansiashort static phase

and slover bleb retraction.Disruption of the plasma membrane from the actin cortex is caused
by an increase of intracellular hydrostatic pressure generating bleb growth. Bleb expansion
which usually lasts about 530 secondsis characterized by the protrusion of the plasma
membrane and the recruitment of the actmembrane linkers such as ERM proteins and the
epidermal growth factor Eps8 to the protrind) bleb membraneBlebscan expand upo 2 um

from the plasma membraneyntil actin reassembly occurs at the bleb cell cortex. As a result,
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forces derived fronactomyosin contractility mediate bleb retractiowhich occurs imbout 60-
120 secondg¢Figure8) (Guillaume T Charras et aD05, 2006, 2008; Aoki et al. 2016)

ERM proteins RhoA
ROCK
myosin ®

Stimulus weakens
F-actin cortex
H
1
)
1
L
$
\\
£%
= ‘p ‘\—>'
75, I
F-actin cortex rupture / increase bleb expansion / contraction F-actin assembly Biabiretraction
of hydrostatic pressure at the bleb neck at the bleb cortex

Figure8: The life cycle of a plasma membrane bléthe bleb cycle is initiated by extracellular triggers
which results indisruption of the PMactin cortex leading to an increase of hysdratic pressure
generating bleb expansion (1). The protrusion of the plasma membrane is characterized by the
recruitment of actinmembrane crosslinkers of the ERM family such as Ezrin (2). Tbeital actin
assembly takeplaceduringastatic phase (3Yollowed by actomyosin contractility to retract the bleb (4).

This image was taken fro(frackler and Grosse 2008)

1.3.2. Actin regulation during ®1 blebbing

Plasma membrane blebbing is dependent on the actin cytoskeleton and regulated by different
factors including actin polymerization, actomyosin contractility, substrigidity andthe ECM
Several studies have reportétiat RhaROCK signaling driv@M blebbing through activation of

the ERM proteingG. T. Charras 2008RhoA activates the actin nucleator mDial, which is
essential for membrane blebbin@homas M Kitzing et al. 2007; Purvanov et al. 20Q#)er
formins, such a&HOD1 and DIAPH3, have been shown to be recruited to membrane blebs
(Stastna et al. 2012; Hannemann et al. 2008cent studies identified the epidermal growth
factor receptorkinase substrate 8 (Eps8) together with the Rho family protein Rnd3 as key
regulators for the formation of bleb structures mediated by FYOCK signaling. When Rnd3 is
recruited to blebs, RhoA is activated inducing R@€pendentphosphoryation of Ezrin.In
addition, enhancing recruitment of Eps8 to the bleb cortex will lead to bleb retraction through

myosin activation downstream of Rh@¢Aoki et al. 2016)
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1.4. The actomyosin cell cortex

The cellular cortex is a thin actomyosin network tightly bound to the plasma membvhich
controls cell shape changes by the action of cellular medt®nThis actomyosin cortex is
composed of cortical actin filaments crosslinked with actimding proteins (ABP)and
generakes cortical tension to modulate changes in cell shapéich contributes to cell
migration, morphogenesis, cell division, cellgp@ation and celtell contact formatior{Stewart
et al. 2011; Sedzinski et al. 2011; Levayer and Lecuit 2012; Chugh and Paluch 2018)

1.4.1. The cell cortexcomposition

The cellular actin cortex composition wigtst evaluatedn isolatedindividual cellular blebs from
human melanoma M2 cells using mass $pwoetry. This study identified severaltin-binding
proteins (ABP) including, among others, actin crosslinkers, nucleators, capping proteins, actin
membrane linkers, myosin motors, scaffold proteins and contractility reguld®ir® et al.
2013)

Actin filament nucleatorke formins are found at the cortexhere theynucleate and elongate
actin filaments(Bovellan et al. 20140ther regulators of actin assembly and disassembly are
the capping proteins, profilin and cofilin, which dmt binding to actin monomers to enhance
actin polymerizationto control cellular pocesses like cell division. In addition, the actin
crosslinkerd -actinin, filamin and fascin play a rdaleorganizing actin filaments into networks
in the cell cortex to regulate actomyosin contractifgnnomani et al. 2016)Moreover, myosin
motors are key components providing contractile cortical tensiammd together with actin
crosslinkers and the actimembrane linkershey control actomyosin contractility within the cell
cortex (Biro et al. 2013)Importantly, actinmembrane linkersuch as myosin and ERM (Ezrin,
Radixin, Moesin) proteinsvere shown to be required for the association of the plasma
membrane (PMyvith the underlying cortical actioytoskeletonand to contribute to PM tension
(Anthony Bretscher, Edwards, and Fehon 2002; Biro et al. 201B|ubiaz et al. 2010)

1.4.2. The ERM proteins

The Ezrin, Radixin and Moesin (ERM) proteinsamvolutionary conserved group of proteins
of the FERM superfami(pato et al. 1992 he firstprotein identified was Ezrin (8kDa) which
was originally detected at the micvitlus cytoskeleton from chicken intestinal epithelial céMs
Bretscher 1983)A few years later, Radixin (8RDa) was purified from cetlell adherent
junctions isolated from rat livefTsukita, Hieda, and Tsukita 198®)oesin (78&Da) was first
found as a heparibinding protein solated fromsmooth muscle cells bovine uterus(Lankes
et al. 1988)
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This familyof actinmembrane linkers ardefinedby their common Nerminal region, the FERM
(Fourpoint-one ERM) domai (Gary and Bretscher 1995)heyare essential for many cellular
processesncludingsignal transductio pathways, cell divisiofKunda et al. 2008; McClatchey
2014) morphogenesigCrepaldi et al. 1997; Gautreau, Louvard, and Arpin 2a@0)adhesion
(Takeuchi et al. 1994; Pujuguet et al. 200331l migration(Crepaldi et al. 1997; Valderrama,
Thevapala, and Ridley 2012)nd pathological conditions such as cancer éellasion and
metastasigMartin et al. 2003; Mak et al. 2012; Clucas and Vaidea 2015)

Structurally, these fundamental cell cortex integrators are organized withexrinal FERM
domaincontaining theF1, F2 and F3 subdomaiiihie FERM domainfisllowed byanh -helical
domain, a linker region and the carbetgrminal domain known as-terminal ERMassociation
domain (GERMAD)whichis able to bind the FERM domain eaétin depending on the protein
conformation(Figure9) (Arpin et al. 2011; Fehon, McClatchey, and Bretscher 2010)

Originally the Factin binding site was identified at thet&minus of Ezrin inits active state
(Turunen, Wahlstrém, and Vaheri 199%he GERMAD doma isbound to the FERM domain
the autoinhibited state of Ezri(Gary and Bretscher 1995)

~ F-actin

&bmdmg Sltej
567 p

1 85 202 298 468 497 , 586
FERM domain a-helical domain linker C-ERMAD

region domain
Figure9: Domain structureof ERM proteinsERMsare composedf an N-terminal FERM domaidark
blue), which consists of three subdomains: F1, F2 and F3. The FERM domain is followeuisfieal
domain (light blue) a linker region and the-terminal domain called ERMADQyellow) where Factin

binding and phosphorylation take pla¢&rpin et al. 2011; Fehon, McClatchey, and Bretscher 2010)

1.4.2.1. Regulationand functionof ERM proteins
The function of theERM proteins is regulated by an open (active) and a closed (inactive)
conformation. Both structures areontrolled via conformational changesesulting fromthe

action of phospholipids and kinas@Sanals et al. 2010)

First studies reported thathe regulation ofERM proteins is dependent on conformational
changes in whichthe intramolecular association between FERM arBRBJAD leads to the
dormant formof the Ezrin proteif{Gary and Bretscher 1995 ubsequenstudies showed that
ERM activation is a twstepprocesswith sequential events involving FERM domicruitment

to plasma membrane regions rich Bmosphatidyinositol 4,5-bisphosphate (PHp(Niggli et al.
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1995; Hirao et al. 1996)vhichthentriggers phosphorylation of threonine residues at thadfin
binding site(Yonemura S, Matsui T 200Zhus, activated ERMs are associatedh the plasma
membrane bound to membrane protesthrough their Nterminal FERM domain and F-actin
through the Gterminal CGERMAD domin Figurel10). In contrast, inactive ERMs remain @n
resting state through selissociation until the FERM domain initiates its activation by binding
PP, (Fehon, McClatchey, and Bretscher 2010; Anthony Brets&dwards, and Fehon 2002)
(FigurelO).

Transmembrane receptor

PtdIns(4,5)P2 Plasma membrane

0 NN NN

AAAAA

FERM

Dormant Ezrin

_ Active Ezrin Activation by Ptdins (4,5) P2 FERM
F-actin C-ERMAD binding and phosphorylation

v v v

C-ERMAD

—
-

Q\ctive conformation} @active conformatioD

FigurelO: ERM activation by phosphorylatiofrERM proteins are found in two different states, an active
G2LISy ¢ O2y FaldidmantinacB yd S ROt 2 & S R Horndaat ¥ 7Firks Nefirediby 2 direkt
inhibitory association of the FERM andERMAD domain. ERPBfoteins are activated throughPIR
binding Thereby, ERMsarerecruited to the plasma membrane leading to subsequent phosphorylaion
T567by Rhekinase or PKGvhich reduces the affinity of the FERM for th&€ RMAD domairThisallows
them to bind transmembrane receptofiking the actin cortex to the plasma membrarend initiating
different signaling transduction pathway&ehon, McClatchey, and Bretscher 2010;hdnty Bretscher,
Edwards, and Fehon 2002)

Hence, ERM phosphorylation is a key process controlling the regulation and activation of these
actinrmembrane linkers proteins. The fiigientificationof the phosphorylatiorsites regulating
ERMs was at the thomine 558 (T558n Moesinupon platelet activatio{Nakamura, Amieva,

and Furthmayr 1995)Later on, studies revealed that phosphorylation of the corresponding
threonine in Ezrin and Radixin reduces the affinity of tHeRBAAD for the FERM doméihatsui

et al. 1998) Accordingly expression of the phosphomimetic threonine residue T567D
(constitutivelyactiveform) showsa remarkably reductioin the oligomerization of Ezriat the

plasma membrandFievet et al. 2004)Alternatively, expression of the nephosphorylatable
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T567A Ezrinifactive forn) is foundto be poorly associated with the actin cytoskeleton

(Gautreau, Louvard, and Arpin 2000)

Several kinases have been reported to phosphorylde conserved threonine residues: Rho
associated kinase (ROGKiatsui et al. 1998)protein kinase €(PKE) (Ng et al. 2001)PKC
(Pietromonaco et al. 1998¥>protein coupled receptor kinase (ant and Pitcher 2005Nck
interacting kinaséBaumgartner et al. 2006).ymphocyteoriented kinase (LQKBelkina et al.
2009)and MST4ten Klooster et al. 20095 ctivated ERM proteinkind several transmembrane
receptors through their FERM domain via diteassociation with cytoplasmic tails of receptor
tyrosinekinases (RTKs) and growth factor recep{@epaldi et al. 1997; Reczek, Berryman, and
Bretscher 1997)ERM proteins also associatéth co-receptors like CD44 for directional cell
motility (Legg et al. 2002pr with the Intercellular Adhesion Molecul2 (ICAM2) for

recruitment by natural killer celldHelander et al. 1996)

Even though these proteins are known to interact with transmembrane receptors upon ERM
activation, they are consequently involved in sigmahsduction pathways by association with
signaling molecules, for instance the RhoA signaling pathway. RhoA, a GTPase, is a key regulator
of the cortical actin cytoskeleton and previous wbds showrthe importance of ERMs as RhoA
downstream effectors mediating cytoskeletal rearrangemdiitsao et al. 1996; Mackay et al.

1997) Interestingly, ERM proteins have also been reported to play @&tnote upstream othe

RhoA pathway (Hatzoglou et al. 2007)Therefore, ERM proteins regulate Rs$ignal

transduction pathwag.

ERM proteins are involved imegulatingdiverse cell functions through reorganization of the
cytoskeleton during development and differentiatiomhese includestable maintenance of
oocyte polarity, allowing mitotic rounding and spindle orientation during cell division, driving
epithelial morphogenesis and apical surface formation, controllingce#ljunction assembly

and playing a role during podocyte formati¢frehon, McClatchey, and Bretscher 2010; Arpin et
al. 2011; McClatchey 20148esidegshe broadfunctions of ERMs during development, further
studies have also shown their pivotal role in physiology disease. For instance, these proteins
participatein cancer progression, metastasis, melanoma cell migration, leukocyte adhesion, B
cell activation and the formation of the immunological synafidere and Gupta 2015; Clucas

and Valderrama 2015; Lorentzen et al. 2011)
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Activation ofMoesin(the only ERM in Drosophila) Drosophila S2 cells is crucial for cortical
stability, microtubule organization and spindle morphogenesis duringgisitunda et al. 2008;
Carreno et al. 2008whereas in mmmalian cells activation of ERM proteins is essential for a

functional spindle orientation during mitosiMachicoane et al. 2014)

Several mdiesprovided evidencéor the crucial role oERMsn plasma membrane protrusions.
Moesin and Ezrin are required for efficient bleb retracti@uillaume T Charras et al. 2006)
Consistent with this, ERM proteins are known to be essential atttie cortex for plasma
membrane attachmentand bleb-based cell migration(Paluch and Raz 2013However,
interfering with ERM activitglecreases membrane to cortex attachment, which in turn increases
the proportion of cdlular blebsandtriggers aredudion in the directionality of migrating cells in
zebrafish during gastrulatiofDizMufioz et al. 2010)Alternatively increased overall ERM
activity is associated with reduced cell blebbing in melanoma cells, mésandlzebrafish germ

cells(Lorentzen et al. 2011; Paluch and Raz 2013)

1.4.3. Ezrin andts role in cell invasion

Although ERM proteins ha been reported to be involved in several cellular processes,
alteration of their physiological expression leveight lead to aberrant gene expression
enhancing cancer progression through the metastatic casc@desistently Ezrin has been
identified as a metastasisssociated protein and therefore pkg crucialrole during cancer
progression (Clucas and Valderrama 2015 owever, the mechanissnby which Ezrin
contributes toa metastatic phenotypestill remain unclear. Since then, understanding the role

of Ezrin in cancer cell invasion H@en an emerging topic

Overexpression of Ezrin has been related to an increaseetastatic potential in dferent
tumor entities, such as osteosarconfRen et al. 2009)reast cance(Elliott et al. 2005)lung
cancer(Deng et al. 2007 pancreatic cancgiMeng et al. 201Q)hepatocellular cancgiKang et
al. 2010) colorectal adenocarcinom®atara et al. 2011 prostate cancefY-C Chuan et al. 20)
and melanomaFederici et al. 2009)n addition, a tissue micraeay immunohistochemistry
study supported a role for Ezrin expression in a wide number of human carexse et al.
2007)

Interestingly severalstudies revealed that Ezrin is implicated in tumor metastasis. For instance,
mutation of the tyrosie Y477 leads toeducel cell migration and tumor invasion in breast
carcinoma cellfDebnath and Brugge 2005; Mak et al. 2012jissugges$ an important rde for
Y477, which is phosphorylated by Sncthe regulation oftumor invasion and metastasis

Thereforeindicates thathe SreEzrin pathwaynay bea potential prognostic marker for human
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breast cance(Srivastava et al. 2005; Mak et al. 2Q1i2) breast cancer cell lines, silencing of
Ezrin resulted in decreased cell invasiomon-invasive MCF10A and metastatic MDIs-231
cells(Konstantinovsky, Davidson, and Reich 20E2)in expressioevelsincreasefrom benign
to malignant breastancers(GschwantlefKaulich et al. 2013)Furthermore, the welknown
tumor suppressor gene BRCAL is associated with ERMs at the plasma mearaoatrols
cell spreading rad motility of breast cancer cells via ubiquitin ligase acti{figurell) (Coene
et al. 2011) Other features like abnormal Ezrin distributiare also associated witinvasive
breast carcinomagSarrid et al. 2006)n addition, Ezrin localizatioswitchesfrom the apical
membrane to the cytoplasm in lung cancer cedlsd Ezrin expression wastablyincreased in
highy metastatic lung cancer celines (Li et al. B12) Thesefindings suggestthat Ezrin
localization is fundamental for its activation leading to signal transduction pathregygaing

cancer progressio(Figurell).

Ezrin Direction
Loss of o / of invasion
cell-cell '
contacts

PKC-induced
cell migration

Cytoskeletal
reorganisation
and/or
lamellipodia
formation

Overexpression survival

)‘7 of ezrin

1

Figurell: Ezrinin cancer progressionlhis cartoon illustratethe oncogenic potential of Ezrin in epithelial
cells.Ezrin overexpressioincreasessurvival of cancer cells, therelylowing invasiorinto other tissues
and interfeeswith cellcell contactsAdditionaly, Ezrinis upregulatedin aMyc-dependent manneand
downregulaed by thetumor suppressor BRCAL. This image was adapted (@uotas and Valderrama
2015)

Arecent study has identified a mechanism whichDsg3 regulates the transcriptional factor
AR1 and PKC through Ezrin phosphorylation in cancer cell invéSigare11) (Brown et al.
2014) A role for Ezrin in cell adhesion hagen determinedwhere it controlsEcadherin

dependent adheresjunctions through Rat activation(Pujuguet et al. 2003Moreover, loss
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of Ecadherin function enhansgumor progressior(Canel et al. 2013hichit is regulated by

Ezrin(Figurell).

Ezrinalsoplays a rolein prostate cancerDepletion of Ean or overexpression ahe T567A
dominantnegative mutant resulted in reduced androgarediated prostate cancer invasion
(YinChoy Chuan et al. 20Q6)ndicating the importance of Ezrin phosphorylation and its
correlation with tumor invasiveness. Importantly, early dies already highlighted that Ezrin
activation is essential for transformatiom particularoverexpression of the mutant T567A
inhibited cell transformation by the Dbl and Net oncoge(legan Quang et al. 20003 onsistent
with this,anincreaseof Ezrin expressioim prostate cancer is associated with higher expression
of the Myc oncogene. Further studies showthdt Ezrin regulags Myc through the PI3K/Akt
pathway, which in turn is essential for cancer cell invagie@ Chuan et al. 2010 hesedata
supportedthe notion thatMyc-dependent effectdeading to Ezrin overexpressiane mediated

by the PI3K/Akt pathay (Figurell). Together Ezrin has multiple effects on tumor metastasis,
including adhesion, tumor extravasation and invasivenddsus, Ezrin has emergedas a

potential therapeutic target for cancer therapy.
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1.5. Enfsis

Entosis isa celkin-cell phenomewon that hasbeen observed in several human malignancies, for
instancein pleuralexudatesrom metastatic breast canceEntosigs defined byhomotypic ceH
in-cell invasionin whichone cell actively invades intoraeighbouring celWwhere itundergaes
non-apoptotic cell deatOverholtzer et al. 2007A recent study rported that ron-apoptotic
plasma membrane blebbing together with polarized aactymamicsare the driving force for
entotic invasiorin MCF10A cell§igurel2) (Purvanov et al. 2014)

Cellin-cell structures are found in many human tumors including breast carcinoma, melanoma,
pancreatic carcinoma, cervical cer@ma, liver carcinoma, urothelial carcinoma, stomach
carcinoma or colon carcinoma, but also among 4morasive epithelial cell@Overholtzer and
Brugge 2008) Thus, entosis is prevalent in cancer dik@ matrix detachment, anchorage
independence, aberrant proliferatioor metabolic stresgepresentsa hallmark feature of

cancer cell§Hanahan and Weinberg 2011)

time

Figurel2: PM-blebbing provides the driving force for entotic invasioithis time series shawMCHR.0A
cells in suspension undergoing entostsblebby cell stably expressing LifeA&FPto label the actin
cytoskeleton invades into another ndsiebbing cell expressing LifeAniCherry Actinis enriched at the
uropod-like structure at the rear end of thimvading cellwhichprovidesthe driving forcefor invasion

This image waadaptedfrom (Purvano\et al. 2014)

Entosiswvas described as an integsindependent process that can be triggered by extracellular
matrix detachmentunder conditions of low adhesid@verholtzer et al. 2007However, recent
studies revead additionaltriggers for entotic celin-cell invasion in adherent epithelial cells.
For examplenutrient starvation can induce entosis aglherent cells. In particular, long term
glucose starvationenhances entosisvia AMPactivated protein kinase (AMPK) activity
dependent onchanges ircell stiffness(Hamann et al. 2017)nterestingly mitosis has been
identified as atrigger for entotic invasionin dividing epithelial adherent cells through mitotic
rounding mediated by inhibition of Cdc42 in a Rhiiependent mannefJoanne Durgan et al.

2017)
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Entotic invasion requires expression of the tumor suppressoadherinas well as-cadherin
associated epithelial adherstiunctions between the entotic cell§Sun, Cibas, et al. 2018s a
result of epithelial celcell contacs, polarized actomyosin contractility is necessamythe
invading cell to providéhe mechanical force allowing cell engulfment, which is regulated by
Rheoactin signaling and changes mechanical deformability between the ienand outer cell
(Overholtzer et al. 2007; Sun, Luo, et al. 20CHnsistent with this, recent studies identified the
G-protein-coupled LPA receptor 2 (LPAR2ppromotor of entosis thusproviding evidenc¢hat

extracellular cuesantrigger cdl-in-cell invasion(Purvanov et al. 2014)

After celtin-cell invasion the most common fate fahe invading cell is neapoptotic cell death
where the host cell kills and digesthe internalzed cell through cell cannibalisnThis is
mediated by norcanonical autophagy, lysosomal degradation and nutrient recovagyel3).

In contrast to phagocytosis, the interredd target cells are viable inside the entotic vacuole for
anextended period of time. In addition, other cell fates after interzation have been observed

in whichcellsoccasionallyare ableto escape from their host cells or divide insitiem (Figure

13) (Overholter et al. 2007; Florey et al. 201BIthough the consequences of entosis are not
well known, some evidencedicatesthat entosis triggers cancer cell aneuploidy enhancing
tumor progression. Indeed, after internalization, the host selhetimesdivides but often fails
due to aberrant cell division leading to multinucleation, which in turn enhances aneuploidy and
genomic instability Kigure13) (Matej Krajcovic et al. 20; Matej Krajcovic and Overholtzer
2012; Sun, Luo, et al. 20149onsistently, the outer cell has been shown to recover nutrients
from the digested inner cell, promoting cell survival and proliferafddnKrajcovic et al. 2013)

A recent study reported thagxpression of the tumor suppressor CDKN2A inhfbitmation of
celkin-cell structuregLiang et al. 2018)n contrast, other studiesewvealthat entosis could act

as a tumorsuppressive mechanism to clear dysfunctional d¢sflsell death of the inner cellor
instance eliminating aberrant invading cancer cells after internalizakaufel3) (Sun, Cibas,

et al. 2014; Florey et al. 2011)

In conclusiongentosis is a form fonon-apoptotic cell deathwhich can be induced by multiple
triggers andt is regulated by Rhactin-signaling and actomyosin contraetforces. Hwever,
the detailed mechanisms mediating entosis ath@ impact oftranscriptional activitywere

unclear and wilbe elucidatedbn this thesis
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Inner Cell Division Inner Cell Escape

Inner Cell Killing Outer Cell Division Failure

© @

Outer Cell Nutrient Recovery  Outer Cell Multi-nucleation

Inner Cell Death
(Tumor Suppressive Activities ‘ @

Tumour Promoting ACtIVItIeS Outer Cell Death Aneuploidy

Figurel3: Consequences of entosi€eltin-cell structures most likelgnd inentotic cell deathwhereby
inner cell deathoccurswhile the outer cell reovers nutrients from the digested internalized cell.
Alternatively, some entotic cells undergo cell division inside their hosts or efmapéhe host cellsThis
process has been shown to present amtinorigenic effects as a result of killing the imatized tumor
cell, whereas some evidence suppah oncogeniaole, for instancecytokineticfailure in outer cellgan

promote aneuploidy This image was adapted frofd. Durgan and Florey 2018)
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1.6. Regulation of the MRTF/SRF tramgational pathway

1.6.1. The SRF transcriptional network

SRF was discovered through thefos gene, a homolog oncogene of the FBJ murine
osteosarcoma genefos(Curran et al. 1982Farly studies with-fos shovedfast RNA synthesis
upon exposte to growth or differentiation factorYGreenberg and Ziff 1984; Greenberg,
Greene, and Ziff 1985\ study of the humanos gene revealed a edement calledhe Serum
Response Element (SRE), which was identified to bairesj for ¢fos serum stimulation
(Treisman 185) and led to the identification of the Serum Response Factor (SR&sman
1986) Analysis of the SRPNAinteractionsshowed that SRF binds to its consensus sequence
CArGbox, a palindromic CC(REGG sequencéTreisman 1986; Pellegrini, TandaRichmond
1995) Thiswas also demonstrated latday genomewide analysi¢Sullivan et al. 2011; Esnault

et al. 2014)

SRFrequires the recruitment of cactivators: the Myocardinelated transcriptions factors
(MRTFs) or the Ternary Complex Factors (TAHRgse two transcriptional cofactors are
activated by different signaling pathways and control the expressianuifiple target genes

(Figureld).

The TCF familis phosphorylated via Erk and activated by MARKiogen-Activated Protein
Kinase)Kigurel4) (Gille, Sharrocks, and Shaw 1992; Janknecht et al. TB®SMAPK signaling
pathway activates TCFs in the nucleus and forms a complex with SRF at the TCF motif
(Buchwalter, Gross, and Wasylyk 2004)e discovery of TC&splainechow activation of MAPK
signaing via mitogens controls SRF regulated ge@d®er eviden@ suggested the involvement

of another signaling pathwayn whichactivation of SRF target genes was-idependent(C S

Hill and Treisman 1998y Rhamediated signalingCaroline S Hill, Wynne, and Treisman 1995)
The discovery of Myocardimvhich isinvolved in cardiac genexpression(D. Wang et al. 2001

led to the identification of Myocardin homologugermed Myocardinrelated transcription
factors MRTHA andMRTFB (D-Z. Wang et al2002) Myocardinrelated transcription factors
are SRF transcriptional coactivators regulated via thedttio pathway Figurel4) (Miralles et

al. 2003) TCFs and MRTFs amdependently controlled, although both cofactors allow SRF to
activate target gene transcription controlling the balance between cell proliferation and

contractility Figurel4) (Gualdrini et al. 2016)
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Figurel4: The SRF transcriptional network: TCF and MRSEfum Response Factor (SRRctivated by
two different famiies of transcription factorsthe Ternary Complex Factors (TCFs) and the Myoeardin
Related Transcription Factors (MRTFs). The TCF pathway links SRF activifrkosRasling, while the
MRTF pathway associates SRF activity todltia signéing. Both transcriptional cactivators compete

for SRF bindingnd regulate gene expression. T@¥pendent transcription enhances the expression of
genes involved in cell proliferatipnvhereas association with MRT&antrols cell contractility and pre

invasive behavioufEsnault et al. 2014; Gualdrini et al. 2016)

1.6.2. The MRTF famjlof SRF coactivators

MRTFEalso known as megakaryocytic acute leukemia (MAL) and myocardin like protein (MKL
1), has been shown to bénvolved in muscle differentiation and cell proliferati@reemers et

al. 2006; Wu et al. 2010)

MRTFgonsist ofa conserved Merminal region containing the RPEL motif defined by the amino
acidsequence Argro-X-X-X-Glu-Leu, which is essential for&g&tin bindingMiralles et al. 2003;
Guettler et al. 2008)Thethree RPEIsequencegachinteract with actin moleculesThe linker
sequences between RPE2Iand RPELE2 also bindtwo additional actin moleculewith low
affinity thereby creating a pentavalent -GctinMRTF complexMouilleron et al. 2011)
Moreover, the MRTF RPEL domain contains two elements called B2 aRdj@215), which

are required for nuclear MRTF import allowing the NLS sequence to interact withtimpand

ot sv2680000 SG Lo
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MRTFfurther containsa B1 box necessary for ternary complex formation (TCF) and for the
association of SRF with its target Dihydrophobic region known as-bx, rich in Q amino
acids, affects MRTF nuclear localization and is responsibte iftteractions with SRF. The MRTF
Cterminalregion containghe conserved SA#®main(SAFA/B Acinus Pias) providing promoter
specificity,followed by a leucingipper (LZ), which mediates homand heteredimerization
while the transactivation domainTAD is essentialfor SRRctivation(Figurel5) (Miralles et al.
2003; Z. Wang et al. 2003; Zaromytidou, Miralles, and Treisman 2006; E. N. Olsrcineim
2010)

RPEL motif

LZ TAD

. 929
. 1080

( “Actin

\_binding
T ok oA a-helix % 4
ey L SRE Y Fromoter Dimerization
import interaction/ \ specificity X )

Figurel5: Structure of myocardirrelated transcription factos (MRTFs)This figure shows the domain
organization of theMRTHamily, which consists othe myocardinrelated transcription factors (MRI4
and MRTFB) and myocardin (MCNumbers of amino acids are indicated for each myocardin family
protein on the right The RPEL motibntainsactin binding site and the regions B3 and B2, which are
important for nuclear importfollowed by the region B1 involdein ternary complex formation and the
Glurich region QAnh -helical regiorbetween the B1 and Q regions mediates association with 8RF
members of the MRTF family present a homologous SAP domain (also called/&8 Sadinus, PIAS)
required for promoter specificity andhe LZ region (leucine zippegnables MRTF home and
heterodimerization. Finallfthe TAD is the transactivation domain whislphosphorylated when MRTF is

in the nucleusand bound to SRfMiralles et al. 2003; E. N. Olson and Nordheim 2010)

1.6.3. Actin-mediated regulation of MRTF

MRTFs are well characterized adbinding proteins involved in the regulation of SRF target
genes (Gineitis and Treisman 2001MRTFmediated transcription is dependent on the
rearrangement of the actin cytoskeletdiiralles et al. 2003)The subcellular localization of
MRTF in cells is determined by changes in actin dyngRasern, Sotiropoulos, and Treisman
2002) Simulation of Factin polymerizatiorappears tosequester actifirom MRTRKMiralles et

al. 2003; Vartiainen et al. 200Thus, Gactinis dissociated from MRTF, therelexposingthe
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nuclear localization sequence (NLS) at the RPEL ddorasmbsequent nuclear MRTF import

ot g02alA Si |f & uAtermaiivelyaMRYF futledraexp@tiénhdndedd H 1 1o 0
with the depolymerizing drug Latrunculin B (Lat B), whiatraases themonomeric G-actin
concentratiors (Vartiainen et al. 2007)Xsenerally nuclear import of MRTEads to enhanced

SRRranscriptioral activity(Z. Wang et al. 2004figurel6).

The MRTSRF signaling pathway is regulated by the Rho GTieasadent reorganization of

the actin cybskeleton. In particular, serum stimulation activates Rho GTP@aseformin-
mediated actin polymerization(Copeland and Treisman 2002As a result,the G-actin
concentration is reduced in response to Rho signaling, leading to MRTF nuclear accumulation,
where MRTF binds to SRF and enhancesd8péndent gene expressidMiralles et al. 2003)
Previous studies fromour group reported the importance of forminsn nuclear actin
polymerization(Baarlink, Wang, and Grosse 2013; Plessner et al. 20tpprtantly, MRTF is

also regulated by phosphorylan, which in turn contributes to SRF transcriptional activation
(Panayiotou et al. 2016l conclusionregulation of actifMRTFSRF transcription is controlled

by phosphorylationRho activation and changes ira€tin/G-actin concentrationKigurel6).

Stimulus:
Serum, LPA
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Figurel6: The actinMRTF/SRF transcriptional feedbackchematic representation of Rfattin signaling

to MRTFSRF. A pool of cytoplasmic monomerieacBin binds MRTF preventing MRTF nuclear
transloation. Upon a stimulus such as serum or LPA, Rho siginsdiativated and theotal G-actin pool

is depleted throughincreasedactin polymerization. The change the Gf~actin ratio releases MRTF
which accumulatein the nuclear compartmenteading toSRFlependent transcriptiorof cytoskeletal

target genesepresenting a feedorward loop.
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1.6.4. MRTF functions

Previous worklasidentified 960 serurvinducible SRF target genes, which are mostly controlled
by MRTF(Eshault et al. 2014)MRTF/SRBependent target genes are involved during
rearrangemens of theactin cytoskeleton, thereby controlling cell motility, cell proliferation, cell
contractility, cell adhesion, extracellular matrix synthesis, mudifierentiation and cell growth
(Gualdrini et al. 2016; Esnault et al. 2014)erestingly, a recent study showed that MRTF/SRF
target genes aralsodependent onthe HippeaYARPTAZ signalingathwayand their crosstalk

regulaescytoskeletal dynamicg-oster, Gualdrini, and Treisma@18)

The SRF transcription factor is a key regulator of cytoskeletal gene expression in many cell types
and, thus, it is crucial for a variety of physiological and developmental processes such as
gastrulation, muscle cell function, neuronal developmetiie immune system and liver
development and regeneratiofie. N. Olson and Nordheim 201B)r instance, SRF is a/Kactor

for focal adhesiorassemblyin mouse embryonic stem cells addletionof the SRFgeneaffects

cell spreading and migratidn mouse fibroblast§Schratt et al. 2002)

MRTF/SRF and their target genes also play an important role in cell proliferation, invasiveness
and motility implicatedn cancer(E. N. Olson and Nordheim 2018ldies revealed that MRTF

A/B are important for motility, adhesion, praifation, invasiveness and colonization of
metastatic tumors in melanoma and breast cancer cBliedjkane et al. 2009)Similarly,
deletion of MRTFA afected cell proliferation and the cell cycle in fibroblagghaposhnikov et

al. 2013) The importance of MRTF for invasive migration i@sher supported by the
transcriptional repressoiSCAI blocking MRTF in cancer cell invagi@vandt et al. 2009)
Moreover, high levels dfV and 1 integrins activate MRTF/SRF activity triggering upregulation
of ISG15, which enhances breast cancer cell moflitgrmann et al. 2016)Recently, the
relevance of MRTF for cancer cell metastasis was further demonstrasddRTF and YA&e
activated through LCAM in disseminated cancer cells for metastatic colonizaitmet al.
2018) Consistent with this, MRI&and YAP are shown to regulate glioblastoma tumorigenicity
(0. M. Yu et al. 2018)iIn summary, these findings suggest that MRTF/SRF signaling is
fundamental for cancer cell invasion controlling a transcriptieatin g/toskeleton regulatory

circuit.
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2.  Aim of this study

Nonapoptotic plasma membrane blebbing dstical for cancercell motility and subsequent
tumor dissemination regulated by actin cytoskeleton dynaniiMigrnberg, Kitzing,ral Grosse
2011) A form of blebassociated invasiooharacterized by ceih-cell invasion alstermed as

entosisoccurs inhumanmalignanciesand can promote tumor progressidiMatej Krajcovic et
al. 2011)

Previous work reported the importance of polarized actipnamicsmediated by plasma
membrane blebbing at the invading céfl providing the driving forcdor entotic invasion
(Purvanov et al. 2014Although some of the actin cytoskeleton molecularuletprs involved
during nonrapoptotic blebbing are well characterizéidackler and Grosse 200&8)e underlying
signal transduction pathwayer sustained longterm blebbing and consecutive blatssociated
cell invasion ar@ot well understood This invasive phenomenon is a letiegm actincontrolled
process described asbleb-associated mode dhvasive motility However, whether this actin

drivenblebbingrequires transcriptional regulatiohas not beennvestigatedoefore.

One of the prototypic transcriptional pathways known to regulate actin cytoskeleton dynamics
and enhance the expression of cytoskeletal genes is the MRTF/SRF signaling pMRWaAs RF

is known to be involved in cell motility and cancer cell invasibe aim of this thesisvasto
elucidate the potential role of MRTF/SRF transcriptional activity non-apoptotic plasma
membrane blebbindor invasive motilityduring entotic invaion (Figurel?). For that, our first
objective was to investigate the underlying transcriptional feedback drigingterm plasma
membrane blebbing As plasma membrane blebbing occurs during entotic or amoeboid
invasion, this study wilprovide insights into the relevance @ngterm blebbing for these
processesWe based our hypothesis on the acMRTF/SRF transcriptional pathway and
assumed a critical function due tagh actin remodelling during neapoptotic blebbing and
bleb-associatedinvasion Figure 17). This study will therefore elucidate the molecular
mechanisms regulating bledssociated invasion and provide insights for its physiological

relevance.
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cell-in-cell invasion
(entosis)

plasma membrane
blebbing

Figurel?: Investigating the role of the MRTF/SRF pathway in a btkdpendent mode of invasionThis

illustration representsan experimentalmodel to study induced plasma membrane blebbing and

subsequent entotic invasian Cells in susperwmi are seeded on poldEMA coated dishes to prevent

cellular attachment andnatrix adhesionThe image was adapted fro(Boto Hinojosa et al. 2017)
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3.
3.1.

Materials and Methods

Materials

Tablel: Reagents used in this work

Reagent Provider |
Acetic acid Roth
Acrylamide (30%)Bisacrylamide (0,8%) Roth

(Rotiphorese Gel 30)

Actinomycin D

Santa Cruz Biotechnology

Agar Roth

Agarose NEEO Roth

Ammonium persulfate (APS) Merck

Ampicillin Rah

ATP SigmaAldrich

BES SigmaAldrich
Blebbistatin SigmaAldrich
(S)nitro-blebbistatin Cayman Chemical
Bovine Serum Albumin, Fraction V (BSA) Roth

Bromophenol Blue Roth

Buffer Reverse Transcriptase Thermo Scientific
Calcium Chloride (Cafl Roth

Chloroform Roth

Cholera toxin SigmaAldrich
Coenzyme A NanoLight Technology
Collagen Advanced Biomatrix
Cycloheximide SigmaAldrich

DAPI SigmaAldrich
Dimethyl Sulfoxide (DMSO) Roth

DMEM (Dulbecco’s Modified Eagle’s Medium) Capricorn

high glucose

DMEM/F12 Gibco Life Technologies

DNA ladder 1kb

Thermo Scientific

DNA loading dye 6x

Thermo Scientific

dNTPs Promega
Doxycycline SigmaAldrich
DTT (1,4dithiothreitol) Roth
EDTAIKthylenediaminetetraacetic acid) Roth
EDTADisodium saltdihydrate Roth
EGTAdthylene glycolbis( -aminoethyl ether} | Roth
N,N,N',N-tetraacetic acid)

Epidermal growth factor Promaokinase
Ethanol Roth
Ethidium bromide Roth

Fetal Calf Serum (FCS) Invitrogen
Fluorescence mounting media DAKO
Formaldehyde (37%) Roth

Fugene HD Promega
Glutamine Capicorn
Glycerol Roth

Glycine Roth

HO; SigmaAldrich
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HEPESHydroxyethyl piperazine ethanesulfoniq Roth

acid)

Horse Serum Invitrogen
Hydrochlorothiazide(h-CTZ) NanoLight Technology
Hydrocortisone SigmaAldrich

Insulin Gibco

Isopropanol Roth

Kananycin Roth

Lipofectamine LTX

Life Technologies

Lipofectamine RNAiIMax

Life Technologies

Luciferin Cayman Chemical
Magnesium Chloride (Mgg)l Roth

Matrigel Corning

MEM Powder GE Healthcare
2-Mercaptoethanol Merck

Methanol Roth

Milk powder (fat free) Roth

Nocodazol Cell Signaling
OptiMEM Invitrogen
PageRuler Prestained Protein Ladder Thermo Scientific
Penicillin Capricorn
Phosphate BuffereeSaline (PBS) Capricorn

Phusion Huffer

Thermo Scientific

Phusion Hot Start I| DNA Polymerase

Thermo Seintific

Plasmocyn Invitrogen
PolyHEMA (poly zhydroxyethyl methacrylate) | Polysciences
Ponceau S solution SigmaAldrich
Potassium chloride Roth

Primers SigmaAldrich
Protease Inhibitor cocktail Roche

PTC 124 Selleck Chemicals
Puromycin SigmaAldrich

Random Hexamer Primer

Thermo Scientific

Restriction enzymes for cloning

Thermo Scientific/ New
England BioLabs (NEB)

RevertAid Reverse Transcriptase

Thermo Scientific

RiboLock Ribonuclease Inhibitor

Thermo Scientific

RNAaseree water Promega
si RNA Oligonucleotides QIAGEN
Sodium chloride (NaCl) Roth
Sodium dodecy! stiaite (SDS) Roth
Sodium hydrogen phosphate (NAPQ, Roth
Sodium pyrophosphate (N&-O7) Roth
Streptomycin Capricorn
SYBRGreen Bio-Rad
T4 DNA Ligase Thermo Scientific
TEMED (N b X -Tettakbethylethanel,2- | Roth
diamine)

Tris (Tris (hydroxymethyl) aminomethane) Roth
Triton X100 Merck
Trizol Peglab
TrypsinEDTA 0,05% Capricorn

47




Materials and Methods

Tryptone Roth
Tween20 Roth
Y-27632 SigmaAldrich
Yeast extract Roth
Table2: Antibodies list
Antibody Provider

Alexa Fluor 488 donkey asgoat IgGCatalogNo A11055

Life Technologies

Alexa Fluor 488 goat antiouse IgGCatalogNo A11029

Life Technologies

Alexa Fluor 488 phalloidibatalog NA12379

Life Technologies

Alexa Fluor 555 donkey amtibbit IgGCatalogNo A31572

Life Technologies

Alexa Fluor 555 phalloididatalog N&A22287

Life Technologies

Alexa Fluor 647 phalloidibatalog NA34055

Life Technologies

Donkey antigoat IgG HRP Catalog No.70ED

Jacksa Immuno
Research

Donkey antirabbit IgG Alexa Fluor 488 #R37118

Life Technologies

Goat antgmouse IgG Alexa Fluor 555 #A28180

Life Technologies

Goat anttMRTFA G19 se21558 Santa Cruz
Biotechnology

Goat antgrabbit IgG HRP Catalog No. 46815 Bio-Rad

Mouse antiEzrin Catalog No. 610602 BD Biosciences

Mouse ant¢GFP B sc9996 Santa Cruz
Biotechnology

Mouse antiintegrini 1

BD Biosciences

Mouse antimDial 610849 Catalog No. 610848

BD Biosciences

Mouse anttMRTFA G8 sc390324 Santa Cruz
Biotechnology
Rabbit antfMRTFB #14613 Cell Signaling
Technology
Rabbit antiphosphe Cell Signaling
Ezrin(Thr567)/Radixin(Thr564)/Moesin (Thr558) 48G2 | Technology
#3726
Rabbit antiphosphemyosin light chain 2 (Thr18/Ser19) | Cell Signaling
#3674 Technology
Rabbit anttRae1/2/3 #2465 Cell Signaling
Technology
Rabbit antfSRF &0 se335 Santa Cruz
Biotechnology
Rabbit antitubulin 11H10 #2125 Cell Signaling
Technology

Sheep antimouse 1gG HRP Catalog No. NA9310

GE Healthcare

Table3: Biochemical kits used in this work

Kit Provider
CellTiterFluor Cell Viability Assay Promega

GenElute Mammalian Total RNA Minipref SigmaAldrich
kit

Lipofectamine LTX Life Technologies
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Lipofectamine RNAiMax

Life Technologies

Nextera XT DNA SampRreparation kit | llumina

NucleoBond Xtra Midi Plus MachereyNagel
NucleoSpin gel and PCR cleap MachereyNagel
NucleoSpin Plasmid MachereyNagel

kit

PureLink HiPure Plasmid Filter Maxiprep

Thermo Scientific

SMARTSeq v4 Ultra Low Input RNA kit

Clon®ch

Sensitivity ECL Western

SuperSignal West Femto Maximum

Blotting Substrat

Thermo Scientific

Table4: Buffers and solutions list used in this work

Solutions Composition

2x BBS transfection BES 50 mM
buffer NaCl 280 mM
NaHPQ 1.5mM
pH 6.92
8% Formaldehyde Formaldehyde in PBS 8% (V/V)
4% Formaldehyde Formaldehyde in PBS 4% (viv)
ECL solution 2 TrisHCI 0.1M
(Enhanced HO2 1.8%
Chemiluminescence) pH 8.5
ECL solution 1 TrisHCI 0.1M
(Enharced Luminol 2.5 mM
Chemiluminescence) | p-Coumaric acid 0.4 mM
pH 8.5
Firefly assaybuffer DTT 15 mM
3X Coenzyme A 0.06 mM
ATP 0.45 mM
Luciferin 4.2 mg/ml
In Tritonlysisbuffer without
Triton
Laemmlibuffer 4X TrisHCI 286 mM
EDrA 10 mM
Glycerol 28 % (VIV)
SDS 5.7 % (w/v)
Bromophenol blue 3.5 mg/m
2-Mercaptoethanol 4.7 mg/m
pH 6.8
LB agar NaCl 1% (wiv)
Yeast extract 0.5 % (w/v)
Tryptone 1 % (wiv)
Agar 1.5 % (w/iv)
LB medium NacCl 1 % (wiv)
Yeast extrac 0.5 % (wiv)
Tryptane 1% (wiv)
Loadingbuffer for PCR | Glycerol 40 % (vIv)
6X Bromophenol blue 0.04 % (w/v)
Orange G 0.2 %
PBS NaHPQ 8mM pH 7.4
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KRPGQ 1.5mM
NaCl 140 mM
KCI 2.7 mM
PBST PBS 1x
Triton X100 0.3 % (v/V)
Renillaassaybuffer 3X | 10 mMPTC124 in DMSO | 0.06 mM
2 mMh-CTZ irethanol 0.01 mM
in Renilla solution
Renillasolution NaEDTA 45 mM
10X Na Pyrophosphate 30 mM
NaCl 1.452 M
in HO
SDSPAGE TrisHCI 25 mM
running buffer 1x Glycine 192 mM
SDS 0.1 % (wiv)
pH 8.3
SDSPAGE 30% Acrylamide/ 1 ml(viv)
stacking gel 0.8% Bisacrylamide
4Xbuffer Tris/SDS 1.25 ml pH 6.8
TrisHCI 05M
SDS 0.2 % (wiv)
TEMED 10m
10% APS 25m (wiv)
in O 3 mi
SDSPAGE 30% Acrylamide/ 6-15 % (v/v)
separating gel 0.8% Bisacrylamide
4Xbuffer Tris/SDS 1.25 ml pH 8.8
TrisHCI 3M
SDS 0.2 % (wiv)
TEMED 20m
10% APS 100m (wiv)
in HO
TBST buffer NaCl 500 mM
TrisHCI 20 mM
Tween20 1% (viv)
pH 7.5
TrisAcetat (TAE) buffer| Tris 40 mM pH 8.0
EDTA 2mM
Acetic acid 20 mM
Triton lysisbuffer TrisHCI 0.1082 M
10X TrisBase powder 0.0419 M
5 MNacCl 75mM
1 MMgCh 3mM
Triton-X-100 0.25 % (v/v)
in HO
Westem blot Milk powder 5% (wW/v)
blocking buffer in TBST buffer
Westernblot Tris 25 mM pH 8.5
transferbuffer Glycine 192 mM
Methanol 10 % (vIv)
SDS 0.2 % (w/hv)
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Table5: Lab equipment and material list

Device Provider

40x oil objective Carl Zeiss
63x 1.4 NA oil objective Carl Zeiss
Centrifuge 5415R Eppendorf
Centrifuge Biofuge Pico Heraeus
Centrifuge Biofuge Stratos Heraeus
CQ humidified incubation chamber Peon

Forma Series Il 3110 Waidacketed CO
Incubators

Thermo Scientific

GenAmp PCR system 9700

Applied Biosystems

INFINITY Gel Documentation

Peqglab

Laser scanning confocal microscope LSM
700

Carl Zeiss

Laser scanning confocal microscope LSM
800

Carl 2iss

Luminoskan Ascent Microplate
Luminometer

Thermo Scientific

Medical Xray Film Kodak Film
Mini-PROTEN Tetra Cell System BioRad
Mini-Trans Blot Electrophoretic Cell Syste Bio-Rad
NanoDrop 1000 Peqglab

Nikon Eclipse microscope Nikon
Nitrocellubse blotting membrane GE Healthcare
PCR Thermocycler T3 Biometra
pHmeter 70 Mettler Toledo
gPCR 94vells plate Sarstedt

Real time Quantitative Thermal Cyci®s | Bio-Rad
(gPCR) 96 well

Thermomixer compact Eppendorf

Vortex Genie 2

Scientific Industes

XCELLigence system R&ghe Cell Analyze
RTCAVIP

Roche Diagnostics

X-ray film processor

Medical Index

Table6: Software list

Software Provider

Ascent software Thermo Scientific

DNA Strider Christian Marck

Illustrator C8& Adobe

Image J /Fiji National Institute of Health
MS Office 2015 Microsoft

Photoshop CS6 Adobe

Prism 6

Graph Pad Software

RTCA Software 1.2 | Roche Diagnostics

ZEN software Carl Zeiss
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3.2. Cell culture methods

3.2.1. General cell culture

Human MCF10A cells veecultured in DMEM/F12 (Gibco Life Technologies) supplemented with
5% horse serum, 20 ng/ml epidermal growth factorn@@ml insulin, 0.519/ml hydrocortisone,

100 ng/ml cholera toxin, 100 U/ml penicillin, and 1@§ml streptomycin at 37 °C in a 5% £O
atmosphere as described Rebnath, Muthuswamy, and Brugge 2003)

Human HEK293T, HeLa ah875M2 were maintained in DMEM HPSHi§h glucose, stable
glutamine and sodium pyruvate (Capricorn) supplemented with 10% FCS, 2 mM glutamine, 100

U/ml penicillin, and 100g/ml streptomycin at 37 °C in a 5% £&@nosphere.

Culturing of all cell lines vgaperformed in a cell culture lamindlow hood under sterile
conditions. All solutions were stored at +4 °C and warmed up to 37 °C in abagitebefore
use In order to split cells, the medium was completely aspirated and the cells were washed with
PBSThen, cells were incubated with Trypsin at 37 °C until cells were detaEmeadly, Trypsin

was inactivated by adding cell medi.

Freezing Cultured Human Cell Lines

To freeze cells for long term storage, cells were trypsinized and mixed with cellrméaliu
harvest them Sulsequently, cells were centrifugeat 3000 rpm for 5 minutes. Afterwards, the
medium was aspirated and cells were resuspended imllof cell culture freezing medium
containingb % DMSO and 20% FCS. The resuspended cell solutiormnsferred to Crydubes
and placed at80 °C in an isopropanabntaining cell freezing container to guarantee a slow
freezing process. After 24 hours, the tube vpéescedat -80 °C oin liquid nitrogen for long term

storage

Thawing Human Cell Lines

Thecell line aliquots were stored in 1 ml freezing mediurB& °C oin liquid nitrogen. To grow

a cell line, the mzensample was thawed in a 37 °C water bath for 5 minutes. Afterwards,
samples were transferred into a 15 ml tube and mixed with 10 ml afiome. The suspended
cells were centrifuged at 3000 rpm for 5 minutes to isolate the cell pellet free of DMSO from the
freezing medium. After removing the supernatant, the pellet was resuspended in 10 ml of the

cell line’s medium andinally cells were st@d in a 5% Cfatmosphere at 37 °C.
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Table7: Cell lines

Cell line Species Media Origin

MCF10A Homo Sapiens | DMEM/F12 | Epithelial mammary gland
(Tait,Soule, and Russo2 1990)

HEK 293 T Homo Sapiens | DMEM Epithelial embryonic kidnefGraham et
al. 1977)

A375M2 Homo Sapiens | DMEM Malignart melanoma, provided by E.
Sahai (The Francis Crick Institute, Lond

Hela Homo Sapiens | DMEM Epithelial cervix adenocarcinoma
(SCHERER, SYVERTON, and GEY 19t

3.2.2. DNA transfection

a. Calcium Phosphate Precipitation Method
HEK®3T cells were transfected using the calcium phosphate method. Cells were seeded 24
hours before transfection. For a 3.5 cm culture disty bf DNA was diluted and mixed with
112.5m of HO. Subsequently, 1261 2xBBS was added, followed by 1266CaCl After
vortexing, the transfection mixture was incubated for 15 minutes at room temperature before
adding it to the cellsAfter four hours transfection, the cell medium waeplacedwith fresh 10%
FCS DMEM madh and cells were incubated overnight (o/af) 37 °C in a 5% ¢&tmosphere.

b. Fugene Transfection Method
Cells were transfected using Fugene (Promega) according to the manufacturer’s instructions.
The DNA was mixed in 26D0ptiMEM (Invitrogen), followed by of Fugene for eacing DNA.
After 15minutes of incubation at room temperature, the transfection mixture was added to the
cells which were plated in a 3.5 cm culture dish the day befoedls were incubated overnight

at 37 °C with 5% GO

c. Lipofectamine Transfection LTX
Cells were transfectkusing Lipofectamine LTX and Plus Reagent kit (Invitrogen) according to
the manufacturer’s instructions. Cells were seeded the day before transfection in a 3.5 cm
culture dish to be 70% confluent for transfection. To transfect the plasmids,0of DNA was
diluted in 200m of OptiMEM Medium (Invitrogen), followed by1D m Lipofectamine LTX
Reagent and then Bi of Plus Reagent was added to the solution. Upon mixing and vortexing,
the solution was incubated for 10 minutes at room temperature. Subsequeh#ytransfection

mixture was added to the cells and they were incubated overnight at 37 °C with 5% CO

3.2.3. siRNA transfection
MCF10A, HeLa and A3NR cells were transiently transfected with 30M of SiRNA
oligonucleotides using Lipofectamine RNAIMAX (logé&n) according to the manufacturer’'s
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instructions. For gene silencing, cells were seeded the day before transfection in a 3.5 cm culture
dish to be 5860% confluent during transfection. Theniof Lipofectamine RNAIMAX Reagent
was diluted and mixed 625 m OptiMEM Medium. Simultaneously, 31 siRNA of a 2éM

siRNA solution were diluted with 126 OptiMEM Medium. Both solutions were mixed together

and incubated for 145 minutes at room temperature. Afterwards, the transfection mixture
was addeda the cells and incubated for 72h at 37 °C with 5% @@er 72 hours, knockdown

efficiency was quantified and confirmed by Western blot analysis or by quantitative PCR.

All siRNAs were purchased from Qiagen. The targeting sequences of siRNAs useddrkthis

are indicated inrable8.

Table8: siRNA sequences

SiRNA name ¢ NBHSG &Sp deSywsS
Hs SRF_5 SRF p -CAAGATGGAGTTCATCGACAA
Hs VIL2_ 1 Ezrin p-ACTAAGCTCTTATTAGC@GCTC
Hs MKL1_7 MRTFA p-ATCACGTGTGATTGACATGTA
Hs_MKL1 9 MRTFA p-TACCTCTATATTATATATECGA
Hs MKL2 MRTFB p-AAGTAACAGTGGGAATTCGAGC
Hs DI#H1 1 mDial p -AAGATATGAGAGTGCAACT

All stars negative control | control sSiRNA p-AATTCTCCGAACGTGTCACGT
SiRNA

3.2.4. Generation of stable cell lines by virus transduction

3.24.1. Lentiviral plasmidgransfection

The advantage of stable transductiawer transient transfection is the incorporation of the
genetic material into the genome of the transduced cell. For that, HEK293T cells were seeded in
a 6well plate the day before transfection until reaching 7@#nfluence. To produce the
lentivirus, HEK293T cells wete-transfected using the calcium phosphate method with the
lentiviral packaging vector psPAX, the envelope vector pMDG.2 and a lentiviral vector such as
the pinducer20 (pIND20), pWXPL or FUGW cloned with the targeted DNA of chuace.
pinducer20 systemnesents doxycyclinenducible expressioMeerbrey et al. 2011yhile the
pWXPL and FUGW lentiviral systems show constitutive esipresn order to cdransfect cells,

the total amount of DNA (g pMDG.22 ng psPAX and iy of the targeted lentiviral vectaof
interest) was diluted in 112.51 of HO. Then, 1251 2xBBS were added to the transfection
mixture, followed by 12.%1 of CaGl After mixing and vortexing, the transfection mixture was
incubated for 15 minutes at room temperature and afterwards added to the o&tfter four

hours transfection, the cell medium wasplacedwith fresh 10% FCS DMEM mediand cells

were inculated at 37 °C with 5% GO
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The lentiviral packaging vector psPAX, the envelope lentiviral vector pMDG.2 and the lentiviral
pWPXL were provided by J. Swiercz (Max Planck Institute for Heart and Lung Research, Bad
Nauheim, Germany). The lentiviral vector FfM@as kindly provided by D. Oliver (University of

Marburg).Table9 shows the lentiviral plasmids used on this study to generate stable cells lines.

Table9: Lentiviral expression vectorsadsto generate stable cell lines

Donor organism

Receiver

Lentiviral Vector

DNA transferred

organism

Aequorea Victoria and MCF10A 3RPERLGFPPWPXL | 3BRPERGFP

Homo Sapiens

Aequorea Victoria and MCF10A LifeActGFPpWPXL | LifeActGFP

S. Cerevisiae

Homo Sapies and MCF10A EzrinGFPpWPXL EzrinGFP

Aequorea Victoria

Homo Sapiens and MCF10A EzrinT567AGFP EzrinT567AGFP

Aequorea victoria pWPXL

Discosoma sp, S. Cerevisi MCF10A EzrinmCherry EzrirnmCherry

and Homo sapiens pWPXL

Aequorea Victoria MCF10A pWPXL GFP

Aequorea Victoria and MCF10A MRTFA-GFP MRTFA-GFP

Homo Sapiens pinducer20

Aequorea Victoria, Homo | MCF10A H2BmCherry H2BmCherry

Sapiens and Discosoma s pWPXL + EzrinGFP
EzrinGFPpWPXL

Discosoma sp and S. MCF10A LifeActmCherry LifeActmCherry

Cerevisiae pWPXL

Aequorea Victoria and MCF10A DN-MRTFA-GFP DN-MRTFA-GFP

Homo Sapiens pinducer20

Aequorea Victoria, Homo | MCF10A H2BGFPpWPXL + | H2BGFP

Sapiens and Discosoma s LifeActmCherry LifeActmCherry
pWPXL

Aequorea Victoria and MCF10A 3Da.lueMRTFSRF | 3Da.lueMRTFSRF

Homo Sapiens GFPFUGW GFP

Aequorea Victoria and MCF10A 3Da.lucGFPFUGW | 3Da.lucGFP

Homo Sapiens

Aequorea Victoria and MCF10A GFPFUGW GFP

Homo Sapiens

Aequorea Victoria A375M2 pWPXL GFP

Aequorea Victoria A375M2 LifeActGFPpWPXL | LifeActGFP

Aequorea Victoria, Homo | A375M2 H2BmCherry H2BmCherry +

Sapiens and Discosoma s pWPXL + LifeAct LifeActGFP
GFPpWPXL

Aequorea Victoria and A375M2 MRTFA-GFP MRTFA-GFP

Homo Sapiens pinducer20

Aequorea Victoria, Homo | MCF10A H2BmCherry H2BmCherry

Sapiens ad Discosoma sp pWPXL + MR MRTFA-GFP
GFPpIND.20
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3.24.2. Viral transduction

HEK293T transfection efficiency was confirmed using fluorescence micyadten24 hoursof
transfection. Then, 48 hours after tmnsfection of tke lentiviral vectors, the supernatants
containing viral particles were harvested, filtered with a On22 pore size filter and added to

the target cell line to transduce them. After 72 hours, target cells transduction efficiency was
confirmed using fluoreence microscop Consequently, transduced target cells were selected
either by FACGBased cell sorting for the pWXPL or FUGW lentiviral plasmids system or by 0.25
pg/ml puromycin selection for the plnducer20 lentiviral system. In addition, expressioRoFM

A-GFP from pInducer20 was induced by 333 ng/ml doxycycline.

3.2.5. Cell impedance analysis

Cell impedance quantification in A3RE melanoma cells was performed in-a&ll Eplates
(RocheDiagnosticy which were previously coated with the indicated collagemcentration
and cells were seeded on top at the indicated cell densities. Next, impedmsesl real time
detection was conducted using the xXCELLigence systemTRealCell Analyzer RT-OW
(RocheDiagnostick Analysis was performed recording the déetlex values (Cl) every 15 min
for 24 h and normalization was done using the RTCA SoftwarRtbc¢hé DiagnostigsThe
impedance readout shows arbitrary cell inéeadues which are normalid¢o 1 at the indicated
time points. The normalized values amaulated using the following equation: Normalization
of cell index 0 0 & 0 "Q 61D ®& @ @¢wWhereCltiis the cell index at a given time point
divided by the cell index at the normalization time poi@tr{(ml_timé&. Furthermore, background
impedance caused by the collagen and tiedl medium was determinel in each well before
seeding the cellsHere, ell impedance measurement allows us to monitor different cell

processes such as cell adhes{Bees and Thomas 2015)

3.3. DNA cloning methods
3.3.1. Amplification of DNA via Polymerase Chain Reaction (PCR

Expression congicts were generated following standard cloning methods. DNA fragments
were amplified by Polymerase Chain Reactions (PCR) usingHob Start 1l Higlridelity DNA
Polymerase in 161 5x Phusiomuffer (Thermo Fisher Scientific) according to the manuwfiasts
instructions. Moreover, the PCR reaction contained 200 ng DNA template, 100 nM of forward
and reverse primer, and optionally 8155 m DMSO. Then, the PCR tube was filled up to a total
volume of 50m with ddHO. The PCR reaction was performed g Thermocycle (Biometra)

with the program described ifablel0.
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Tablel0: PCR program

Steps Temperature (°C) Time (sec)
1 | initial denaturation | 95°C 3 min
2 | denaturation 95 °C 30 sec Steps 24 (30 cycles)
3 | primer annealing 6072 °C 30 sec
4 | elongation 72 °C 30 sec/ 1kb
5 | final extension 72° 3 min
6 | storage +4°C

The DNA template was always obtained from existing plasmids. The differemixistang

plasmids and expressiometors used on this study are listed and descrilme@ablell.

Tablell: Expression plasmids used in this work

Plasmid Reference Characteristics
pGL3D.AFOS R. Treisman (The pGL3basic vector with 3nain SRF
Francis Criclnstitute, binding sites of the -€os promoter,
London, UK) retrieved from the TATA box of
Xenopus laevisactin genome. |t
(Mohun, Garrett, and | mediates SRHependent expressior
Treisman 1987) of firefly-luciferase.
pPRLTK Promega Internal control for reporter gene
assays.Herpes simplexThymidine
kinase promotor mediatesRenilla
reniformisluciferaseexpression.
pinducer20 Mammalian expression. Lentivir;
plasmid. Ampicillin resistance. CM
promoter.
pWPXL Mammalian expression.Lentiviral
plasmid. Ampicillin resistance. &
promoter.
pMD2.G J. Swiercz (Max Planck Mammalian expression. Lential
Institute for Heart and | envelope  expressing plasmi
Lung Research, Bad | Ampicillin resistance.
Nauheim, Germany)
psSPAX2 J. Swiercz (Max Planck Mammalian expression. Lentivir
Institute for Heart and | packaging  plasmid.  Ampicilli
Lung Research, Bad | resistance.
Nauheim, Germany)
H2BmCherrypWPXL Nuclear markr histone fusion
protein H2B in a lentiviral vector.
LifeAckmCherrypWPXL | M. Sixt (IST, LifeAct probe expressed in a lentivil
Klosterneuburg, vector.
Vienna)
DN-MRTFA-GFP Cloned by C. Baarlink | This costitutively activeDN-MRTFA
plnducer20 (Institute of construct (Miralles et al. 2003]

Pharmacology,
Marburg)

cannot bind Gactin due to a lack o
RPEL motifs. This vector was label
with GFP and inserted in an inducik
lentiviral vector.
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MRTFA-GFPplnducer20

Cloned by D. Brandt
(Institute of
Pharmacology,
Marburg)

Full length MRTR expressed in al
inducible lentiviral vector.

3-RPEL2-GFPpWPXL

Cloned as explained at
Table 12.

sequence constitutively expressed

RPEL domain from the MRAF

a lentiviral veoor.

EzrinGFPpWPXL

Cloned as explained at
Table 12.
(Crepaldi et al. 1997)

Ezrinwild type form tagged to GFF
constitutively  expressed in
lentiviral vector.

EzrinT567AGFPpWPXL

Cloned as explained at
Table 12.

(Gautreau, Louvard anc
Arpin, 2000)

T567A tagged to GFP constitutive

Ezrin norphosphaylatable mutant

expressed in a lentiviral vector.

EzrinmCherrypWPXL

Cloned as explained at
Table 12.

Ezrin wild type form tagged to
mCherry constitutively expressed
a lentiviral vector.

3Dafos.LueT2AGFR
FUGW

Clmed as explained at
Table 12.

Lentiviral luciferase promoter SF
reporter gene expressing vector.

hUbCLUcT2AGFR Cloned as explained at| Lentiviral luciferase reporter gene

FUGW Table 12. vector with the hUbC promoter
instead of the SRF firefly promoter.

LUucT2AGFRPFUGW Cloned as explained at| Lentiviral luciferase reporter gene

Table 12.

expressing vector with no promoter

dependent expression of the firefly luciferase.
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Lentiviral expression vectors pWPRbdsed for stable expression of fluorescently tagged 3RPEL
2GFP, EzrBFP, Ezrit567AGFP, Em-mCherry, H2B5FP, H2BnCherry, LifeAemCherry,
LifeActGFP and the pinducerdiased doxycycline inducible vect@eerbrey et al 2011)for
MRTFA-GFP andN-MRTFA-GFP were cloned using standard PCR techniques.

Lentiviral luciferase reporter gene vectors FUBHged expressing the firefly luciferase
promoter pGL3D.AFQ8 measure SRF luciferase activity were cloned to generatatde cell
line. The firefly coding sequence pGL3D.AKG&neste, Copeland, and Treisman 20025
cloned into the lentiviral vector FUGW by inserting either the GL3D.AFOS promoter, the hUBc
promoter or by removing bifh promoters as a negative control vector, respectivelig(rels).
The SRF luciferase promoter was cloned into the lentiviral vector FUGW maintaining the hUBC
promoter as hUBdriven construct or cloned with napmoter deleting the luciferase promoter

and the hUBc promoter aspromoter free construct. For all luciferase reporter gene expressing
cloned vectors, the luciferase reporter gene was cloned linked to a GFP byckeae#ble T2A
peptide in order to FAE sort the positive transduced cells. The pGL3D.AFOS vector presents the

cFos promoter and three copies of the serum response element (SRE), serving for the SRF
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— —
X | we |lerRl| | 2] we |lerRl| |§| e |leFp
Promoter free hUbC-driven CArG-(MRTF/SRF)-driven

Figure 18: The SRFutiferase reporter constructsThe promoteffree construct wasgenerated by
omitting either the insertion of aGL3D.AFOS promoter a hUbC promotetinto the FUGW lentiviral

vector serving ason-induciblecontrol plasmid for the SRF luciferase reportesags. The hUbG@riven
construct was cloned into FUGW conserving its own hUbC promoter. The(RRME/SRFjriven
construct was cloned inserting the GL3D.AFOS promoter into the lentiviral FUGW vector. All constructs

were cloned linked to a GFP sequencasTimage was adapted frof$oto Hinojosa et al. 2017)

The following primeroligonucleotides were used for the generation of the mentioned

constructed aboveTablel2):

Tablel2: Primers sequences for the generation of recombinant DNA

Construct { S1j dzSy-® So 0 Backbone vector
Restrictions sites

EzrinGFP pWPXL

fwd primer GCGCGCGTTTAAACTAATGCCGAAACCAATC/ Pmel
GA

rev primer GCGCGCACGEQGTGTACAGCTCGTCCATGCC( Mlul
GTG

EzrinT567A pWPXL

GFP

fwd primer GCGCGCGTTTAAACTAATGCCGAAAGKRATCI Pmel
GA

rev primer GCGCGCTTCGAACTTGTACAGCTCGTCCATG| BstBI
GTG

EzrinmCherry H2BmCherrypWPXL

fwd primer GCGCGCGTTTAAACTAATGCCGAAACCAATC/ Pmel
GA

rev primer GCGCGCACGEQGTGTACAGCTCGTCCATGCC( Mlul
GTG

3-RPE2-GFP pWPXL

fwd primer GCGCGCGTTAAACATGCTGCCCCCTTCCGTCAT Pmel
AATGG

rev primer GCGCGCACGCGTCTTGTACAGCTCGTCCATGC( Mlul
G

3Dafos.Lue FUGW

T2AGFP

fwd primer GCGCGCTTAATTAACATTTCACACAGGAAACA Pacl
AC

rev primer GCGCGCGAATTCTTACTTGTACAGCTCGTCC/ EcoRI

hUbCGLucT2A FUGW

GFP
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fwd primer GCGCGCGGATCCCATGGAAGACGCCAAAAA( BamHI
AA

rev primer GCGCGCGAATTCTTACTTGTACAGCTCGTCC4 EcoRl

LucT2AGFP FUGW

fwd primer GCGCGCTTAATTAAATGGAAGACGCCAAAAA( Pacl
GAA

rev primer GCGCGCGAATTCTTACTTGTACAGCTGETUZ EcoRl

3.3.2. Agarose gel electrophoresis and purification of the PCR products

The PCR products were mixed with DNA loading dye, the 6x PCR sample loading buffer (Thermo
Scientific), andubsequently loaded to 1% agarose gel which contained 1x TAE buffed®v

pg/ul ethidium bromide. The DNA fragments were separalgdrunning the gelin a DNA
electrophoresis chamber (BRad) using constant voltage (10%). Later, the amplified DNA

was detected under UV light and visualized with the INFINITY gel dotatma system
(Peglab).The amplifiedDNAfragments of interest were then cuiut of the agarose gel and
purified using the NucleoSpin gel and PCR elgakit (MachereyNagel) according to the

manufacturer’s instructions.

3.3.3. Restriction digest and DNA ligan

After PCR product purification, the purified PCR fragments and the respective cloning vectors
were digested using DNA restriction enzymes for 2 hours at 37 °C in accondéhcie
manufacturer’s protocol. The different restriction endonucleases wsethis study are shown

in Table13. All the restriction enzymes were purchased either from Thermo Scientific or New
EnglandBiokbs (NEB) as indicatedfter digestion, the DNA insert and the digested vector were
run on an agarose gel and the DNA was purified as previously desdritexdafter DNA ligation

was conducted in a total volume of 20 for 20 minutes at room temperature usingu of T4
Ligase (Thermo Scientific) together withul2Ligasebuffer (Themo Scientific) at a ratio of 1:4

between the digested vector and the DNA insert, respectively.

Tablel3: Restriction enzymes used for this study

Restriction Reaction Buffer Supplier
endonucleases
BstBI

Buffer B Thermo Scientific
Pmel
Pmel

CutSmarbuffer NEB
Mlul
Pacl

CutSmarbuffer NEB
EcoRlI
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BamHlI

Tangobuffer Thermo Scientific
EcoRI

3.3.4. Transformation of recombinant vector DNA into bacteria

DHB bacteriacellswere transformed with recombinant DNA by adglié pl of the ligation
reaction to 45 pl bacterial cells on ice for 30 minut€een a 45 seconds heat shock at 42 °C
was appliedandthe cellskept on ice for 5 minutesNext, the samples were plated on LB agar
plates with antibiotic (either ampicillinrkkanamycin depending on the vector resistance) and

incubated at 37 °C overnight.

The following day, bacterial colonies were collected and incubated in 4 ml LBrmemfitaining
antibiotics at 37 °C overnight. DNA plasmids were isolated using the NuicieB&smid
Miniprep Kit (MachereyNagel) according to the manufacturer’s protadaisitive clones were
selected after running a test digestion for all the clones. In order to confirm our cloned construct,
the isolated DNA plasmids were sent for DNA segiren(Macrogen) and analyzed with the
DNA Strider software.

3.4. Microscopy

Microscopic imaging was performed using the confocal laser scanning microscopes LSM 700 and
LSM 800 (Carl Zeiss) equipped with a 63x 1.4 NA and a 40x oil objective (Carl ZeissyjeBhe ima
were later on analged using ZEN software (Carl Zeiss) and processed using Image J/Fiji software

(National Institute of Health).

3.4.1. Immunofluorescence

Cells were seeded and grown on glass coverslips (Thermo Scientifiwplhfates (Sarstedt).

For immunofluorescence, cells were fixed with 4% formaldehyde in PBS for 10 minutes at room
temperature. After washing the coverslips three times with PBS, cells were permeabilized using
0.03% Tritorx-100 in PBS (PBS or 0.05% Tween in PBS for 10 minute®abrtemperature.

Then, cells were blocked using 5% BSA in PBS for 1 hour at room temperature. Subsequently,
samples were incubated with the primary antibody diluted in the blocking solution overnight at
4 °C followed by three PBS washing stéfi® ®conday antibody was also diluted in the
blocking solution and incubated with the coverslips for 1 hour at room temperature. If required,
nuclei were stained using DAPI (Sighidrich) at 1:10000 for 20 min at room temperature and
Factin was labelled using Aa Fluor 555hallodin, Alexa Fluor 488halloidin or Alexa Fluor

647-phalloidin (Invitrogen) at 1: 500 overnight at 4 °C or at 1:200 for 1h at room temperature.
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After three final washing steps with PBS, the coverslips were mounted on the glass slides usin

fluorescent mounting media (DAKO).

3.4.2. Live Cell Imaging

Timelapse microscopy of the fluorescence GFP or mCherry tagged proteins was performed at
37 °C in a 5% G@umidified incubation chamber (Pecon, £abdule S1). Images were acquired
with the LSM 700 rad the LSM 800 confocal microscopes (Carl Zeiss) using the time series, Z
stack and tile scan setting of the ZEN software (Carl Z8sahtitative analysis of the images
was done using the ZEN software (Carl Zeiss) and ImageJ/Fiji softvedi@nal Instute of
Health).

To induce plasma membrane (PM) blebbing and subsequent entosis, MCF10A cells were seeded
on 35mm glass bottom dishes (In vitro Scientific) which were previously coated at room
temperature with 12% poMHEMA wt/wt solution diluted 1/4 irethanol to prevent cellular
attachment as previously described @@verholtzer et al. 2007Whereas ¢ study amoeboid
blebbing invasion, 8vell pslide (Ibidi) were coated with eithé&.4 pg/mliCollagen (Advanced
Biomatrix) or2.5 pg/mlMatrigel (Corning) according to the manufacturer’s instructions, and
A375M2 cells were seeded in DMEM medtion top of thematrix to monitor them over a time

course of 16 hours.

To perform live serum stimulation assays, MCF10A cells were starved overnight in a 0.5% FCS
containingcellmedium and 20% serum was added directly to the cells under the microscope to

follow the effects of the stimulation over time.

When indicated, cells were treated with the following drugs: the myosin Il inhikignitro-
blebbistatin {00 uM Cayman Chemicallhe ROCK inhibitor-27632 (0 uM, SigmaAldrich),
the transcription inhibitor Actinomcin D 50 pug/ml Santa Cruz Biotechnology) and the protein
translation inhibitorCycloheximidel(00 ug/m| SigmaAldrich), whichwere applied directly to

the cells while scanning.

If necessary, cells were pseeded on glass bottom dishes (In vitro Sdfemtand transfected
with the DNA plasmids of interest using Lipofectamine LTX Transfectidif&it ¢chnologies)
24 hours before analysis. To image cells silernesiRNAS, transfection using Lipofectamine

RNAiMax Transfection Kltife Technologiesyas done 72 hours before imaging.
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3.5. Bleb-dependent invasion assays

3.5.1. Entosisassays

Entosis experiments were performed as previously descrifgatvanov et al. 2014; Soto
Hinojosa et al. 2017MCF10A cells were grown in avell plate and trypsinized to plate them

at cell densities of 300.06900.000 per well on Costar Ulttaw cluster plates (Corning)
preventing cellular attachment. Cells were incubated for 4h at 37°C, then MCF10A cells were
fixed directly in suspension using 8% formaldehyde in PBS for 10 minutes at room temperature.
After washing the cells, the cell pelletaw resuspended in PBS and seeded on top ehi?
coverslips (Sarstedt) on a heating block at 60 °C-fd¥ inutes. Then, fixed cells on coverslips
were washed three times with PBS and permeabilized using 0.05% Tween in PBS for 10 minutes
at room temperatire. For visualization of entotic events, cells were incubated with Alexa Fluor
555-phalloidin (Invitrogen) or Alexa Fluor 488alloidin (Invitrogen) at 1: 500 in PBS overnight

at 4 °C to label-Actin and DAPI (Sigma#ddrich) to label nuclei was used at10 000 for 20
minutes at room temperature. When necessary, after permeabilization, cells were blocked using
5% BSA in PBISfor 1 hour at room temperature followed by the incubation with the primary

antibodies overnight as describéuthe Immunofluoresence protocol (SectioB.4.]).

To quantify entotic events, images were acquired with the LSM 700 and the LSM 800 confocal
laser scanning microscopes (Carl Zeiss) using-$tecK setting of the ZEN software (Carl Zeiss).
Entotic cells andhe total numbe of cells were quantified using the ZEN software (Carl Zeiss)
and analged with ImageJ/Fiji software (National Institute of Health). For all entosis
quantifications, at least 600 cells were quantified from 8 different visual fields for each coverslip
and assays were performed at least three times to statistically analyse the data using Prism 6
(GraphPad Software).

3.5.2. 2D invasion assg ona matrix

To study amoeboid blebbing invasion, A3V2 melanoma cells were seeded on top of a matrix
in a 8well peslide (bidi) which was previously coated either with fibrillar bovine Collagef (
pug/ml, Advanced Biomatrix) diluted with 10X MEM and HEPES buffer or with MaRigel (
pg/ml, Corning) diluted in DMEM madgn and then incubated for 30 minutes at 37 °C before
plating the cells. After seeding the cells on the matrix for 1 hour at 37 °C in a&#tr@Sphere,
A375M2 cells were tracked over a time period of 16 hours with the tsrees and Atack
setting of the ZEN software at the LSM 700 confocal microscopeg the 40X oil objective (Carl
Zeiss) in a 5% G{dcubation system (Pecon, €@odule S1). For analysis of cell morphology,

percentage of elongated or rounded cells was assessed after plating the cells on a matrix for 16
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hours using ImageJ/Fiji softwaréldtional Institute of Health). Other parameters like cell

roundness was also evaluated using ImageJ/Fiji software (National Institute of Health).

3.6. RNA analysis
The analysis of the siRNA knockdown efficiency and the mRNA transcript level expressed for
actinrMRTF/SRF target genes were based on the extraction of RNA from the cells, followed by

synthesis of cDNA and quantified by real time PCR (qPCR) as deiscdtiledeigurel9.

Data
analysis

Sample collection RNA RNA quantification Reverse

> » 9PCR >
and processsing isolation and assessment Transcription d

Figurel9: g°PCR gene expression experimental workflow.

3.6.1. RNA isolation from cells

For total RNA extraction, cells were washed with PBS and directlyitytieel 6-well plate by
adding 1 ml of Trizol reagent (Peqlab) for each well according to the manufacturer’s iosisuct
Then, cells were collecteth a 1.5 ml eppendorf tube, incubated for 5 minutes at room
temperature to allow complete dissociation of nucleoprotein complex and 200 ul chloroform
was added, followed by 15 seconds of intensive vortexing and afterwaedaples were
incubated for 10 minutes at room temperature. Phase separation was achieved by
centrifugation at 12000 g for 15 minutes at 4°C. The RNA fioutheé upper agueous phase was
carefully transferred to a new 1.5 ml eppendorf tube and mixed wit@ fDisopropanol to
precipitate the RNA. After 10 minutes incubation at room temperature, samples were
centrifuged at 12 000g for 15 minutes at 4 °C to pellet the RNA. Finally, the RNA pellet was
washed with 75% ethanol and pelleted at 12000 g for 5 misw#e4°C, then dried at room
temperature and dissolved in 20 ul RNase fre® Fsamples were sted at -80 °CAll the steps

must be performed RN#&ee until cDNA is obtained on the next phase.

3.6.2. Reverse Transcription of total RNA

Reverse transcription wagerformed using reverse transcriptase enzymes to convert RNA into
their complementary DNA (cDNAdfter RNA extraction from the cells, 500 R§lA in a total

volume of 10 pl were incubated with 1 pl of Random Hexamer Prirb@® (M Thermo
Scientific) for Gminutes at 65 °C using Thermal CyclgiBiometrg. This step was followed by

PCR with a master mix containing: 2 pl 10 mM dNTPs (Promega), 1 pl RiboLock Ribonuclease
Inhibitor (Thermo Scientific), 1 yl RevertAid Reverse Transcriptase (Thermo Sceamdifec)ul

5x Reverse Transcriptaseffer (Thermo Scientific). The PCR reaction was filled up to a final
volume of 19 pl. This master mix was gently mixed and 19 pl were pipetted into each RNA/primer

reaction tube on ice. At the end, the samples were trangd to theThermal CycleGene Amp
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PCR System 9700 (Applied Bioystems) to start the PCR for cDNA preparation with the following
program:

Tablel4: PCR program for cDNA synthesis

Steps Temperature (°C) Time (sec)
1 25°C 10 min

2 42 °C 60 min

g 70 °C 10 min

4 +4°C

3.6.3. Quantitative real time PCR (qPCR)
After cDNA synthesis, the quantitative real time PCR (gR@R)performed withReal Time
Quantitative Thermal CyadiéBio-Rad)usinga reaction mixture with SYBR Green #si@arescent

dye (BieRad).

gPCR is based on the same principle as conventional PCR and héausauttification ofthe

final DNA after each amplification step. The total amount of PCR product is detiegted
measuring the fluorescence intensity at the emideach cycle. For the PCR reactions, first the
cDNA from the reverse transcription product was diluted aaa5 ul of the cDNAvere directly
pipetted to the 96well gPCR plate. Then, a master mix reaction was prepared for each primer
pair containing (pr sample): 12.5 ul SYBReen (BieRad), 1 ul forward primer and reverse
primer (100 nM SigmaAldrich) and 9 pl RNAsiee HO. A list of the gPCR primers sequences
(SigmaAldrich) usedn this work is shown ifablel5 and the gPCR program (BRad) used is
described inTablel6.

Tablel5: gPCR primers sequences

TATAbinding proteinfwd p-TGCACAGGAGCCAAGAGTGAA
TATAbiInding proteinrev p-CACATCACAGCTCCCGACCA
hSRF fwd p-CAGATCGGTATGGTGGICGG
hSRF rev p-GTCAGCGTGGACAGCTOATA
hEzrin fwd p-TAAGGGTTCTGCTCTGAGACCA
hEzrin rev p-GCTCTGCATCCATGGTGGBTAA
hMRTFA fwd p-CAGAGTCCCAGGGTTGIGT
hMRTFA rev p-ACTTGGCAGTGGGGATAGTG
hMRTFB fwd p-ACATTCGCCCTTTCTTGGAGT
hMRTFB rev p-TCCGAGATTGCCATCTTATGGTC
hRadixin fwd p-CCATATTGCCGAGCTGHBCTG
hRadixin rev p-GGCAAATTCCAGCTCAGCAT
hMoesin fwd p-ATCCAAGCCGTIRACTGE
hMoesin rev p-AAATAGCTGCTTCCCGATGG
hCYR61 fwd p-GTGACGAGGATAGTATCAAGGACC
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hCYR61 rev p-ATTTCTGGCCTTGTAAAGGGTTG
h_cFos fwd p-CTCTCTTACTACCACTCAGLCCGC
h_cFos rev p-GGTCCGTGCAGAAGTCGBGCG
hintegrin B1 fwd p-CCGCGCGGAAAAGAARO

hintegrin B1 rev p-ACATCGTGCAGAAGTAGECA
hMyosin fwd p-TCCCCGCTGGGAATGEGTC
hMyosin rev p-CTTATCGGCAGCTTGCHBGTG
hMMP-9 fwd p-CGACGTCTTCCAGTACEWGAG
hMMP-9 rev p-TTGTATCCGGGCAAACT®GCT
hmDial fwd p-GTCAGGCTTGCGGGATATG
hmDialrev p-TTCAGCACCAAATGTTT@CAC
hRael fwd p -CACCGAGCACTGAACT-BTGC
hRael rev p-CGGGAGGCTGTTCTGGOTTA
hRhoA fwd p-GTCCACGGTCTGGTCTBCAG
hRhoA rev p-CAGCCATTGCTCAGG@AAC
hMLC2 fwd p-TGTCAGGCAGATCTGTGACG
hMLC2 rev p-GGTTATACCTCCGTGEGDA

Tablel6: gPCR program

Step Temperature (°C) Time
1 | Initial denaturation 95 3 min
2 | Denaturation 95 10 s Steps 24 40 cycles
3 | Annealing 60 30s
4 | Elongation 72 30s
5 | Final elongation 95 2 min
6 | Melting curve 55A 95 10s

Gene expression analysis was then evaluated by determining the ratio between the amount of
target gene of interest and an endogenous reference gene which is equally expressed in all
samples. Relative mRNA levels were quantified using the dedfe thresholdj{ )I€T) method
normalized to the TAT-Ainding protein (TBP) cDNA. To calculate the fold change in the target

gene relative to the TBP control gene is determined by the following equation:
Fold change g 70D
wherew 6 "Y O Qugetgeneq 0 GsPOEQW WO "Y @ O ifkrestcona W O dntrolcoNA

3.7. Protein analysis

3.7.1. Western Blotting

Proteins were separated by sodium dodecyffatal polyacrylamide gel electrophoresis (SDS
PAGE) according to their molecular weight with the NHROTEN Tetra C8ystem (Bidrad).
Sample preparation started with the cell lysis step by adding 2x Laemmli Bidtde4) directly

to the cells todenature their proteins. After protein denaturation, cell lysates were then
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collected in a 1.5 ml Eppendorf tube and boiled for 10 minutes at 95 °C and subsequently lysates
were centrifuged at 12 000 g for 10 minutes. Afterwards, samples were immediately loaded onto
an SDSPAGE gel or stored é20°C.To run SD$olyacrylamide gelseparating gels were cast

in different concentrations of 6%, 8%, 10% or 15% according to the protein size and 6% for the
stacking gel. Then, cell lysate samples and the {Rzge prestained protein size ladder
(Thermo Scientific) were loaded into the vgebnd SD$olyacrylamide gels were run using
constant voltage (80 V for stacking gel and A2@or separating gel) to electrophoretically
separate the proteindNext, the separated proteins were transferred to a 0.45 um nitrocellulose
blotting membrane (& Healthcare) using the Mini TraBkot Electrophoretic Cell system (Bio
Rad) filled with the Westerblot transfer buffer (Table4) applying constant 350 mA for 90
minutes on iceAfter protein transfer, the nitroellulose membranes were incubateddiocking

buffer (Table4) for 1 hour at room temperature. This blocking step was followed by incubating
the different primary antibodiesTable17) diluted in the blocking buffer with the membranes

on a shaker overnight at 4°C. After washing the membranes three times wittbGiB&TTable

4) for 10 minutes, the secondary HR&njugated antibodis diluted Tablel7?) in the blocking

buffer were incubated for 1 hour at room temperature. Membranes were washed three more

times with TBST before developing them.

Enhanced chemiluminescence (ECdhle4) was used to detect the antibodgbelled protein
bands on Medical Xay films (Kodak Film) which were exposed on top of the membrane at
different time pointsin a dark room and developed with theray film processor (Mdical
Index).The primary and secondary antibodies dilutions used on this work are iisted Table

17

Tablel7: Antibodies used for Western Blot

Primary Antibody Dilutions

Goat anttiMRTFA (G19) 1:200
Rabbit antiSRF (&0) 1:1000
Mouse antiEzrin 1:1000
Rabbit anMRTFB 1:1000
Rabbit antitubulin 1:5000
Rabbit antiRael 1:500
Rabbit antiphosphemyosin light | 1:500
chain 2

Mouse antimDial 1:1000
Mouse antiL y 4 SANA y i] 1:1000
Mouse antiGFP 1:1000
Goat antirabbit IgG HRP 1:5000
Sheep antimouse 1gG HRP 1:5000
Anti-goat IgG HRP 1:5000

67



Materials and Methods

| Donkey antigoat IgG HRP | 1:10000

3.7.2. Reporter gene analysis

MRTF/SRF luciferase reporter assay was assessed for eemgmhe analysis where the
transcriptional activity of the reporter gene under control of the SRF promoter can be measured.
In this work, cells were either transiently transfected with the reporter gene constructd §RL
(Promega) and the expression vecipGL3D.AFOS (R. Treisman, The Francis Crick Institute,
London, UKjMohun, Garrett, and Treisman 19831 a stable cell line was generated using the
FUGW lentiviral system where the SRF promdé&r,Aluc(Geneste, Copeland, and Treisman
2002) from the pGL3D.AFOS vecias previously cloned into the lentivirus as explained at the
Section3.3.1

The reporter pGL3D.AFOS vector presents thexpromoter and ttee copies of the serum
response element (SRE) allowing the-8&Fendent expression of the Firefly luciferase. The co
transfected control vector pRLK (Promega) shows Renilla luciferase expression under the
control of the viral thymidine kinase promotdfirefly luciferase activity was normalized to the

control reporter pRLTK Renilla luciferase expression.

To generate a stable MCF10A cell line under the control of the NBRFpromoter, lentiviral
luciferase reporter gene construct$-igure 18) were cloned using the FUGW (D. Oliver,
University of Marburg, Germany) lentiviral system where the MBRF promoter 3D.Alweas

linked to GFP and inserted at the FUGW vector replacing its promoter as explained in detail at

the section3.3.1.

Transiently transfected cells or stable cells expressing the SRF luciferase promoter were treated
under the desiral conditions for each assay and then SRF luciferase activity was quantified
(Figure20). For that, cells were lysed with 200 pitdn lysisbuffer (Baker and Boyce 201dn

ice and collected in 1.5 nibpendorf tube, followed by a 10 minutes centrifugation at 13 000
rpm at 4°C. To measure the luciferase activity, first 50 pl Fiasflgybuffer (Baker and Boyce
2014)were added to 10 pl of cell lysate, and the first measurement was assessed using a
Luminoskan TM Ascent Microplate Luminometer (Thermo Scienifib)the Ascent Software
(Thermo ScientificA second measurement was carried day adding 75 pl Renillassaybuffer

(Baker and Boyce 201#) the previous wells anéinally, the firefly values were normalized to

the renilla signal.
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substract/\\ luminescence
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TATA| | firefly luciferase

p3D.Aluc

Figure20: MRTFSREF luciferase reporter gene expressidinis scheme represents tiRTFSRF driven
luciferase reporter gene. SRF reporter gene assays were perfdiymadasuingfirefly luciferase activity
in cells under the control of the MRTF/SRF luciferase reporter. This reporter gene contains the SRF

promoter from the pGL3D.AFOS wvactThis image was adapted frof@oto Hinojosa et al. 2017)

3.8. Statistical analysis

The statistical analysis of the data was done using Prism 6 (GraphPad Software). Data analysis is
shown as mean = SD and data distributiomsvassumed to be normal. Statistical significance

was assessed as indicated for each experiment either with the unpaired Stutitest $or the
comparison of two conditions or the ANOVA test for the comparison of several conditions.
Statistical differenes were judged as significant at *<P.05; **, P <0.01; ***, P<0.001; and

*xxx P <0.0001.
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4. Results

4.1. Transcriptional regulation of the MRTF/SRF pathwdyring PM blebbing
Nonapoptotic plasma membrane blebbing is enhanced by matrix deadheaiw as a
consequence, cells will potentially undergleb-associated cell motility such as entotic invasion
and amoeboid blebbing invasiqRigure31 A). Hence, our ainwasto elucidatethe underlying
signaling pthway controlling plasma membrane (PM) blebbingigure21 A) and further the

bleb-dependent mode of invasion known as ento$igy(ire21 B).

Live cell imaging allod us to investigatethe regulation of actin dynamicsduring plasma
membrane blebbing. Thus, characterization and further analysis of bleb dynamaiss
performed to study the bleb cycle in detalligure21 A) and the inportance of norapoptotic
PM-blebbing for blebassociated cell motilitysuch as entotic celh-cell invasionKigure21 B).

To examine sustained PM blebbing and subsequent entosis, human breast epithelial MCF10A
cells were seeded on peEMA coated dishes, which are known to induce blebbing and entosis

by preventing cellular attachmeii©verholtzer et al. 2007)

A
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Figure21: Characterization of plasma membrane blebbir(@) Bleb cycle ithe human breast epithelial
cell line MCF10A eexpressing LifeAanCherry (red) to label the actin cytod&ton and the ERM protein
EzrinGFP (green)Arrows indicatethe bleb cycle for individual blebs over tim@) MCF10A cells in
suspension stably eexpressing the nuclear marker H2BCherry (red) with EzriGFP (green) were
monitored to analyze blebbingna subsequent entotic invasioithis time series reveals the importance

of plasma membrane blebbing & driving force for entosisScale bas,5 pm.

70



Results

4.1.1. Plasma membrane blebbing is affected in the absenc&ef-

To study the impact of the MRTF/S&ghalirg pathway on plasma membrane blebbing, our first
approach was to analyze the effects of Serum Response Factor (SRF) in cells undergoing PM
blebbing. Therefore, bleb dynamics were evaluated upon interfering with MRTF/SRF in human
epithelial breast cells MABA. Firstcontrol or SRiSilencedVICF10A cells stably expressing GFP
(Figure22 C) were plated on poliiEMAcoated dishes to induce PM blebbing and imaged over
time to examine bleb dynamicBigure22 A). Here, we observed that SB&pleted cells showed

a different blebbing phenotypein which blebswere bigger and the bleb cycle was slower
compared to the control cellgigure22 A-B), suggesting that bleb dynamiese affected in the

absence of SRF.

Different parameters were analyzed in order to quantify the observedo®Mbing phenotype

in the absence of SRF, including the bleb cycle dynamics, the bleb size and the ratibviofble
and nonblebbing cells. The maximum bleb expansion length was measured and indeed, our
data showed that SRffepleted MCF10A cells produdebigger blebs than control cells in
suspension Figure22 D). Then, w focused on bleb dynamics and folleshin detail the bleb

cycle for individual blebs over time quantifying expansion and retraction times. Interestingly,
our data showed that bleb retraction is significantly prolonged in the absence oFgRFeR2

B andE). As a consequence, the total bleb cycle tivas increased in SRilepleted cells,
whereas bleb expansion remaid unaffected in the absence of SRFglre22 B andE).
Consistent with this, we found that SR€pleted cells preseertdless blebbing activity compared

to cells treated with control siRNA&ifure22 F). Overall tlesedata suggest that functional nen
apoptotic PM blebimg is impaired in the absence of SRF, indicating that SRF is required for

efficient bleb retraction and dynamic PM blebbing.
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Figure22: Non-apoptotic blebbing phenotype is impaired in SRIepleted cells. (A)limelapse imaging

of MCF10A cells stably expressing GFP (green) transfectedonitiol or SRF siRNAsd seeded on poly
HEMA coated dishes to analyze bleb dynamics. Arindisatethe bleb cycle for individual blebs over
time. Time is indicated in seconds. Scalesbapm. (B)Live MCF10A cells stably expressing, Be&ted
with the indicated siRNAs plated on pefEMA culture dishes to monitaapid plasma membrane
blebbing. Time is indicated in secondseas marked byhite boxesare shown magnifiedover time to
highlight expansion and retraction of individual blebs (indicabgdsterisks). Scale basum (overview)
and 2 pum inhagnification) (C) Western Blot demonstrating SRRockdownefficiency in MCF10A cells
stably expressing GFP. Tubulin sénas loading conmbl. (D) MCF10A cells stably expressing GFP
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transfected with indicated siRNAs were monitored over time to quantify the maximum bleb expansion
length for individual blebs. Errors bars indicate SD and asterisks indicate statistical significance €****, P
0.0001).(E)Quantification otbleb dynamics in blebbing cells stably expressing GFP. MCF10A cells treated
with indicated siRNAs to quantify time for expansion, retraction ttdl bleb cycle of individual blebs.

At least 60 blebs and 15 cells per conditieare measured. Errors bars indicate SD and asterisks indicate
statistical significance (****, R0.0001)nd AY RAOF 1S& y 2 Z)BRbhFpheédotypOS ot
were quantified iNMCF10A cells stably expressing GFP treated initicated siRNASAt least 100 cells

were quantified for each condition from 6 independent experiments. Errors bars indicate SD and asterisks

indicate statistical significance (*,<0.05).

4.1.2. Cortical contactility and PM blebbing regulate nucleocytoplasmic MRAF

shuttling
Myocardinrelated transcription factor A (MRTFA) is a welknown actinregulated
transcriptional coactivator of Serum Response Factor (SRF). Given our previous observation
suggesting a potential link between SRF transcriptionragdlationof bleb dyramics, we next
investigated the effects of the SRF transcriptional coactivator MRi-continuous plasma

membrane blebbing.

Subcellular MRFR localization is dependent on thedétin concentration, and for instance the
formation of Factin contributesto less Gactin, which results in nuclear MR¥translocation.
Nuclear MRTHA accumulation is promoted upon release 6aGin, which can occur due to actin
polymerization leading to SRiependent gene expressiofvartiainen et al. 2007; Baarlink,
Wang, and Grosse 2013; Mouilleron et al. 205€yun stimulationwasshown to trigger nuclear
MRTFA accumulation inducing nuclear actin polymerizatidfiralles et al. 2003; Baarlink,
Wang, and Grosse 2013Jherefore, we confirmeg endogenous MRTA& nuclear accumulation
in response to serum stimulation in human MCF10A cEltgu¢e23 B) reproducing the results
observed in mouse fibroblast NIH3T3 c@ilsralles et al. 2003)Thus,our data indiate that the

serum responsalsomediates nucleocytoplasmic MRAShuttling in MCF10A cells.

73



Results

RPEL motif

MRTF (1-204)- 2GFP

0.05 % FCS

20 % FCS

Alexa-Fluor 488

Figure 23: Serum induces nucleocytoplasmic MRTRA shuttling in MCF10A cells(A) Schematic
representation of the MRFA RPEL domasitagged to two GF® The RPEL motif has been shown to be
sufficient to allow nucleocytoplasmic MRAFRshuttling upon serum stimulatioiB) Immunolabelling of
endogenous MRTA (green), nuclei (DAPI, blue) anédin (Phalloidin, red) of MCF10A cells under

starving conditions or upon 15 minute$20% serun{fFCS$timulation as indicated. Scale l3at0 um.

We next evaluated whether neapoptotic plasma membrane blebbing affects MRVF
subcellular distribution. MELOA cells stably expressing MRIRvere generated via viral
transduction using either the MRFE-RPEL domain or the HghgthMRTFA. The RPEL motif of
MRTFA has been reported to be sufficient to control nucleocytoplasmic shuttling of MRTF
upon serumnstimulation(Guettler et al. 2008 Hence, the fullength MRT¥A or the RPEL domain
were linked to one or two GFP sequences into a lentiviral vector to generate a btalfi@é0A
cell line inducibly expressing thelléngth MRTFA-GFP or constitutively expressing RRBIEP,
respectively Figure23 A).

To analyze MRTA subcellular localizatioduringinduced plasma membrane blebbifg CF10A
cells stably expressirather the RPEL domain or full lendtRTFAwere plated on pohBHEMA

culture dishes to induce matrix deadhesion, which in turn trigdpebbing activity Figure24
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A). Cells werémagedwith a confocal microscope to monitor MR-PF-localization over time
during PM blebbing. Notably, we observed that dynamic nucleocytoplasmic-MRAttling is
blebbing dependentwhereby blebbing cells present nuclear MRAFand norblebbing cells
show cytoplasmic MR localization Figure24 B andD). Surprisingly, this rapid dynamic
process shows cells initiating blebbing activity with nuclear MRBEcumulation and within
minutes celleventuallystop blebbing leading to MRFA translocation to the cytoplasnirigure
24 B and DO arrows indicate shuttling). To verify our findingise subcellular distribution of
MRTFA or RPEL domain was quantified in blebbiniy @&ld compared with nehlebbing cells.
Consistently, quantification resultshowed blebbing cellswith mostly predominant nuclear
MRTFA accumulation, while neblebbing cells presept cytoplasmic or paitellular MRTRA
localization Figure24 C andE). Tiesedata reveal a striking correlation between PM blebbing
and dynamic nuclear MR¥& accumulation, indicating that nucleocytoplasmic MRTF

translocation depends on blebbing activity.

To further investigate dink between the contractile actin cortex and MRAHocalization in
induced PM blebbingBlebbistatinwas used to disrupt blebbing activityhis drug i® small
molecule inhibitor of normuscle myosin A known to block plasma membrane blebbing
(Cheung et al. 2002; Straight et al. 2003; Limouze et al. 2004; Guillaume T Charras et al. 2006;
Norman, Sengupta, and Aran@ispinoza 2011Drug treatmentwith Blebbistatinresulted in
complete MRTHA translocation to the cytoplasm within 30 minutéSgure25 A). Subcellular
MRTFA localization wathen quantified to validate our data in response to 100 uM Blebbistatin
treatment for 30 minutesTheresults show thatcells blebbing activitgeasedriggeringMRTF

A export to the cytoplasmHgure25B).

We report herethat PM blebbing together with the contractile actin cortex control dynamic
MRTFA nucleocytoplasmic translocation, which in turn suggest that MRTFASRR be

involved in sustained lontgrm PM blebbing.
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Adherent Matrix deadhesion PM-blebbing
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Figure24: Plasma membraneliebbing triggers dynamic nuclear MRBFaccumulation(A) This cartoon
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illustrates the work flow to study bleb dynamics. Adherent MCF10A celldetached and subsequently
plated on polyHEMA coated dishes preventing cellular attachment. As a resudt latk of matrix
adhesion, plasma membrane blebbing is eventually indu@d.ive MCF10A cells stably expressing RPEL
2GFP (green) plated on peHEMA were monitored over time to analyze RPEL subcellular localization.
Differential interference contrast (DIC) was added for each frame to visualize plasma membrane blebbing.
Arrowsindicate RPE{2GFRshuttling cells. Scale b&rl0 um.(C)Quantificaton of RPERGFP subcellular
localization for blebbing and ndolebbing MCF10A cells stably expressing REHP plated on poly
HEMA. At least 100 cells from four independent experiments were quantifschlization was defined
aspredominantly cytoplasmi¢C), pancellular (N/C), or nuclear (N). Error bars indicatél3Dimelapse
imaging of MCF10A cells stably-expressing MRTAGFP (green) together withifeAcemCherry(red)
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seeded on poRHEMA coated dishes to monitor MRASFP subcellular localtman over time. LifeAct
mCherry expression labilg the actin cytoskeleton alloswisualization oblebs. Arrowsndicatea cell
with dynamic nucleocytoplasmic MRAFshuttling. Scale bay5 pm. (E) Quantification of subcellular
distribution of MRTHA-GFP in blebbing and nofblebbing MCF10A cells stably expresdsigPtagged
MRTFA on polyHEMA as irC. At least 180 cells from six independent experiments were quantified.

Localizationis defined as describeih C.Error bars indicate SD.
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Figure25: Blebbistatin treatment blocks blebbing activity leading to MRAFcytoplasmic export(A)
Timelapse imaging of MCF10A cells stabiegpressing MRTFAtagged GFP (green) and Lifedagged
mCherry (red) plated on polEMA were treaté with the non-muscle myosin llahibitor Blebbistatin

(200 uM) at 0 min and MRIAGFP subcellular distribution was monitored over time as indicated. LifeAct
mCherry is included to visualize plasma membrane blebbing and reveals inhibition of bleblity. act
Asterisks indicateells withcytoplasmic exporof MRTFA. Scale bay,5 um.(B) Quantification of MRTF
A-GFP subcellular distribution after treatment with 100 uM Blebbistatin for 30 minutes in MCF10A cells
compared to nortreated cells. At least@ cells from six independent experiments were quantified.

Localization was defined agtoplasmic (C), pancellular (N/C), or nuclear (N). Error bars indicate SD.

4.1.3. MRTF/SRF transcriptional activity is induced by sustained PM blebbing

These findings suggest¢hat the MRTF/SRF pathway appears to play a role ibl@bing. Our

next goal was to investigate the direct link between induced continuous blebbing and MRTF/SRF
transcription. Therefore, we examined whether matrix deadhesion induced PM blebbingwirectl
stimulates MRTF/SRF activity and if SRF transcription is affected upon PM bl€lanisigtent

with our previous experimental modgblasma membrane blebbing was induced by plating the
cells on polyHEMA coated culture dishes to prevent cellddhesion Consequently, cells will
remain in suspension argtesentblebbingactivity, and eventually entotic events will take place

(Figure24 A).
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SRF luciferase reporter genes assays were assessed to test our hypatitesiaderstand
whether sustained longerm plasma membrane blebbing condit®regulate actinmediated
MRTF/SRF transcriptional activity. For that, the SRF reporter gene tagged to GFP was cloned into
the lentiviral vector FUGW arttien MCF10A cells wereansduced to stably express the SRF
reporter gene linked to GFFhe luciferase reporter gene construct was originally closed under

the control ofthe SRF promote3D.Aluc (Geneste, Copeland, and Treisman 20§)erating

the SRF luciferase reporter gemehich allows us to measure accumulation of luciferase protein

under the SRF promoter by luminescence measurement.

Serum stimulation assayvere performed to validate the MCF10A cell lines stably expressing
the SRHuciferase reporter. As expected, the negative control cell line witheyromoter
showed no SRF luciferasetivity Figure26 A), whereas the cell line expressing the hUBc
promoter from the lentiviral FUGWhowedconstitutively active SRF luciferase activéither
with or without serum stimulationKigure26 A). Importantly the CAr@MRTF/SRFjriven cell
line showed a remarkablincrease of luciferase activity in response gerum Figure26 A)
allowing the determimation of the activity of the MRTF/SRF transcriptional pathway by

luminometric quantification of the luciferase protein.

We next ained to investigate whether sustained Igrerm blebbing enhances SRF luciferase
activity. To test this hypothesis, we evaluated SRF induction in MCF10A cells stably expressing
SRF luciferase reporter cultured on pbliEMA for longr periods of time. Our data shad a
notable increase of SRF lieiase activity upon induced sustained leteggm PM blebbing over
time under these conditiond=(gure26 B), suggesting that SRF luciferase activity is stimulated in
response to continuous dynamic Pilebbing actiity. Consistent with this, gP&ksed analysis

of SRRranscriptlevelswere assessed to confirm our observations gsithilarly, we found that
SRF isipregulated upon induced Pidliebbing Figure26 C), indicatingRTF/SRF activity in
response to blebbingsince SRF is a target gene of its own transcriptional acti#yault et al.
2014) Taken together, these data suggest that ldegn nonrapoptotic PM blebing is coupled

to nuclear MRTHA shuttling, which enhances upregulation of SRF expressiarntranscript &

well asprotein level.
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Figure26: Sustained longerm PM blebbing enhances MRTF/SRF activ{#y) To validate the MCRIA

cell linesstably expressing different luciferase reporter constructd|s wereeither serum deprived for

24h followed by stimulation with 20% serum for @hserum deprived for a totalme of 31h Then, the
amount of firefly luciferase was measurdaiminometrically to assess relative levels of SRF luciferase
activity. Results are shown from one experimei) The amount of firefly luciferase was measured in
MCF10A cells stably expressithg SRF luciferase reporteseeded on poRHEMA for indicategberiods

of time. Results are shown as means from four independent experiments. Error bars indicate SD. Asterisks
indicate statistical significance (***, R 0.001). (C) Relative SRF mRNAvels were assessed by
gquantitative RIPCR from MCF10A ceNghich where adherent (ctrl.)or plated on polyHEMA for the
indicatedperiods oftime to induce PM blebbing. MCF10A cells were transfected with either control or
SRF siRNArior to plating Note SRF mRNA upregulation upeM blebbingand validation of SRF
knocldown. Results are shown as means from three independent experiments. Error bars indicate SD and

asterisks indicate statistical significance (**B.01; ***, P<0.001; **** P <0.0001).
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4.1.4. Dynamic PM blebbing induces MRTF/SRF transcriptional activitditegto

Ezrin upregulation
Given our findingthat MRTF/SRF transcriptional activity is dependent on PM bleplvmgext
aimed to identifythe specifictarget genes involved in ousleb-dependent invasiormodel
(Figure31 A).ERM proteins are knowto be involvedduring the bleb cycle to reassemble the
actin cortex(G. Charras and Paluch 200Bgrebywe investigate whether ERM proteinsould
be potential MRTF/SRF target genmslerour sustaired blebbing conditios.

Our findingsso farreveakd that expressiorof the ERM protein Ezrin is robustly upregulated

a protein and transcript level upon induced Ri{¢bbing Figure27 A-C).Hence we evaluated
whether MRTF/SRFirsvolved in Ezrin upregulationofthat, we employed knockdown of SRF
or double knockdown of MR¥& and B in MCF10A cells. Surprisingiguction of Ezrin
transcriptlevelsis reduced in the absence of SRF or MR/B-(Figure27 A-B), indicating that
blebbing stimulates upregulation of Ezrin in a MRTH&RENdent manner.

Even though thse data suggest that sustained Pbebbing induces MRTF/SBR&pendent
upregulation of Ezrin expression, Wwether tested whether other ERM proteins and other aetin
associated proteinarealso potential target genes to confirm our hypothesis and deterrttiee
specificitytowards Ezrin. Nonetheless, ouesults show that Radixin, Moesin or Myosin are
neither upregulated by induced PMlebbingnor are dependenton the MRTF/SRé&ignaling
pathway Figure 27 D-F) demonstrating Ezrin exclusivityhus MRTF/SRF induction upon
induced PMblebbingappearsto be specific for thenetastatic ERM protein Ezrin.
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Figure27: PM blebbing triggers MRTF/SRIEpendent upregulation of the ERM EzrifA, B, D, E, F)
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Relative mRNA levels from MCF10A cells either attached (ctrl.) or plated cRBMA culture disheto

induce blebbing for the indicated periods of time were assesseduantitative RTPCR. Errors bars
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(A) RelativeEzrin mRNA levels from MCF10A cells transfected with control or SRF siRNA were compared

AYRAOFGS {5 IyR ad8NR&la

by quantitatve RTPCR. Results are showntlas meanfrom three independent experiment$B) Relative

Ezrin mRNA levels from MCF10A cells transfected with control or combined siRNAs against &nd TF

MRTFB were compared. Results are shownthse mean from three indgendent experiments(C)

Western blot analysis showing Ezrin protein expression in MCF10A cells plated -otEMWy to induce

plasma membrane blebbing for indicatddrations Tubulin serve as loading control. Western blot band

intensities weredensitometically quantified from two independent experiments using Imag@3F)
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Relative mRNA leveté RadixinD), Moesin(E)and MyosinF)from MCF10A cells transfected with control

or SRF siRNA were comparBesults are shown dise meanfrom three independat experiments.

To further verify that Ezrirs upregulated in a MRTF/SiEEpendent manner during blebbing,

the prototypic serum stimulation assay was tested in MCF10A cells. At first, we confirmed that

the welkknown SREnducible immediatesarlytargetgenes Fos and CYR6h Q. NA Sy S | f @
Muller et al. 1984)were enhancedn response to serum stimulatioim human MCF10A cell
system(Figure28 A). Our data indicate that Ezrin mRNA lewak upregulated upon serum

stimulation,while Radixin and Moesin are not affect@tgure28 B).
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Figure28: Serum stimulation leads to upregulation of the ERM protein Ez(iy) RelativemRNAlevels

of Fos and CYR61 were assessed by quantitativied®RT from MCF10A cells maintainetier serum
deprivation conditions with 0.05%CSor 24h, followed by serum stimulation using 2@%rse serunfor

the indicated periods of time. Results are showrhesmeanfrom three independent experiments. Error
bars indicate SD and asterisks indicatatistical significance (****, P< 0.0001).ns indicates no
AA3AYATAOI yBIRlativanRMNevelDof BzingRadixin and Moesin were assessed from MCF10A
cells in serurrdeprived conditions for 24h and then stimulated either with or withoutwsarfor the
indicatedperiods oftime. Results are shown &% meanfrom three independent experiments. Error bars
indicate SD and asterisks indicate statistical significance €0P05; **, P< 0. 01).ns indicates no
AAIAYAFAOLYOS o0t X nodnpod

Next, we were interested to confirm that plasma membrane blebbing and not matrix
deadhesiorper seis the condition that triggers nuclear accumulation of MRT&pon plating

cells on poHEMA coated dishes. Therefore, MCF10A cells were detached and plated-on poly
HEMA to stimulate blebbing and treated either with the ROCK inhibitor Y27632 or the myosin Il
A drugBlebbistatin. Treatment wittBlebbistatin is known to block blebbing activity atite
ROCK inhibitor drug has been described to interfere with en{@sisvanov et al. 2014As a
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result of drug treatmenrg, relative SRF and Ezrin mRNA transcript $avete unaffected upon
PM-blebbing Figure29 A-B). Thus, preventing blebbing inhibiERF and Ezrin transcriptional
upregulation which confirms our hypothesthat matrix deadhesion triggers blebbirgmducing
MRTF/®Fmediated upregulation of Ezrin. Together these findings reveal that matrix
deadhesion induces cellular blebbing, which in turn enhances MRTH&RRdIent

upregulation of the specific ERM protein Ezrin.
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Figure29: Detachmentinduced upregulation of SRF and Ezrin depends onli#bbing. Relative mRNA

levelsof SRHA) and Ezrin(B) were assessed by quantitative RTR from MCF10A cells cultured in

attached conditions (ctrl.) golatedon polyHEMA for 60 min. Cells were treateither with 10 uMROCK

inhibitor Y27632, 100 uM Blebbistatin 6rl%DMSO(ctrl.) for 60 min Results are shown d@ke mean

from three independent experiments. Error bars indicate SD and asterisks indicate statistical significance

(**, P<0.01; ** P<0.001)nd AYRAOIFI(GSa y2 AAIYyAFAOIYyOS o6t x nodnpod

4.1.5. Effects of the MRTF/SRF transcriptional pathway on formin mDial

Previous work fromour laboratory has reported the importance of the Diaphanous formin
mDial downstream of Rho for bletssociated cancer inggn(Thomas M Kitzing et al. 2007)
as well ador functional norrapoptotic plasma membrane blebbindriving entotic celkin-cell

invasion(Purvanov et al. @14)

Therefore,we hypothesized that the actin nucleation factor mDial may plag a role irthe
MRTF/SRF transcriptional pathway. Hence, we assessed the protein and transcript levels of
mDial in SRéepleted MCF10A cells. However, expression levefermin mDial were not
affected in the absence of SRFHgure30 A-B), indicating that SRF silencing does not alter

expression bthe formin mDial.
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Figure30: The MRTF/SRF pathway has effect on formin mDial expressiorfA) Western blot showing
no effect onexpression levels dormin mDial in SRéepleted MCF10A celendvice versano influence
of mDial depletion on protein levels of SResults confirnsiRNAmMediatedknockdown effieendesfor
SRF and mDiah MCF10A cells. Tubulin sedvas loading control(B) RelativemRNAlevels of SRF and
mDial were assessed by quantitativeRIR from MCF10A cells treated eithéth control SiRNA, siRNA
directed against SRF or mDial. Resultsshown ashe mean from three independent experiments. Error
bars indicate SD and asterisks indicate statistical significance (&®.B01).ns indicates no significance
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4.2. The importance of MRTF/SRF transcription for entotic invasion
Giventhe crucial role of blebbingn driving entotic invasion(Purvanov et al. 2014we next
aimed to understandif MRTF/SRF transcriptional regulatia involvedin bleb-associated

entotic invasion

4.2.1. Role of the ERM protein Ezrin during entotic eglicell invasion

Since MRTF/SRF appears to be important in plasma membrane blellitmyfurther analyze

this processwetested the impact of this pathway on entosiBigure31 A). Although our results
identified the ERM Ezrin as a MRTF/SRF target gene, it was unclear if Ezrin expression plays a
role in PM blebbingand subsequent entotic invasiolt.is known thateRM proteins localize at

the cell cortex and interact with the plasma membrane and the actin cytoskelgtnestingly,
previousfindingsshowedthat membrane blebbing i&zrinrdependent and blebbing tecreased

at the Ezrinrich uropodlike structure during amoeboid blebbing invasifirorentzen et al.

2011)
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A PM blebbing entotic invasion

120 min

Ezrin-GFP

Figure31: The ERMprotein Ezrinis redistributed at the rear end of the invading cel{A) This cartoon
illustratesan experimentaimodel to study induced plasma membrane blebbing and subsequent entotic
invasion by plating cells on peyEMAto prevent cellular attachment.(B) Live MCF10A cell stably
expressing the ERM Eztegged to mCherryred) invading intanothercell expressing Ezriagged GFP
(green) were monitored over time to visualize Ezrin distribution duringireeéll invasion. Note the
polarized redistribution and enrichment of EzrimCherry at the rear end of the invadingllc&ime (min)

is indicated at the upper left corner. Scale & um. (C) Immunolabelling of endogenous Ezrin (red),
phosphceEzrin/Radixin/Moesin (green) and nuclei (DAPI, bluie)MCF10A cells fixed after 4h in
suspension to induce entotic invasion. ldhe polar redistribution of Ezrin andRM at the rear of the

invading cell during cell engulfment and at the urodide structure phase. Scale Isab um.

To this end we generated aMCF10A cell linstably ceexpressing GFRaggedEzrin (green)
together with the nuclear marker mChertgiggedH2B (red) to monitor Ezrin localization over
time during entotic invasionWe observed that Ezriis redistributed and accumulated at the
rear end of the invading cell during advanced stages ofircekll invasin, such as cell
engulfment and at the uropotike structure Figure21 B andFigure31 B). To further confirm
Ezrin redistribution and enrichment at the invading cell dgrentosis, Ezri&FP and Ezrn
mCherry expressing MCF10A cells were mixedth@entosis outcomeanalyzed. Indeed, this
dual colorassay confirmed polarized enrichment of Ezrin at the rear end of the invadirigatell

is drivingentotic invasionEigure31 B).
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To gain insiglginto Ezrin activation, we examined the activation state of Eluiimgthe entotic
invasion proces$y evaluating Ezri@Q phosphorylation stateWe observed that endogenous
phosphaylatedERM (pERM) colocalizes with endogenous Baringentotic invasion showing

a polarized enrichment of pERM at the rear of the invading Egju(e31C).

4.2.2. Entotic invasion requires transcriptional activity and RTF/SRF transcription

In order to addressvhethertranscriptional activity plays an important role for entotic invasion,
global transcription was blockely applying 50 pg/mlActinomycin D(Bensaude 2011and
subsequetly, entosis ability was quantifiedFirst we verified effective inhibition of
transcription using the indicated concentration addration of Actinomycin Dtreatmentin a
serum stimulation assay, which confirmsthfficiency of the inhibitgrsince itrobustly bloclks

Fos mRNAnduction (Figure 32 B). Entosis assays showed a significant decrease in entotic
invasion uponActinomycin D treatment compared to neineated MCF10Aells Figure32 A

and C)We then blocked translation to interfere with protein synthesis using the translation
inhibitor Gycloheximide and studd its effects on entosis. Treatment of MCF10A cells with 100
png/ml Gycloheximide resulted ia complete block of entosig={gure32 A and C), indicating that

both global transcription and translation are crucial events for entosis.

SRF and its transcriptional coactivator MRAT&e known toregulateactin-related target genes

but also genes fundamentafor cell proliferation and tumor growth{Leitner et al. 2011,
Ohrnberger et al. 2015; Shaposhnikov et al. 20M8netheless, whether MRTF/SRF ardrE

affect entotic invasion was unknown. To test if Ezrin, MRTF or SRF are required for entosis,
MCF10A cells were silenced with siRNAs directed against Ezrin, MRTF A/B or 8RR, and
entosis assays were performed. Our data showed successful knockdigure(33 A) and
surprisingly that silencing of either Ezrin, MRTF A/B or SRF lead to strongly decreased entosis
(Figure 33 B), suggesting that MRTF/SRF and Eaménrequred for entotic invasion Taken
together, theseresultsindicate that global transcriptional activity and the specific MRTF/SRF

transcriptional pathway arerucialfor entotic celtin-cell invasion.
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Entosis assay
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Figure32: Global transcripional activity and translation are essential for entotic invasio(A) MCF10A
cells plated on ultrdow attachment culture dishes to induce c#ltcell invasion were treated either with
50 pg/ml Actinomycin D to test the effects of transcriptional inhdsitor with 100 pug/ml Cycloheximide
to study the effects of translatia inhibition. Cells without drug treatment were used as cordrdifter
drug treatment and4h of culture in suspension, cells were fixed and labelled factih with Phalloidin
AlexaFluor 488 (green) and nuclei with DAPI (blue). Arrows indicate entotic events. Scalhan.(B)
Relative mRNA levels of serdnducible Fos expression were assessed by quantitativBEH from
MCF10A cells. Cells were serum starved for 24h and stiggueither with or without 20% FCS for 30 min,
then treated with or without 50 pug/ml Actinomycin D for the indicated periods of time to confirm
transcriptional inhibition. Results are shownthe mean from two independent experiments. Error bars
indicate SD. Asterisks indicate statistical significance (**s® 0001)na A Y RA Ol G4Sa y2 &aA3IYyAT
0.05).(C)Quantification of entotic invasion correspondingAoEntotic events were counted from three
independent experiments using at least 2000l<ébr each condition. Error bars indicate SD. Asterisks

indicate statistical significance (***, £0.001).
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Figure33: Celtin-cell invasion requires MRTF/SRF and Ezrin expresgfnwestern blot showing siRNA
mediated knockdwan efficierciesof SRF, Ezrin or MRARogether with MRTB in MCF10A cells. Tubulin

was used as a loading contr¢l8) Entotic invasion quantification of MCF10A cells treated with indicated
siRNAs for 72before beinganalyzed for entosis. Entotic eventgre counted from three independent
experiments and at least 800 cells for each condition were quantified. Error bars indicate SD. Asterisks

indicate statistical significance (***, £0.001; **** P <0.0001).

Next, we elucidated theffect of MRTFA on entotic invasionGven the association between
MRTF/SRWwith entosis we determined whether overexpressing MR¥-could enhance entotic
invasion y A G A Gdzi A @St & | OMRTE Jasatably Expresged taghedtaiGFR ib
transduced MCF10A cells and entosis ability was comparedM@R10Acontrol cellsstably
expressingsFPa / Cmn! OSft f & & (MRDOFA-GFP Svérd indicadavithyti@xyatimed

to trigger expression of constitutively active MRAFConfocal microscopy and RJPCR
confirmed inducible expressicamd nuclear localizatiod ¥ -MIRIFA linked to GFP construct

in response to doxycyclin€igure34 A and C). Indeed, our results showed an increase of entotic
AYy@Larzy Ay al Cwmn! OSRTFA Figuré B40R) &sugdedtihgNitBaa a A y 3
constitutively active MRFA enhances entosis.
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Figure34: Constitutively active MRTHA promotes entotic invasion(A) Dox/cycline induction oMCF10A

cells stably expressingn A Yy R dzO ANMRTEGFPn (breen) as validated with confocal imaging after
adding doxycycline for 24h (+dox) itwluce expression afonstitutively active MRTFR. Cells were fixed

and labelled for factin with Rhodaminé>halloidin 555 (red) and nuclei were stained with DAPI (blue).
Scale barl5 um.(B)Quantification of entotic invasiom MCF10A cells induced to e®ss constitutively
active MRTEF  6NMIRTFGFP) or only GFP as control cell line. Entotic events were quantified from three
different experiments. Error bars indicate SD and the asterisk indicates statistical significanc8.05P
(C)RelativemRNAlevels of MRTHA and SRF were assessed by quantitativ®®R from MCF10A cells
treated with or without doxycycline to validate the doxycyclinducible pn BMRTFGFPexpression
Results are shown dise mean from three independent experiments. Error bamdidate SD and asterisks

indicates statistical significance (*<®.05).
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4.2.3. The MRTF/SRF pathway is crugrathe invading cell to promote entotic

invasion
We next investigated whethethe invading or the host cell is affectég SRF depletion during
entoss. Weperformed a dualcolor entosis assayn whichcontrol H2BGFP cells (green) and
SRFdepletedH2BmCherry cells (red) were mixed and entotic events were quantified. This assay
showedstronglyreducedentosis in the absence of SRRhe invading célindicating that SRF
depleted cells failed to invade host cel8dure35 A). However, whel$SRF was silencedhost
cells, entosis was not altere&igure35A). HenceSRF contributes to entosis and appears to be
specifically requiredh the invading cell, which in turn is the cell with continuous PM blebbing

driving entotic invasion.

To further analyze why SRIEpleted cells fail to undergo entotic invasion, entosisrds were
monitored over timeby live cell imaging. Interestingly, our data showed that-8&#eted cells

failed to successfully complete entotic invasion in spite of cell engulfment initiakigu(e35

C). Addionally, entosis quantification revead that only 20% of initiated entotic eventgsere

able to complete celin-cell invasion in the absence of SRF, whereas roughly 80% of siRNA
treated control cells successfully finisd entosis Figure35 B). Wedefinedinitiation of entosis

by an initial protrusion of one cell into another and followtam over time to assess the
proportion of completed entotic events. These data demonstrate the importance oinSR&-
invadng cellin driving entosis suggesting thatSRFlepleted invading cells fail to produce

enough force to invade into the host cell.

We next examined MR subcellular localization during entotic invasion. MCF10A cells stably
co-expressing MRTA-GFP (grem) and the actin marker LifeAotCherry (red) were monitored
over time during celkin-cell invasion. Our results reveal the importance of nuclear MRTF
localizationin the invading cells before cell invasion during entotic Hagoptotic blebbing and
before cell engulfment, while host cells predominantly showed cytoplasmic MRG&fore
engulfment Figure36 A-B). Despiteprominent differences in MRT4 localization innvading

and host cellgprior to engulfment,both cell types display a similar pattern oftoplasmic or
pancellular localizatioafter engulfment(Figure36 B). Tlese data indicate that nuclear MR-
accumulation is requireth the invading cell before celingulfmentin order to triggerentotic

invasion.
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Figure35: SRF depletiospecificallyaffects the invading cell during entotic invasiofA) MCF10A cells

stably expressinghe nuclear marker H2BhCherry (red) were transiently dnsfected with SRF siRNA
(H2BmCherry) for 72hwhile H2BGFP (green) expressing cells were transfected with control siRNA for
72h. Then, equal cell numbers were mixed and plated on #tiva attachment plates for 4h to induce
celkin-cell invasion. Entati events were scored according to timelicatedcolor combinatios. Note the
impaired invasionn SRFsilenced invading cells. At least 290 entotic events were considered from three
independent experimentsError bars indicate SD. Asterisks indicate diatis significance (*, R 0. 05;

* P<0.01).na AYRAOIGSa y2 &B)Duaitification: of ddbpletdd entsic invésiop 0 ®
events in MCF10A cells transfected with control or SRF siRNA for 72h. Numbers represent percentage of
successful ckln-cell invasion of overall events, characterized by an initialicelell protrusion. At least

40 initiated entotic invasion events were analyzed from ten independent experiments. Error bars indicate
SD. Asterisk indicates statistical significance P£0. 01).(C)MCF10A cells stably expressing LifeBEP
(green) treated with indicate siRNAs, control or SRF, were plated on {ptlSMA coated dishes and
monitored over time to analyze entotic invasion. NotatlSRFdepleted MCF10A cells fail to cofate

entotic invasion. Scale b&rl0 pm.
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4.2.4. Expression of th&aRMprotein Ezrin restores PM blebbing and entosis in SRF
depleted cells
Our findings show that upregulation of the ERM Ezrin depends on the MRTF/SRF transcriptional
pathway. Therefoe, we assessd the importance of Ezrin obleb dynamicsFor that,wild-type
EzrinGFP was stably expressed in MCF10A cells to compare bleb dynamicstakith
expressingsFPcells Figure37 A). Then, cells werkeated with siRNA against SRF or control
siRNAand bleb dynamics were further analyzed. Western hloalysisconfirmed silencing of
SRF for both cell lineBigure37B). Interestingly, we observed that the nirmxam bleb expansion
length was not increaseih the EzrinGFPexpressing cells in the absence of SRgu¢e37 C),
while SRF depletion strongly affected bleb dynamics generating larger bleostiol cells
expressing GFHAFigure37 C andrigure22 D). Furthermore, depletion of SRF did not affect bleb
retraction time in blebbing cells expressiwgd-type EzrinGFP Eigure37 D) compared to the
control siRNAtreated cells Figure37 D), even thoughwe previously observed longer bleb
retraction time in control cells stably expressing GHHglre22 E). These data reveal that
increasedwild-type Ezrin expression is sufficient to rescue SRF suppression during bleb

dynamics.

Our results demonstratea novel function for Ezrinin restoring impaired plasma membrane
blebbing in SRBepleted cells therefore we nexttested the nonphosphoryldable mutant
EzrinT567A which is found poorly associated to the aatytoskeletonGautreau, Louvard, and

Arpin 2000) This inactive Ezrivariant T567A was expressed tagged to GFP in MCF10A cells to
determine its effects on bleb dynamics and entosis. Expressidhe inactive EzriT567A
affected bleb dynamicsCellsproduced larger blebsand showeddeficient bleb retraction and

less blebbing activityrfgure37 A, C and EYhisindicatesthat EzrinT567A expression ot not
override the lack of SRF for efficient bleb dynamics. Taken together, these resifitmabat

Ezrin activity is sufficient for functional bleb dynamics validating Ezrin as a MRTF/SRF target

gene.

Consistent withour data, wild-type Ezrin expresion rescuecentotic invasion in the absence of
SRFFKigure38 A), even though entosis was reduced for @Rpleted control cellsexpressing
GFP(Figure38 A). Moreover, reexpression of the nophosphoryl@gable mutant Ezrin T567A
failed to restore entosisKigure38 A), indicating thawild-type Ezrin expression is crucial for
entosis in SREilenced cellsWe further examined the lpenotype of the SRéepleted stably
expressingwild-type EzrinGFP MCF10A cells undergoing entotic invasiéa.observed that
entosis events occur in a similar mannegardless ofSRFdepletion upon ectopic Ezrin

expression Cell-in-cell invasion timewas also unaffected (Figure 38 B-C). Together hese
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findings underline the importance of Ezrin expression to rescue bleb dynamics and subsequent

entosis in the absence of SRF.
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Figure37: Expession ofwild type Ezrin rescues bleb dynamics in StRipleted cells.(A) Live MCF10A
cells stably expressing either GFRRId type EzrinGFP or thenactive mutant EzrinT567AGFP treated
with the indicated siRNAs for 72h were plated on pdiyMA cultue dishes and imaged over time to
visualize bleb dynamics. Scale h&rgm.(B)Western blotshowing SRF knockdown efficiency in MCF10A
cells stably expressing GFP, EGHFP or Ezrim567AGFP. Note the detection of endogenous and

overexpressed Ezrin. Tulin servel as loading control(C) Quantification of maximum bleb expansion
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length of individual blebs in MCF10A catiA. At least 60 blebs and 15 cells were quantified for each
condition(GE) Errors bars indicate SD and asterisks indicate stafisiigaificance (****, P<0.0001).ns
AYRAOIGSa y2 aiANByveMCFDA gel Stably expressing BGHP treted with siRNAs

as inA. were plated on poyHEMA to induce blebbing and imaged over time to measure the time for

expansion ad retraction of individual blebs. Errors bars indicater8D. A Yy RA Ol 6Sa y2 &aA3ayATAaol
(E)MCF10A cells described An were plated on pohsHEMA dishes to analyze the number of blebbing
cellsandnon-blebbing cells. At least 100 cells were gtified for each condition from three independent

experiments. Errors bars indicate SD and the asterisk indicates statistical significance(Q(Q3.ns
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Figure38: Ezrin expression restes entotic invasion in the absence of SR&) Quantification ofentosis

in MCF10A cells stably expressing GiR] type EzrinGFP or thenon-phosphorylatablemutant Ezrin
T567AGFP were treated with control or SRF siRNA for 72h and entotio-celll nvasion events were
quantified as percentage of total cells. Entotic events were counted from three independent experiments.
Error bars indicate SD. Asterisks indicate statistical significance (**®%,000001).ns indicates no
AA3IYATAO yBYQuandification of ertotiqinvadion time in MCF10A cells stably expressing Ezrin
GFP transfected with siRNA directed against control or SRF were monitored over time using live cell
imaging.Ten independent entosisvents were counted(C) Live MCF10A stably expressing EGHP
transfected with siRNA against SRF for 72h were plated onHieMA tofollow the process of entotic

invasion. Scale bgf10 um.
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4.3. Regulation of the MRTF/SRF pathweyamoeboid invasion

Given the association between the MRTF/SREN regulated transcriptional feedback aad
bleb-dependent way of invasion, entogiSoto Hinojosa et al. 201 %ye hypothesizedhat the
MRTF/SRF pathway ptagy rolein bleb-associatedamoeboid invasion.

4.3.1. Role of SRF on amoeboid phenotype

To study amoeboid migration, melanoma A3av12 cells were plated on top of a matrix and cell
morphology was monitored over time. Here, we observed two different modes of invasion, the
most predoninant was amoeboid blebbingotility, eventhough some of theells also undergo
the elongated mesenchymal typEigure39 A). We next testedvhether MRTF/SRF plays a role
in amoeboid blebbing invasioriherefore A375 cells stably eexpressing LifeA6EFP (green)
and H2BmCherry (red) silenced for SRHglire39 B) were imaged on top dflatrigel for 16
hours and their phenotype was compared with control siRikfated cels to study the effects
of SRF depletion on bledssociated migration. Importantly, we observed a switch from
amoeboid rounded blebbing morphology to the elongated mesenchynmphologyin SRF
depleted melanoma A3#M2 cells Figure39 A). After seeding melanoma cells for 16h 2.5
png/ml Matrigel elongated morphology was more predominant tharetblebbing rounded
morphologyin SRepleted cellsKigure39 A). In additiontreatment with the ROCK inhibitor
Y27632wasreported to trigger mesenchymal morpholog$adea et al. 2008andthus, we
used it as a control condition to evaluate the phenatygwitchin morphology(Figure39 A).
Our data suggest that SRF might play an important role for amoelbtethbing mode otell

invasion.
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Figure39: Cell morphology phenotype is affected in SBépleted melanoma cells(A) Live melanoma
A375-M2 cells stably c@xpressing the nuclear marker HBBCherry (red) together with LifeAGFP
(green) treated withcontrol siRNAor siRNAdirected against SRF for 72h were plated on 2.5 pg/mi
Matrigel coated dishes to monitor cell motility and theode d invasion foratime course of 16h. BCK
inhibitor treatment(Y2763210 uM), which promotes anesenchymal elongated morphologyas used

as a contral Differential interference contrast (DIC) was added for each frame to visualize cell
morphology. Scaleds, 25 um.(B)Western blot confirming SR&ockdownefficieng/in melanoma A375

M2 cells. Tubulin sergkas loading control.

4.3.2. MRTFSRF transcription and formin mDial regulate amoeboid blebbing

We next investigated the effects of the SRF transcriptionattbeator, the actidbinding MRTF
A, on blebbingMelanoma A378M2 cells stably expressing LifeABEFP (green) were treated
with siRNA directed against MRAFaNd B Figure40B) and thercultured on top 0f2.5 pgml
Matrigelto monitor cell morphology and motility over time. Our results showed an increase
elongated mesenchymal morphology in MRA/B-depleted cells and reduced blebbing in the
absence of MRTA/B (Figure40A). Similarly, ROCK inhibitor Y27632 treatment reslit more
cells showingnelongated phenotypeRigure40 A).

Previous findings revead the importance othe RhoAmediated formin mDial downstream of
LPAR2n nonapoptotic plasma membrane blebbing for entotic invasiBarvanov et al. 2014)
In this conext, recent studies also identified critical role foranother diaphanouselated
formin, mDiaZ2, in amoeboid blebbing in tumor cells amd the control ofthe mesenchymal to
amoeboid morphological transitiofWyse et al. 2017Hence, we aimed to elucidatehether

mDial affects amoeboid blebbing. For that, mBiEpleted A378M2 cells stably expressing
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LifeActGFP Figure40 D) were imaged orop of 2.5 pg/miMatrigel to track cell morphology
and motility over time. Interestingly, melanoma caltswhich mDial wasilenced appear to
switch their morphology towardan elongated mesenchymal compared to control ceNghich

predominantly display eounded blebbing morphology{gure40 C).

A A375-M2 on Matrigel for 16h
siRNA MRTF-A/B

siRNA ctrl.
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siRNA ctrl.
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Figure40: MRTF/SRF and mDial play important retiuringamoeboid blebbng. (A) Live A378V2 cells
stably expressing LifeAGFP to label the actin cytoskeleton transfected with siRNA against control or
MRTFA together with MRTHB for 72h were seeded on top of 2.5 pg/ml Matrigel coated dishes to monitor
amoeboid blebbing inv&on over the time course of 16hORKinhibitor treatment(Y2763210 uM) was

used as contrdio inducethe elongated mesenchymal phenotype. Differential interference contrast (DIC)
was added for each frame to visualize cell morphology. Scatedapm.(B)Western blot demonstrating
double siRNA knockdown efficigas for MRTFA together with MRTB in A375M2 cells stably
expressing LifeA€BFP A375LAGFP). Tubulin serdeas loading control(C)Live A378M2 cells stably
expressing LifeAgBFP treatd with siRNA directed against control, SRF or formin mDial for 72h. Cells
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were plated on Matrigel and analyzed as explained\irfscale bas, 25 um. (D) Western blot showing

siRNAmediated knockdown efficiemesfor SRF and formin mDial. Tubulin serasloading control.

To evaluate the phenotyp switch, we quantified different parameters including the cell
roundness using Image J. Quantification of cell roundness was assessed-M2AB¥danoma
cells stably expressing LifeA8FP seededn Matrigelfor 16h. Ourresults showed that cell
roundness was significantly reduced upon depletion of either SRF or-MBTFgure41 A-B),
suggesting awitchof cell morphologyto more elongated cellsvhich could be expiaed by the
Amoeboid to Mesenchymal Transition (AMT). Additionally, the ROCK inhibitor Y2763Raserve
a positive control for the amoeboid to mesenchymal cell morphology transik@ufe41 A-B)

(Gadea et al. 2008)

Another approach was considered in order to determine the amoeboid to mesenchymal
morphological phenotyig transition by employing cell impedance assay that alloi@ces
duringcell adhesiorio be measuredHamidi, Likk, and Ivaska 2017Melanoma A378M2 cells
silenced with siRNAirectedagainst SRF or contreiRNAwere treated either with or without

the ROCK inhibitor Y27632. Subsequently, cells were seeded on top of calteged96-well
Eplates to measure celmpedance over time using the xCELLigence system. Cell impedance
measurements showed a significant increase for corgi@NA cells treated with 10 uM Y27632,

although cell impedance was not significantly increased for thed8RlEted cellsKigure41 C).
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Figure41l: MRTF/SRF is essential for amoeboid blebbing morpholddy).Live A378V2 cells stably
expressing LifeAeBFP treated with siRNAs as indicated were seeded on 2.5 pg/ml Bdtigléh and
imaged for further phenotype quantifications. Differential interference contrast (DIC) wgas to
visualize cell morphologirhe ROCKnhibitor (Y2763210 uM) was applied to siRNA control celd.least
six different areas were imaged feach independent experiment and condition. Scalesb&® um.(B)
Quantification of cell roundness using ImageJ for ABIZ5cells corresponding téA. At least six
independent experiments were quantified for each condition. Error bars indicate SD. Astedstate
statistical significance (**, R 0.01; ** P<0.001).na AYRAOI (i1Sa y2 a@EE¢ghTAOlIyOS
impedance measurement in melanoma A3VI2 cells Controlor SREIRNA was transfected 72h before
seedingon top of 1.7 mg/ml collagen coadeEplates Gell index was normalizetb Oh and impedance
was recorded over time. 10 pM Y27632 were added to cosifRNAtreated cells for theROCHKnhibitor

condition.
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Given the novel role of MRTF for napoptotic sustained plasma membrane blebbi{®pto
Hinojosa et al. 2017pas well aur recent results spporting MRTF/SRF fd?M blebbing, we
aimed to examinethe subcellular localizatioef MRTFA during amoeboid blebbing invasion.
Thus, A375 melanoma cells stabkpressindgsFP tagged tfull length MRTHA were imaged on
a 1.7 mg/ml collagen matrix over time to monitor MRAHRocalization. Our datevealnuclear
MRTFA accumulation in cells moving in an amoeboid blebbing invasion nicidag 42 A),
while in cells moving in a nchlebbing dependent way MR¥waslocalizd in the cytoplasm
(Figue 42 A). Ttese data support the idea thaa non-apoptotic blebbing mode of cell motility
such as amoeboid blebbing requires nuclear MRTtFanslocation, which in turn is crucial to
promote MRTF/SRF activity via StRfpendent gene expressionlogether theseresults
implicatethe MRTF/SR&ignaling pathwajn plasma membrane blebbing

A
Amoeboid blebbing Rounded blebbing Non-blebbing

A375-M2 cells

MRTF-A-GFP —

Figure 42: Amoeboid blebbing triggers nuclear MR-PF-localization.(A) Live melanoma A37M2 cells
stably expressing inducible MRAFGFP were induced with doxycycline for 24h and plated on a 1.7 mg/ml
collagen matrix to monitor MR¥4& subcellular distribution using live cell imaging during amoeboid

blebbing and compared with neblebbing cellsScale bas,5 um.

4.3.3. Molecular regulators are involved in MRTF/SRfediated AMT

Our data until now suggest thahe MRTF/SRF signaling pathway rnigsolved duringthe
transition fromamoeboidblebbing tothe elongatedmesenchymal morphological phengie.

In order to verify this hypothesis, we next charactedizéhich molecular regulators play a role
for the observed phenotype. Therefore, A375 melanarabs treatedeither with control SIRNA

or siRNA directed against SRIf 72h were seeded on Matrigel for 16h followed by RNA
isolation we then analyzedhe mRNA transcript level of different molecular regulators known
to be implicated irthe amoeboid tomesenchymal transition. In addition, a control condition
was includedin whichnon-siRNA transfected cells were treated witte 10 uM ROCK inhibitor
Y27632 Here, we observed SRF knockdown efficiency in A375 ¢éfaré 43 A-B) and
intriguingly, LY G SANA Y § m SELINSB & & inSRAdeplétal malandma Kelist &
(Figure 43 A), which correlates with the observed increase aof elongatedmesenchymal

phenotype Wealso examinedother elongatedmesenchymal invasion moleculaarker, the
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Matrix Metalloproteinased (MMP9) MMP9 has been shown tdrive mesenchymal invasion
modes, whileits inhibitionleads to a switch from mesenchymal mode of migration to rounded
amoeboid type(Wolf et al. 2003)Remarkably, MMP®@asupregulated in SRéfepleted A375
cells but also upon ROCK inhibitor treatmemiqure43 A) indicating a correlation with the
mesenchymal mode. We also checked the expression levalgfefent molecular regudtors
involved in rounded amoeboid migration, for instance Myosin and RhoA. Although RhoA
transcript levels were unaffected upon SRF depletion, Myosin mRNA expressiatightly
decreased in SRiepleted cells Kigure43 A), pointing towards an increase of actomyosin in
control cells in whichmore amoeboid rounded cells were detected. In contrast,-RatRNA
levels, known to be upregulated for the mesenchymal migration, were aftetred in the
absence of SRFigure43A).
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Figure 43 Amoeboid to mesenchymal transition is dependent on MRTF/SRF and actomyosin
contractility. (A)RelativemRNA S@St & 2F {wC3X aéz2aAys -Lweie&ds8edde¢y I mI aa:
from melanoma A37512 cells treated with siRNA directed against SRF or control for 72k.weeé
treated with or without 10uM Y27632 as indicated and seeded on 2.5 pg/ml Matrigel for 16h followed
by RNA extraction. Results are showntlas mean from three independent experiments. Error bars
indicate SD. Asterisks indicate statistical significance €0P5; **, P<0.01; *** P<0.001; **** P <
0.0001)nd AYRAOIFI(Sa y2 &B)WegtarntblotcbnfirdiSg SRE knockdoefficiepay it
A375 stably expressing LifeAct (GHP seeded on a matrix. A3V cells were treated as described in
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A.Rael and pMLC proteins were detected by immunoblotting. Tubulin was used as loading cirol.
Western blot band intensities correspding toB. were quantified from three independent experiments

using ImageError bars indicate SD. Asterisks indicate statistical significance: (,08; **, P<0.01).

Thesealataindicated that SRF depletion is associated with changes in amoehoiestenchymal
morphologywhich correlate with altered molecular regulatorsthe transcript level. fius we

further analyzed the impact of regulators at a protein levidleseresultsrevealeddecreased
phospheMyosin (pMLC2protein levelsin SRFlepleted melanoma cellgFigure43 B-C) but

also upon 10 pM ROCK inhibitor treatmeirigure 43 B-C), indicating reduced pMLC and
actomyosin contractility in the absence of SRMjcl are associated with less amoeboid
rounded cells andan increased mesenchymal elongated mode. Consistent with this;1Rac
protein levels were upregulated in the absence of SRFugpmh ROCK inhibitor treatment
(Figure43 B-C), which correlate with the observed morphological phenotypeconclusion
thesedata provide evidence that MRTF/SRF signaling acts as a molecular mechanism controlling

the amoeboid to mesenchymal phenotiggransition.
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5. Discus®n

5.1. Effects of MRTF/SRF on plasma membrane blebbing

Besideghe changes in actin cytoskeletal dynamégglgene expressiomediated byMRTFSERF
(E. N. Olson and Nordheim 201@)e SRRranscription factortogether with its coactivator
MRTFA have also been reported to play a roléen cell proliferation, motility and migration
(Medjkane et al. 2009)Interestingly, depletion of MR or SRF in invasive cells leads to
downregulation of cytoskeletal target genesquired for actomyosin contractilityand also

implicated n tumor cell invasiorfMedjkane et al. 2009)

Several studies have provided evidence that SRF acts as a key regulator of cytoskeletal target
gene exprasion, whichis alsocontrolled by the MRTFs and Rhaatin-signaling(Esnault et al.

2014) The importance of SRF for several figlictionshas been identifiedFor instance SRF
knockdown affects dm cytoskeleton organization anidhibits expression afenes related to

actin cytoskeleton homeostas{$un et al. 2006)Consistent with this, SRF and MHR3gs of
function phenotypeslisplayed defects imyogenesis and migratidiPipes, Creemers, and Olson
2006) Similarly SRFdepleted embryonic stem cellmdactin cytoskeleton organizatiatefects

that in turn impaied cell spreading, adhesion and migrati@chratt et al. 2002)

Therefore, given the association between the MRTF/SRF signaling pathway and the contractile
actin cytoskeleton, we first evaluated th&ects of MRTF/SRF on sustained plasma membrane
blebbing Blebs are actimich membrane protrusions essential for cell motility processesl

which arehighlyregulated by actin cytoskeleton dynamics and actomyosin contractility forces
(Fackler and Grosse 2008Jotably, air data show thatsuppression of SR&ffects plasma
membrane blebbing, specifically bleb retracti@figure22). In this context, previous studies

have shownthat bleb retractionrequires the recruitment of ERM proteins and actomyosin
contractility (Guillaume T Charras et al. 2008hus, our resultgeveal that dynamic bleb
retraction is controlled by the MRTF/SRF transcriptional pathwagddition, other actircell

cortex proteinsmay contribute tothe plasma membrane tension necessary for efficient bleb

expansion and retraction.
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Several studies hawiggestedhe importance of different formins for blebbing, such as FHOD1,
FMNL2, DIAPH3 and mDi@homas M Kitzing et al. 2007; Hannemann et al. 2008;Kitzing

et al. 2010; Stastna et al. 2012; Bovellan et al. 2(Rdg¢entindingsreportedthe critical role of
the actin nucleator formin mDialnh plasma membrane blebbin{Bovellan et al. 2014and
subgguent entotic invasiofPurvanov et al. 2014Hence we further analyzed whether formin
mDial expession is affected in SRIEpleted cellsEven though depletion of mDial was shown
to reduce bleb activityPurvanov et al. 2014ndresulted inlarger blebgBovellan et al. 2014)
expression levels of formin mDial were not altered in the absence ofFsRIFe30), in which
blebbing activity was also decreasedigure 22). Thesedata indicate that the MRTF/SRF
transcriptional pathway has no effect on formin mDial expression dmangapoptotic plasma

membraneblebbing

Although SRF is a target gene of its own transcriptional acti#iyault et al. 2014dur studies
between induced nofapoptotic plasma membraneblebbing and MRTF/SRF transcription
reveakda direct associationin whichsustained longerm blebbing enhances MRTF/SRF activity
(Figure 26). Our findings show that during dynamic plasma membrane blebbM&TF/SRF

transcriptionis regulaied by the contractile atin cortex

5.2. Cortical Bebbingcontrols subcellular localization and nucleocytoplasmic
translocation of MRTHA
Severalriggerssuch as mechanical stresserum LPAor forminscan induce MRTFR nuclear
accumulation(Baarlink, Wang, and Grosse 2Q18)this study, we hypothesizatiat dynamic
blebbing,known to beregulated by the contractile actin cytoskeleté@uillaume T Charras et
al. 2006) could lead to changes the G/F-actin ratio resulting in nuelr shuttling of MRTHA.
Consistent with our findinggemonstratinghe relevancef the SRF transcription factor for non
apoptotic PM blebbing, waexttestedthe functional significance of the SRF coactivator MRTF
Aduringinduced blebbing. Surprisingly, we fouadtriking correlation between induced nen
apoptotic blebbing andynamt nucleocytoplasmic shuttling of the actbindingprotein MRTF
A. Here,in blebbing cell8MRTFA is located in the nucleuwhile in non-blebbing cellMRTFA
is located predominantly in theytoplasm(Figure24, Figure44). Thus, arr data suggestthat

cortical contractilityis importantfor nuclear translocation of MR
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In addition to sustained blebbing activityggering nuclear MRF& accumulation and therefore
enhancing MRTF/SRF transcriptiave next examinedvhether there isa direct link between
MRTFA localization and the contractile actin cortduringinduced PM blebbing by blocking
blebbing activity. Indeed, Blebbistatin treatment resdtin MRTFA exportto the cytoplasm
(Figure25), suggesting that sustained and induced PM blebbing together with the associated
contractile actin cortex regulathe subcellular localization and nucleocytoplasmic shuttling of
MRTFA. Although several triggers are known to induce actin polymerization leading to nuclear
MRTFA accumulation(Baarlink, Wang, and Grosse 201@®)r work reveals cortical blebbing as

anoveltriggerthat controls thesubcellular localizationf MRTFA (Figure44).

MRTF-A-GFP

Figure 44: Plasma membrane blebbing is tightly coupled to dynamic aafiiven MRTFA

nucleocytoplasmic shuttling.

5.3. Ezrin as aegulator of MRTF/SRI8ependenttranscription

Previous studiebave reported thenvolvement of the RhdROCK pathway and tmecruitment

of ERM proteins, in particular Ezrin, together with astithereassemb} ofthe contractile actin
cortex during bleb retractiogGuillaume T Charras et al. 2008)this thesisERM proteins and
different actinrelated proteins were examined as potential targgnes It is roteworthy that

our results reveal that Ezrin expression is upregulated upon indaaetinuous norapoptotic
blebbingon a proteinas well agranscript levelFigure27). Although Ezrin, Radixin and Moesin
are highly homologous, they anenplicated in different cellular functions. Therefore, we
assessed the involvement of other ERMs and myosin in order to understand whethercERMs
myosin which are known toplay important role during blebbingare regulated in a similar

mannerto Ezrin or whether Ezrin is specifically upregulated in response to induced-ierrg
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blebbing.Interestingly, oudatashowed that induced PM blebbing leads to uguéation of the
specific ERM Ezrin, whereas Radixin, MogstMyosin wereunaffected Eigure27), suggesting
a specificity for Ezrin induction in response to blebbing acti¥itys is consistent with recent
work that reported the relevance ofezrinphosphorylationby ROCHor the recruitment of
Epidermal growth factor receptor kinase substrate ps@Eto the plasma membraneThis is
required for reassembly of the actin cortex and efficient bleb retractikenouchi and Aoki
2017; Aoki et al. 2016)

Besideghe regulationof target genes relateda proliferation, contractility or ECM remodelling
by MRTFSERKEsnault et al. @14; Gualdrini et al. 2016dur identification oftargetsimplicated
during induced longerm PM blebbing mediated by the MRTF/SRF pathway was crucial to
further understand this mechanism driving blebbing and subsequenttenitovasion Notably;
induction of Ezrin was significantly reduced in the absence of either SRF orABRTE&iINg
induced PMblebbing(Figure27). In contrast expression levels of other ERMs were unaffected
upon suppression of SRFgure27), indicating that these proteins are nabntrolled by the
MRTF/SRF pathwajpon induced blebbin@ctivity. Consistent with our results where Ezrin is
upregulated in a MRTF/SHEpendent manner, Ezrispecificitywas further confirmed using
the prototypic serum stimulation assdnown to induce the MRTF/SRF pathwgyigure28)
(Baarlink, Wang, and Grosse 2013; Vartiainen et al. 2007)

Furthermore, several triggers have been identifibat induce blebbingfor bleb-associated
migration for instancencrease of cortical contractility forcesellphysical confinemerdnd low
adhesion to the extracellular matr{Martin Bergert et al. 2015; Ruprecht &. 2015; Liu et al.
2015) Hence we confirmed thatour model of induced blebbing by matrix deadhesiin
sufficient to triggeiPM blebbing. As a result pharmacologicahterference withblebbing, Ezrin
and SRF upregulation were inhibited upmmndiions of low adhesiofFigure29). Thisvalidates

our model and hypothesjin whichpreventing d&tachmentleads to cortical blebbing.

A recent study showed that bleb expansion requires Rnd3 recruitment, whelalasdiraction
is mediated by RhoA and ROCK phosphorylationi¢laats to Rnd3 inactivatioand subsequent
Ezrin activation(Aoki et al. 2016)In addition, this study reportedhat Ezrin and Epsare
essential regulators of actin reassembly for blebbing dynarfdaki et al. 2016)This is
consistent with our datain whichEzrinis recruited to the plasma membrane to reassemble the
actin cortexand thereforeis upregulated during sustained blebbing activitoreover, our
results point ecriticalrole for Ezrinas aMRTF/SRBependenttarget genein the regulaton of

induced cortical blebbing argliggesting a role bleb-associated invasion.
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5.4. The importance of MRTERF transcription and Ezrin for entotic invasion

Our data demonstrate thatEzrin upregulation via the MRTF/SRF transcriptional pathway
controls dynamic PM blebbinglo further explore this processwve tested the impact of
MRTF/SRF transcription and Eznnhdeb-associated entotic invasioRemarkablyanalysis of
Ezrin subcellular localization during a@elcell invasion revealethat Ezrinis redistributed and
polarizedin the invading cel(Figure21 and Figure31), which in turnrequires sustainedactin
drivenPM blebbingPurvanov et al. 2014)

Giventhe fundamentalrole of Ezrin during entotic invasion, Miacused on thgphosphorylation
of the ERM Ezrjrwhich is an essentialprocess knowrto regulate its activation. Herein, we
examined the activation state of thigctinmembrane linkerduring the entotic process by
analyzing itsphosphorylation state. We observed that endogenous phosphoryl&iei
colocalizes with Ezriand actinduring entotic invasiorat advanced stage@-igure31) showing
a polarized enrichment of pERM at the rear of the invading Gélése findings reveal the
importance of Ezrin phosphorylation during entotic invasionyhich the actin cytoskeleton
plasma membrane linker Ezrin is found polariaed highly enriched during ceih-cell invasion.
These data are consistent with the idea that invading celissplaypolarized Ezrin and actin
enrichment at the rear, which provides actomyosin contractility to genettadorce to invade
the host cell. Simildy, cell motility in migrating cells is mediated by the formation of adtih
protrusionsdependent on actomyosin contraaiforces at the rear end of the invading cgH.
Charras and Paluch 200&ccordingly, the driving force is mgrated by the actifrich bleb
structures, while the direction of movement is defined by taerinrich uropodlike structure

(ERULS)t therear of amoeboid blebbing celléorentzen et al. 2011)

Even thoughentosis is a logrterm process, whether transcriptional activity regulates entotic
invasion was unknown. Thus, we aimed to examine the impact of transcriptional activity on
entosis by interfering with global transcriptiomterestingly, our datashowedthat entosis
ability was strongly reduced by inhibiting transcription (Figure 32), suggesting that global
transcription is necessary for entotic invasidn.a similar mannertranslation inhibition by
blocking protein synthesis e inhibition of entosis Figure32), indicating the crucial role of

global transcriptiorand translation for efficienéntotic invasion.

Previous studies have reportedahthe MRTF/SRF transcriptional pathwalgys an important
role during tumor invasion. For instancveral studiefiavereveakd the relevance of MRTF
A during invasive migratidiBrandt et al. 2009; Medjkane et al. 200B¢pletion of SRF or M=
A/B reduces cell adhesioand the spread and invasiveness tafmor cells (Medjkane et al.

2009) In contrast, the expression of constitely actie SRF enhancelse formation of liver
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nodules, which promotes hepatocellular carcinof@hrnberger et al. 2015)n this work, we
examinedthe importance ofMRTF/SRFEranscriptionfor bleb-associated entotienvasion.lt is
noteworthy that suppression of either the ERM Ezrin, SRF or simultaneous depletion ofMMRTF
and MRTHB, significantly reduced entosis ability, although to a much more modelaegeee
than in the absence of SRIFigure33). Similarly, Ezrin knockdown inhibitdde invasion of
melanoma cellJLorentzen et al. 2011)Consistent with this, we showhat expression of
constitutively active MRTRA promotes entotic invasiorF{gure34). Thesedataprovidesupport

that not only global transcriptiarbut also the specific MRTF/SRF transcriptional pathway and
our recently identified target ganEzrin are required for efficient entotic invasidm.addition,
given the mutual dependence between the MRTF/SRF and thel XARignaling pathways
controlling cell contractility and TG#signaling in cancerassociated fibroblastgFoster,
Gualdrini, and Treisman 2018} would be interesting to further test whether the YARZ

pathway is involved for blebbing and entotic invasion.

Consstent with the importance of MRTF/SRF transcription for entosis, SRF depletiba
invading celremarkablyreduced entosis, wheredenockdownof SRHEn the host cellhad no
effect (Figure35). In turn, SRF appes to be specifically necessanythe activelyinvading cell

to promote entotic invasion. Notably, Sidépleted cells fail to successfully complete entotic
invasion Figure35), suggesting that the invading ceilhich shoved extensive blebbing before

cell engulfment, fails to produce enough mechanical force to invade into the host cell due to
disrupted bleb dynamics in the absence of SRF. In this context, recent studies showed that
actomyosin contractility and dlestiffness are essential forces driving entg@sin, Luo, et al.
2014) Furthermore focusing on the SRF transcriptional coactivatoRTWA subcellular
localization during entotic invasion, we identifiaduclear MRTHA accumulationin the actively
invading cells before cell engulfment to initiate entotic invaskigre36). Together, these da
indicate thatthe actincontrolled MRTF/SRpathwayis fundamentalin entosis,providing the
driving forcefor blebbing and subsequent entotic invasion at the invading cells. These findings

alsohighlight the role of MRTF/SRF in geitell invasion imolving expression of Ezrin.

Although the physiological consequences of entosis are not yet well known, some evidence
supporis entosis as a tumesuppressive mechanism to clear dysfunctional cells after- non
apoptotic death of the internalized entotic c€lFlorey et al. 2011)Whereas other studies
revealedthat entosis triggers aneuploidy due to failed cytokin@stbe host celthusenhancing

tumor progression(Matej Krajcovic et al. 2011)n addition to the prevalence of entosis in
cancer, LPA and LPARichare key regulators of entosi®urvanov et al. 2014pare also

known to play a role during cancer metasta@zhoi et al. 2010)suggesting a correlation
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between entosis and malignanclyurther studies are required to investigatee therapeutic

clinical potential of entosis in cancer.

5.5. Functional significance of Ezrin esgssionfor bleb dynamics and entosis
Several studies have identified Ezrin as a novel regulator of invasion and metfsiasigzen
etal. 2011; Y. Yu et al. 2004; Ren et al. 2088itionally, Ezrin is invokd in amoeboid kebbing
driving cell motility(Lorentzen et al. 2011 onsistent with the correlation between blebbing
and Ezrin, increased activity of the ERMs is associated with reduced blebbing in different cell
types suchas melanoma cells, mast cells and zebrafish primordial germ(Galisdarzi et al.
2012; Yanase et al. 2011; Lorentzen et al. 20hilyontrast toprevious studieswhichhave
observed a negative regulatiopetween the ERMs and blebbing activitye uncovered a
positive feedbackoop to sustain PM blebbing activityy Ezrin upregulationHence, givenhat
induction of Ezrin expression depends on MRTF/SRF and PM blebbing, we furthed fatus
the significane of Ezrin in this phenotypé herefore, we stably expressed our identified MRTF
SRF target genevyild-type Ezrin, and examined bleb dynamics conggtto the control GFP
expressing cellsipon suppression of SRF. These data demonstrate Wikktype Ezrin
expression is sufficient to restore efficient bleb dynamics in the absence dFgRFE37). In
contrast, GFRexpressing cellin which SRF was depletddil to producedynamicblebbing,
indicating the functionatelevance of Ezrin rexpression to rescue defectilmeb retractionin
response toSRF suppressiofmhese findings are consistent with the essential function of Ezrin
in thereassembt ofthe contractileactincortex during bleb retraction mediated bytamyosin
contractility (Guillaume T Charras et al. 2008)s a consequencef the restoral plasma
membrane blebbingexpression ofvild-type Ezrin immecessarnand sufficientto rescue entotic
invasion in the absence of SRF, whereas entosis was impaicedtiol cellsexpressing GFP
upon SRF depletio(Figure38). In turn, thesedata support Ezrin as a MRTF/SRF target gene

controlling bleb dynamics and entosis.

Furthermore,we analyzed the impaatf the nonphosphorylatable Ezrin mutant form, Ezrin
T567A(TA) on bleb dynamics and subggent entosis Thisinactive mutant fails tolink the
plasma membrane to the underlying actin cytoskele{@autreau, Louvard, and Arpin 2000)
However expression of the TA mutant, whicle@snot block blebbing activity, has no effect on
amoeboid invasion in melanoma ceflsorentzen et al. 2011Alternativel, expression of the
phosphomimetic Ezrin T567Wvhich acts as a constitutively active farmobustly inhibits
blebbing activity leading to significantly reduced amoeboid inva&Barillaume T Charras et al.
2006; Lorentzen et al. 2011 onsistently, our data reveal that expression of the -non

phosphorylaable Ezrin mutantriggersnon-functional bleb dynamicand less blebbing activity
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resulting in reduced entotic invasidqfigure37 and Figure38). Ezrin T567A fails to krthe PM
to the actin cytoskeletor{Gautreau, Louvard, and Arpin 200@hich explaia theimportance
of phosphorylation for efficienEzrinactivation and dynamiblebbing Taken togetherour
results report that MRTF/SRBependent upregulation of Ezrin is critical for sustained PM

blebbing to promote entosis.

5.6. Role of the MRTF/SRF pathway amoeboid to mesenchymal transition

Given the association between the actiegulated MRTF/SRF transcriptional feedback and non
apoptotic blebbing for subsequent entotic invasion, mextfocused on another blehssociated
motility mode, amoeboid blebbig, to further investigate the impact of the MRTF/SRF
transcriptional pathway. Amoeboid blebbing is often observed during cancer inyasiahich
cells are characterized by rounded blebbing morphology, fast migration, lbeséxh and high
cortical actonyosin contractility (Sahai and Marshall 2003; Saviereno et al. 2008)
Interestingly, amoeboid blebbing invasion bears similagitidgth entotic invasion, botfeing
regulated by the actin cytoskeletpiRheROCK signalingnd actomyosin forceOur results
reveal the importance of the MRTF/SRF pathway for amoeboid blebbing, suggesting a cell
morphology switchn response teeither MRTFA/B or SRF depletiofriggeringthe amoeboid

to mesenchymal transition (AMTFigure41l).

In addition to the relevance of MRTF/SRF transcription for invasive cell migration, this pathway
controls expression oftarget genes involved in cell contractility and extracellular matrix
remodelling(Gualdrini et al. 2016Here, weshowthat amoeboid blebbing is dependent on the
MRTF/SRF transcriptional pathwaynd actomyosin contractilityFigure 43). In turn, we
confirmed that SRHepleted cells undergo mesenchymal morphology leadingpregulation

of previously described target genes related to actomyosin contracffityure4) (Gadea et al.
2008; Wolf et al. 2003)in contrast to amoeboid to mesenchymal transition, recent studies
reported that cortical contractilityand low adhesion conddns trigger mesenchymal to
amoeboid motility transitiofMAT)in confined3D environmentgRuprecht et al. 2015; Liu et al.
2015) Further studies are required to characterize the molecular mechanisms driving AMT and
MAT. Therefore, it remains a future challenge to identify the mechanism and target givaes,

are responsibldor regulatingMRTF/SRF transcriptian amoeboid blebbing invasion and its

transition to the mesenchymal elongated invasion.
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5.7. Conclusion

The work presented in this thesis focusal on the transcriptional regulation of the actin
mediated MRTF/SRfathwayand its role blebbing and blefassociated invasiomn this study
we demonstrate tha bleb dynamics andfficient entosis requireMRTF/SRF transcriptional
activity mediated by upregulation of the metastaassociatedERM protein Ezri(Figure45s).
Consistent with the importance of the MRTF/SRF pathway for sustained blebbifigdviieat
cortical plasma membrane blebbing regulates dynamic MiRm&clear translocatio(Figure44)
to enhance SRF transcriptional actiwitgcessary foentotic invasion Ourfindingsreveal Ezrin
as an MRTF/SRF target gerte promote blebassociated celih-cell invasion.Our results
highlight the importance of transcription&ed forward signalindor bleb-associatednvasive
motility and entosis. Thereby, thisstudy opens new avenueproviding a transcriptional

regulation feed forward loop controlling bledissociated motility.
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