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Abstract

During gtokinesis the last step & cell division, the contraction of an actomyosin ring
physically splits the mother cell into two daughter cellsaimal cells, the formation of the
actomyosin ring requires the activation of the small GTPase RhoA by its guanine nucleotide
exchange factor (GEF) Ect2. Despite its important role during cytokinesis, Ect2 regulation is
incompletely understood. The currentiew is that Ect2 activity is prevented by an
autoinhibitory interaction between its three #rminal BRCT domains and the catalytic DH
GEF domain. However, the contributions of the single BRCT domains remain ulrclear.
addition, recentin vitro data sugeded that the membranebinding domain PH and the
flexible Sloop, connecting Nand the Gterminus, also participate in Ect2 activity regulation.
The relevance of these contributions in living cells remains mainly elusive. Thus, this thesis
examined howvthe individual BRCT domains, the PH domain, and4bescontribute to Ect2

function and regulation in human cells.

By the use of structuréunction studies and liveell confocal microscopy, this study revealed
that each BRCT domain contributes diffethgto Ect2 function and regulation. Moreover, first
evidence was collected for an involvement of the PH domain and-tbeSn Ect2 regulation

in living cells. Consistent with previous data the BRCT1 domain was found to be essential for
Ect2 function dung cytokinesis. BRCT1 deletion led to cytokinetic failure due to a lack of
contractile ring formation and furrow ingressioBRCTO, while not emgtial for cytokinesis,
contributes to its proper timing by helping to releagetoinhibition. BRCTO deletiallowed
successful cytokinesis, though furrow ingression was delayed. Neither the BRCTO nor the
BRCT1 domains appear to play a major role ini@tbition. In contrast, the BRCT2 domain
turned out to be enormouslymportant for GEF inhibition. BRCT2 dile resulted in the
formation of large membrane blebs due to the hyperactivation of RhoA. Moreover, furrow
ingression was delayed and an increased number of cells failed cytokinesis. Furthermore,
fluorescence analysis and pdibwn assays demonstrated thall BRCT domains interact with
RacGAP1 and contribute to Ect2 midzone recruitment. Additionally, it was revealed that Plk1
binds to all BRCT domains and specifically phosphorylates the BRCTO domain. A point mutation
in the PH domain and a phosphameticSloop led to the formation of large membrane blebs

during cytokinesis.



In summary, the presented work gives detailed mechanistic insights into the regulation of Ect2
activity and how this regulation cooperates with other mechanisms to ensure faithful
cytokinesis. It appears that three structural domains contribute to Ect2 autoinhibition: the
BRCT2 domain, the PH domain, and tHedp. Moreover, the essential role of the BRCT1
domain for Ect2 activation was confirmed. Although BRCTO seems to have arabnat
supports Ect2 activation. This demonstrates that Ect2 regulation is more complex than initially
assumed and that current models have to be revised to fit the new findiMgsregulated

Ect2 is tightly linked to cancer developmanvitich is why the knowledge gained here could in
the longrun contribute to the development of new therapeutic strategies in the fight against

cancer.



Zusammenfassung

Inder letzten Phase er Zellteilung der Zytokinese kommt es durch das Zusammenziehes ei
kontraktilen AktinMyosinRings zur Teilung der Mutterzelle in zwei Tochterzellen. In
tierischen Zellen muss fur die Bildung des AKiyosin Rings die kleine GTPase RhoA durch
seinen Guaninnukleotidustausch Faktor (GEF) Ect2 aktiviert werden. Obwot# folglich

eine wichtige Rolle wahrend der Zytokinese spielt, ist die Regulierung seiner Aktivitat nicht
vollends verstanden. Das aktuelle Regulationsmodell geht davon aus, dass die-drei N
terminalen BRCT Domé&nen mit der katalytischenr@GHF Domane etnautoinhibitorische
Interaktion eingehen, wodurch die GEF Aktivitat von Ect2 verhindert wird. Wie die einzelnen
BRCT Domaénen jedoch zur Autoinhibierung beitragen, ist nicht bekannt. Zusatzlich lieferten
neuestein vitro Daten Hinweise darauf, dass die Meranbindedomane PH und die flexible
SSchleife, die den Nund Gterminus verbindet, ebenfalls an der Ect2 Regulierung beteiligt
sind. Ob jedoch die PH Domane und digcBleife relevante Beitrage zur Ect2 Regulierung in
lebenden Zellen beisteuern, ist wgehend unverstanden. Deshalb wurde in dieser
Doktorarbeit untersucht, wie die einzelnen BRCT Domaénen, d2dptéine und die-Schleife

zur Funktion und Regulierung von Ect2 in Humanzellen beitragen.

Mit Hilfe von StruktwFunktionsstudien und konfokalerehendzellmikroskopie konnte in
dieser Arbeit gezeigt werden, dass jede BRCT Domane auf unterschiedliche Art und Weise zu
der Funktion und der Regulierung von Ect2 beitragt. Ebenfalls wurden erste Hinweise darauf
gefunden, dass die PBlomane und die -Schléfe an der Regulierung der Ect2 Aktivitat in
lebenden Zellen beteiligt sind. Im Einklang mit friheren Ergebnissen wurde gezeigt, dass die
BRCT1 Domane fir die Funktion von Ect2 wahrend der Zytokinese unerlasslich ist. So fuhrte
das Entfernen von BRCT1 zimez hohen Fehlerrate bei der Zytokinese, da weder ein
kontraktiler Ring noch eine Teilungsfurche gebildet werden konnte. BRCTO erwies sich zwar
nicht als essenziell fur die Zytokinese, hilft aber dabei, die Autoinhibition zu l6sen und tragt
somit zum Kkorekten zeitlichen Ablauf der Zytokinese bei. Zwar konnten sich in der
Abwesenheit von BRCTO Zellen erfolgreich teilen, jedoch kam es zu einer Verzdgerung beim
Einziehen der Spaltungsfurchgei der GEF Regulierung scheinen weder die BRCTO noch die
BRCT1 Doéme eine grol3e Rolle zu spielém. Gegensatz dazu stellte sich die BRCT2 Domane

als enorm wichtig fur diese heraus. Charakteristisch fir das Entfernen der BRCT2 Domane war



die Bildung von grol3en Membranblasen, die da herriihrten, dass RhoA durch felkiteguli

Ect2 UbermafRig aktiviert wurde. Ebenso war das Voranschreiten Sgtungsfurche
beentrachtigt und Zellerscheiterten vermehrt an der Teilung. Fluoreszenzanalysen und Pull
Down Assays zeigten zudem, dass jede einzelne BRCT Domanen mit RacGadiéramter
kann und dazu beitragt, Ect2 zur Mittelzone zu rekrutieren. Auch wurde gezeigt, dass PIk1 alle
BRCT Domanen bindet und BRCTO spezifisch phosphoryliert. Aul3erdem fiihrten eine
Punktmutation in der PH Doméane und eine phosphomimetiseBelfeife zur Blung grolRer

Membranblasen wahrend der Zytokinese.

Zusammefassendkann gesagt werden, dass die vorliegermktbeit detaillierte Einblicke in

die Mechanismen der Aktivitatsregulierung von Ect2 liefert und aufzeigt, wie diese mit
weiteren regulatorischen Madnahmen kooperieren, um eine erfolgreiche Zytokinese zu
gewahrleisten. Demnach scheinen drei strukturelle Komponenten an der Ect2
Autoinhibierung beteiligt zu sind: BRCT2, PH und dicheife. Aulerdem konnte die
essenzielle Rolle von BRCTL1 fir die Béfvierung bestatigt werden. Obwohl die BRCTO
Domane eine untergeordnete Rolle zu spielen scheint, ist sie dennoch wichtig fur die
Aktivierung von Ect2. All das zeigt, dass die Ect2 Regulierung eine groRere Komplexitat
aufweist als urspringlich angenommeberzeitigen Modellemiissen deshalliiberarbeitet
werden, um den neuen Erkenntnissen gerecht zu wer@ae Fehlregulierung vdact2 ist eng

mit der Krebsentstehung verknipftieshalbdie hier gewonnenen Erkenntnisse langfristig zur

Entwicklungneuertherapeutischer Strategien in dé&rebsbekampfung beitragen kénnten.

Vi
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1 Introduction

Although living organisms can diger extremely, they share the same basic building block,
the cell. This theory was first postulated by Theodore Schwann and Matthias Jacob Schleiden
inthe19°OSy G dzNE yR Aada (y2¢y a GKS aOStf GKS2NI
stating that d cells arise from prexisting cells through divisionMézzarello, 199P
Throughout their lifetime cells repeatedly pass through a series ofdedihed stages, which

is called the cell cyclein which they first duplicate their cell content atiten distribute it
among two newly forming daughter cells. This not only allowsdépeoduction of unicellular
organisms, but also the development of complex organisms from a single fertilizezkikgg
Moreover, it enables multicellular organisms to sisttheir physiological fithess by healing
wounds or rejuvenating tissues. It is of fundamental importance that this process occurs error
free as mistakes can have detrimental effects on animate beings and are linked to various
diseases such as cancer. fidfere, nature has evolved a celcle control system that ensures

that events take place in the right order at the right time.

1.1 A brief overview of the cell cycle and its regulatian

animal cells

In animalsthe cell cycle can be divided into fopinases. The-phase (synthesis phase) and
the M-phase (mitotic phase) represent the two main phases, which are temporally separated

by two gap phases (G1 and Gi#lorgan, 2006 (Figurel).

Cells enteGlafter they have successfully divided. Here they can either exit the cell cycle and
enter the resting phase GO or prepare themselves fortl@oround of cell division. This
depends on internal and external signals, which consider for example nutrient availability or
cell fate. When proliferation is favorable cells grow until a point where they are ready to enter
Sphase. During the-Bhase cés duplicate their genome and the centrosome, which will build

the spindle apparatus in mitosis, and then pass on into G2. Here they have further time to
grow and synthesize proteins necessary to enter the mitotic phase. These preparatory phases
are alsssummarized as interphase, as it is the period in between two division evdotgén,

2006).



During the mitotic phase cells have to accomplish nuclear division (mitosigjyéomlasmic
division (cytokinesis). Therefqrihe nuclear envelope breaks dovand the DNA condenses

into compact chromosomes (prophapeometaphase). These consist of two identical sister
chromatids, held together by proteinaceous cohesion rings. Moreover, microtubules
emanating from opposing centrosomes build up the mitotic spirzdfid bind to attachment
sites, the kinetochores, on the sister chromatids. Once all chromatids are connected to the
mitotic spindle and aligned at the center (metaphase), the cohesion rings are enzymatically
dissolved and the shortening of microtubulesIpWioth sister chromatids apart towards the

cell poles (onset of anaphase). Simultaneously a contractile actomyosin ring forms between
the segregating chromosomes at the cell equator, which ingresses and pinches off the two

daughter cells (anaphagelophase) Morgan, 2008 (Figurel andFigure2).
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Figurel: Schematic overview of the different cell cycle phasesanimal cells The cell cycle
contains two major phases: the synthesis phaspl{&se) and the mitotic phase (phase),
which are timewise separated by two gap phases (G1 and G2). Togethlease, Gland G2
are called the interphase disey depict the time in between two division events, in which the
cell duplicates its genome and prepares for another round ofdieision. Mphase can be
divided into four phases: prophase, metaphase, anaphasd telophase during which the



cell undergoes mitosis (genomic division) and cytokinesis (cytoplasmic division). When cells
should not undergo another round of division, thegn exit the cell cycle by entering the
resting phase GO. (adapted fraxhorgan, 200%
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Figure2: Mitotic stages in animal cellsAs animal cells enter the mitotic phase, the nuclear
envelope breaks down and the chromosomes (sistaomatids) start to condensate
(prophase). Moreover, both centrosomes move apart to opposite sides of the cell and
nucleate microtubules, which form thmaitotic spindle and attach to the kinetochores of the
sister chromatids (prometaphase). As soon as all chromatids are tethered to spindle
microtubules andare aligned at the center of the cell (metaphase), the cohesingsof the

sister chromatidsre dissolved and the chromatids are pulled towards the opposite cell poles
(onset of anaphase). At the same time, a contractile ring assembles and subsequently
contracts between the separating chromosomes, which leads to the formation of two
daughter cells (amphase and telophase). (adapted fraviorgan, 2006

As the cell cycle is a fundamental process to ensure the organism's welfare it has to be tightly
regulated. For this, a somticated control system has evolved, which ensures that the cell
cycle steps occur in a certain order. The system relies on the activity of members of the protein
kinase family cyclidependent kinases (Cdks). Cdks get activated through binding to
regulaory proteins called cyclins. In each cell cycle, cyclins undergo a cycle of synthesis and

degradation, which results in an increase and decreagedk activities at certain times. This
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oscillation of Cdk activities again leads to periodic changes in Hospbhorylation of
components of the cell cycle machinery. Through binding to sspgeific cyclins, Cdks can
target different proteins and thereby trigger the initiation of different cell cycle events
(Morgan, 2006.

Furthermore the cell cycle control system comprises surveillance points, where it integrates
feedback from the cell cycle machinery. Thecatied checkpoints guarantee that preceding
stagespecific processes ammmpleted before the cell moves on to the next cell cycle phase.
When defects are recognized the cell cycle is temporally halted, providing time to fix the

problem. Once the prerequisites are met, the cell can pass on to thestep@iMorgan, 2006.

The first checkpoint is the smalled restriction checkpoint in GXshase. Here cells decide
whether to enter another round of mitosis based on incoming growth factor signaaingn

the signals are strong enough, G4igase cyclins are expressed, Cdks get activated and the
transcription of genes that are necessary to enter thgh8se is stimulated. Additionally, to
prevent the replication of defective DNA, DNA damage triggeigraling cascade that pauses

the cell cycle and allows DNA repé&topn, 2015

The next checkpoint is the replication checkpoint iph@se, which ensures that the entire
genome is replicated once before cell division occurs. It gets activated when replication comes
to a halt for example due t@ lack of nucleotides or DNA damagesdaprevents the
progression to the mitotic phas€ells then have the time to reactivate the stalled replication

fork or restart replication®oon, 2015

During G2, right before cells enter the mitotic phase, a DNA damage checkpolat sintihe
one in G1 makes sure that DNA is intd&adgn, 2015

Lastly, the spindle assembly checkpoint (SAC) at the metagthem®aphase transition
ensures that each daughter cell receives a complete set of chromosomes duringisehdiv
Both sister kinetochores have to be bound by spindle microtubules of opposing poles to allow
the distribution of the sister chromatids among both daughter cells. Free kinetochores are
bound by SAC protein complexes, which block the activation ofatteghasepromoting
complexcyclosome(APC/C). APC/C activity is needed to release the cohesion connection of

sister chromatids and trigger mitotic exitdraGonzalez et al., 20)2



1.2 Cytokinesis in animal cells

Cytokinesis is the last step of the mitotic phase in which the mothege&sl physically split

into two separated daughter cells. In animal cells, it starts at the onset of anaphase and
involves theinvaginationof the plasma membrane between the segregating chromosomes.
The mechanical force fahe membraneinvaginationis provided by a contractile actomyosin

ring formed at the equatorial cell cortex in response to signals from the anaphase spindle.
Gradual ring contraction pulls the attached membrane inwards generating a cleavage furrow,
which eventually pinches off two cell&fter ingression is completethe cells stay connected

by a thin intercellular bridge, which gets eventually cleaved in a final step called abscission
(D'Avino et al., 2015; Green et al., 201Rigure3).

Spindle ‘Contractlle Contractile ring ingression Abscission
assembly ring assembly
$ DNA == Astral MTs @ Centrosome ( Contractile ring —— Midzone

Figure3: Schematic overview of cytokinesis animal cells Animal cytokinesis starts with
anaphase onset with the formation of the spindle midzone and therabseof a contractile

ring underneath the equatorial plasma membrane between the segregating chromosomes.
Subsequent constriction of the contractile ring leads to the formation of a cleavage furrow
that pinches off two separate cells. Once the ring hdyg fidnstricted the cells stay connected

by an intercellular bridge, which is eventually cleaved during abscission. (adapteBdaeda

& Gerlich, 201p

Onemajor challeng®f cytokinesisis toequallydivide thecontent of the mother celbetween

two newly formed cellsThe most important thing here is that each daughter cell inherits a
full diploid set of chromosomes and one centrosome. This not only ensures the integrity of
individud cells but also the welfare of multicellular organisms. In order to achieve this aim,
contractile ring assembly must occur in coordination with genomic division and only at the cell
equator between the separated chromosomes. Therefore, precise spatialtemgoral

regulation of cytokinesis is extremely important. It is known that in animal cadisye



signaling between the mitotic spindle and the cell cortex ensaoegect spatial and temporal
placement of the contractile rindg=ggert et al., 2006; Green et al., 2012; Verma et al., 2019
Further regulation is provided by the action of two mitotic kinases, CdkJpaludike kinase

1 (PIk1), and two regulatory complexes, the chromosopaaisenger complex (CPC) and the
APCC (Eggert et al., 2006; Green et al., 2012; Verma et al., 20h@ temporal coordination

of genomic and cytoplasmic division is achieved by the fact that botbegses are initiated

by the same molecular triggeAfter the SAC is satisfied, the transition from metaphase to
anaphase is triggered by the activity of the ABQvhich initiates both the separation of the
sister chromatids and the formation of the cleaye furrow Pines, 2011 Functioning as a
ubiquitin ligase, the ARCtargets the inhibitor of the protease separase, which is responsible
for the cleavage of the cohesion rings. At the same tifme activator ¢ the Cdk1 kinase cyclin

B is targetedor degradation(Pines, 201)L A declinen Cdk1 activity results in the removal of
inhibiting phosphorylations in proteins required for cytokinesis by counteracting

phosphatises KHolder ¢ al., 2019.

At the onset of anaphase, the mitotspindle reorganizes to form an array of interdigitating
microtubules, called central spindle or midzone, between the separating chromosome
masses. Together, midzone microtubules and astral microtubules emanatingtfietwvo
centrosomes specify the sé of cleavage furrow formation at the cell equator. Studies in
several animal model systems have established the small GTPase RhoA as the master regulator
of contractile ring assemblyDfechsel et al., 1997; JantsBttunger et al., 2000; Kishi et al.,

1993; Loria et al., 2012; Mabuchi et al., 1993; Prokopenko et al., 1999; Ylce et a)., 2005
Signals from the anaphase spindle lead to RhoA activation byatsrge nucleotide exchange

factor (GEF) Epithelial cell transforming 2 (Ect2) in a restricted equatorial zone. Subsequently,
active RhoA recruits and activates downstream effectors, which build up the contractile ring

and drive its contractiond{Avino et al., 2015; Eggert et al., 2006; Green et al., 2012

Given therole of cytokinesis,it does not surprisethat various diseases existhich are
associated with defective cytokineskailed cytokinesis, may it be due to failed contractile
ring formation or incompleteurrow ingression, for example, gives rise to tetraploid cells.
These cells are genomically unstable and often trigger the formation of turhagdix &
Maddox, 2012; Lens & Medema, 2019; Lim & Gan2di4. Moreover, makoordination of

genomic division and contractile ring ingression can result in the -seigeegation of



chromosomes. The resulting aneuploidy is also often found in cancerlagi®ix & Maddox,
2012; Storchova & Kuffer, 20p8\umerical aberrations of centrosomes can also cause
aneuploidy During disturbed dgkinesis, both centrosomes may end up in one cell. As a
consequence, instead of a bipolar spindle, a multipolar spindle is formed during the next cell
division, which subsequently misegregates the chromosomes8dttencourtDias et al.,
2017). Additianally, several other diseases such as the Lowe syndrome, anemia, the Wiskott
Aldrich syndrome, and female infertility were linked to defective cytokin@sacroix &
Maddox, 2012; Lens & Medema, 20Q1A8ll this underlines how important it isat cytokinesis
occurs undisturbed, as without successful cytokinesis all other preceding cell cycle aeent

nullified.

The following sections discuissportant steps of cytokinesis such as central spindle assembly,
furrow positioning, and formationsawell as the final cut, also known as abscission, in more
detail. Moreover, the role of the GTPase RhoA and its activator Ect2 during cytokinesis will be

described.
1.3 Central spindle assembly

The mitotic spindle is not only the molecular machinery thatesithe separation of the sister
chromatids, but it also positions the cleavage furrow during cytokinesis. This requires drastic
remodeling of the metaphase spindle at the onset of anaphddeee major classes of
microtubules compose thenetaphase spindtekinetochore microtubules, which tether the
chromosomes to the spindle apparatus, astral microtubules, which emanate from both
centrosomegowards the cell cortex, and nekinetochore microtubules, which extend from
both sites of the spindle towards theidplane where they overlapdadde & Heald, 2004;
Mcintosh et al., 2012; Pavin & Tolic, 2D2Eigure4). As the sister chromatids are pulled
towardsthe cell poledduring anaphasearrays of overlapping antiparallel microtubules build
up the centralspindle or secalled spindle ntizone in the space lbeeen the separating
chromatids(Mastronarde et al., 1993; McDonald et al., 1979; Mclntosh et al., 1#i§ure

4).
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Figure4: The mitotic spindle in meteand anaphaseThe metghase spindle is comprised of
three major classes of microtubules (MTs): the kinetochore MTs, by which the sister
chromatids are attached to the spindle, astral MTs, which radiate from both centrosomes
towards the cell cortex, and nekinetochoreMTs whidh extend from both sites of the spindle
towards the midplane where they overlap. Upon entry into anaphase, the spindle gets
remodeled to form the anaphase spindle, which central feature is the spindle midzone. The
midzone is formed bpundles ofantiparalkel MTsin the space between the separating sister
chromatids. (adapted fromNazockdast & Redemann, 2020

In part, it is formed by existing ndanetochore microtubules, but microtubules also assemble
de novathrough a process that is independent of centrosort€amasaki et al., 2013; Uehara
& Goshima, 2010; Uehara et al., 200Bhe central spindlés important for cytokinesis ag
serves as atructural platformfrom which many suprocesses, such as contractile ring
assembly and abscission, are totled (Fededa & Gerlich, 2012; Glotzer, 2009; \&aarth,
2021). Thus, proper assembis mandatory This is ensured by various proteithatstabiliz
and organie the microtubule bundles within the central spindlenportant factors arethe
microtubule crosslinkerprotein regulator of cytokinesis 1PRC), the CPCand the
centralspindlin complexHededa & Gerlich, 2012; Glotzer, 2009; Wadsworth, 20PRC1
dimers bundle antiparallel microtubules and additionally recruit the mitotic kinaset®@ltke
midzone Neef et al., 2007; Subramanian et al., 2DIthe CP€ontains,amongst others, the
Aurora B kinase, whichegulates midzone formation by phosphorylating several of its
components(Carmena & Earnshaw, 2003entralspindlin is an evolutionary conserved
tetrameric complex formed by two molecules of each, the kinesiiotic kinesinlike protein

1 MKLP}and the GTPase activating protein (GRRy GTPas&ctivatingprotein 1 (RacGAP1



(Mishima et al., 200R It not only helps to structurally shape the central spindle but also holds
a special role in cleavage furrow positioning (see later chap#r Before anaphaseiigh
Cdk1 activity prevents central spindle formation by blocking the function of many proteins
involved Holder et al., 201p

1.4 The mitotic spindle positions the contractile ring

The contractile ring has to be precisely positioned in the middle of the cell between the
segregating sister chromatids to ensure the eqdiatribution of the cell content among the
nascent daughter cells. Pioneer work in echinoderm eggs demonstrated almost 40 years ago
that the displacement of the anaphase spindle directly after the cleavage furrow had already
appeared, promoted the formatn of a new furrow according to the new spindle position
while the old furrow regressedR@ppaport, 1986 Nowadays, it is genalty accepted that
signals arising from the mitotic spindle specify the position of the cleavage [ilaAeifo et

al., 2015; Green et al., 2012; Mishima,1Bp) However, how the spindle directs correct
cleavage site specification, is highly debated as studies in different model organisms have
obtained different results. Over the years differanbdels for cleavage site specification have
been proposedywhich are based on different signals from aseatl midzonemicrotubules
(Mishima, 2018 (Figure5). These may diverge in the origin of the inductive signal, but all of
them share the sarmoutcome, which is the accumulation and activation of the small GTPase
RhoA in a narrow equatorial zone at the membrane. As aforemeatidRhoA activation is
required for contractile ring assembly and cytokineBisrfientet al., 2005; Jordan & Canman,

2012; Piekny et al., 2003n the following, lhe mentionedmodels are discussed in more detail.

The widely accepted midzondimmulation model assumes that signals emitted from the
midzone or secalled central spindle promote contractile ring formation at the overlying
equatorial cortex Mishima, 201% (Figure5A). The model was initially postulated after
micromanipulation experiments in grasshopper neuroblasts have shown that furrow
ingression always coincides with the midzone of the spind@vamura, 197) Conversely,
spatial separation of the midzone and the overlying cortex, by the insertion of a glass needle,
prevented furrow ingression in cultured human cel@6 & Wang, 1996Since then, it was
demonstratedin several other studies that the midzone is the oragignaling site for furrow

induction (Adams et al., 1998; Bonaccorsi et al., 1998; Bringmann & Hyman, 2005; Giansanti



et al., 2001; van Oostende Triplet et al., 2014b; Ylce et al.) 28@&eraktudies also provided
insights into the molecular nature of the emitted signilwas suggested that the RhoA GEF
Ect2 takes over the central role. Early during vertebrate cytokinesis, Ect2 gets recruited to the
midzone via the centralspindlin componeRacGAP1. EcRacGAP1 interaction is assumed

to stimulate Ect2 GEF activity by releasing Ect2 autoinhibition. Active Ect2 then translocates
to the equatorial membrane, where it stimulates the nucleotide exchange in RhoA, thereby
inducing the signaling caade of furrow formation(Basant & Glotzer, 2018; D'Avino et al.,
2015; Green et al., 20)2As this topic is rather complexwill be discussed in more detail in

sepaate chapteis (seechapters1.5and1.9.3.3.

Likewise, the model of astral stimulation claims that a subset of long astral microtubules,
which extend to the equatorial cortex contributes positive signals for furrow formation at the
center of the cell Mishima, 201§ (Figure5 B). Experiments in several model systems have
shown that astral microtubules alone can promote furrogriBaruni et al., 2008; Bringmann

& Hyman, 2005; Canman et al., 2003; Rappaport, L196dter it was suggested that they do

so by allowing the transport of impontd regulators, such as RacGAP1, to the membrane at
the division site Breznau et al., 2017; Verma & Maresca, 201& the membrane RacGAP1
then initiates contractile ring assembvia the EctZRhoA pathway similar to what is described

in the previous paragraph.

Contrary to that the model of astral relaxation suggests that astral microtubules, which
radiate from the centrosomes and contact the cell cortex, prevent cortical carliraat the

cell poles. In relation to the poles, the equator would then exhibit stronger contractility which
induces local furrow formation Mishima, 201% (Figure 5C). The concept of astral
microtubules negatively regulating the accumulation of contractile ring components and
contractility is supported by various studies in different model organisms, where they either
misplaced the spindle or selectively destroyed astral microtubules by laser ablation or drug
treatment Bement et al., 2005; @n et al., 2008; Foe & von Dassow, 2008; Murthy &
Wadsworth, 2008; van Oostende Triplet et al., 2014b; Werner et al.,)200¢ontrast to the
aforementioned furow-inducing signals at the cell equatohet molecular nature of th
inhibitory signas is still poorly understoodHowever, recent studies have succeeded in
providing some insights into the principles of these signaAks.soMangal et al. (2018)

identified an active clearance mechanigrihcontractile ring components at the cell poles in
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C.elegans which depends on Aurord kinaseactivation by is asterbased activator TPXL
Whether a similar mechanism exists in other model systems remains elusive up to this point,
but recent evidencelemonstrated that astral microtubules negatively regulate the polar cell
cortex in human cellsQhen et al., 2021 The authors showed thdbrmins get inactivated
specifically at the cell poles by astermediatedmechanism which resuli® the depletion

of the actin cortex and the reduction of cortical stiffness

A Midzone B Astral C Astral
stimulation stimulation relaxation
—=— Midzone w=— Stable Astral MTs === Dynamic Astral MTs

Figure5: Models showing how the mitotic spindle positions the cytokinetic furrofA) The
midzone stimulation model predicts that signals from the spindle midzone stimulate the
activation of RhoA at the equatorial membrane. (B) The astral stimulation moglehas that

a subset of stable astral microtubules reaches the equatorial membrane and stimulates the
activation of RhoA in a narrow equatorial zone. (C) In the astral relaxation model, inhibitory
signals from astral microtubules prevent the activation dbR at the cell poles, thereby
helping to restrict contractile ring formation to the equator. (adapted frbtishima, 201%

The fact thatnone of theabove models can explain all the different findings led to the
consaisus that they are not mutually exclusive but rather work hand in hand to ensure proper
furrow positioning D'Avino et al., 2015; Eggert ak, 2006; Mishima, 20)6Indeed the co
existence of asterand midzonederived signalscould beshown inC. eleganss asters and
midzone separated by a laser were both able to trigger furrow formaf®mngmann &
Hyman, 200} Likewise, both impaired midzone formation and altered astral microtubule
stability influenced RhoA zone formation in cultured human ce#ia Oostende Triplet et al.,
2014b. This principle o$everal partially redundant mechanisms, coexisting in a cell, snake
the process of division site specification robust to perturbations and essine faithful
division of the mother cell it two daughter cells. Ae notion is that thecontributions of
different microtubule populations vary depending on cell size and morphologyt Ssems

that the midzone signak more inportant for smalér epithelial cells than for large embryonic
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cells,in which the equatorial membrane is far away from central spindle microtubules. Even
though the anaphase spindle provides the dominant cues for cleavage site specification,
additional spindleéndependent cues exist. Duringsymmetriccell division ofDrosghila
neuroblastgCabernard et al., 20)0r the C.eleganszygote Jordan et al., 200)6for example,

the positioning of the contractile ring ®so ifluencedby polarity proteins. Further, cues
coming from the segregating chromosomes induce local softening of the polar cortex by
loosening the connection of the actin network with the plasma membrari@rosophilaand

human cellsRodrigues et al., 20}5

1.5 The small GTPase RhoA triggers the assembly of the

contractile ring

RhoA belongs to the Rho family of GTPases, which is highly conserved in many organisms and,
among others, includes Racl and Cdc42ada & Ridley, 2016; Piekny et al., 2008ho
GTPases are important regulators of the cytoskeleton and are involved in various cellular
processessuch ascell motility, cell polarizaon, cell adhesion, and cytokinegEtienne
Manneville & Hall, 2002; Haga & Ridley, 2016; Heasman & Ridley, 2008; Jordan & Canman,
2012. During cytokinesis, the reorganization of the actomyosin network results in the
assembly of the contractile ring at the cell equator. In most animal cells this is controlled by
the small GTPase RhoBréchsel et al., 1997; JantsBtunger et al., 2000; Kishi et al., 1993;
Loria et al., 2012; Mabuchi et al., 1993; Prokopenko et al., 1999; Ylce et al), 2005
localizesn its active formto the future divisim site during anaphasel ékaishi et al., 1995;
Yonemura et al., 2004 Loss of RhoA tty, either by C3 exoenzyme treatment, a Rho
inhibitor, depletion, or dominanhegative mutations, was shown to prevent the formation of

the contractile ring and thus the physical division of cellseilhculture and irmany different
organisms includig flies, frogs, and nematod¢Brechsel et al., 1997; JantsBtunger et al.,

2000; Kishi et al., 1993; Lai et al., 2005; évielez et al., 2011; Moorman et al., 1996;
Prokopenko et al., 1999

Like all GTPases, Rhads as a molecular switch, cycling between an inactive-i&DRd and
an active GTBound state with the help of regulatory proteins. GEFs accelerate the release of
GDP and allow the rebinding of GTP, thereby helping to activate RhoA, while GTPasag@ctivati

proteins (GAPS) help to deactivate RhoA by stimulating its intrinsically low hydrolase activity.
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Additionally, guanineaucleotide dissociation inhibitors (GDIs) bind inactive Rho GTPases and
keep them cytoplasmicGarciaMata et al., 201L During human cytokinesis, Ect2 and M
phase GAP (MBAP) act as major GEF and GAP for RhoA, respecliatsyrfioto et al., 1999;
Zanin et al., 2003(Figureb).

At the onset of anaphas&®hoA gets activated by E@Rd binds the membrana a narrow
region atthe center of the cell Once activated RhoA neats and activates downstream
effectors, which are required for the assembly and the constriction of the contractile ring
(Piekny et al., 20Q%Jordan & Canman, 201ZFigure6). By activating diaphanousglated
formins RhoA stimulatethe assembly of long actin filaments, which form the structural
framework of the ring Castrillon & Wasserman, 19%yangelista et al., 2002; Watanabe et
al., 2008. Additionally, profilins help to rapidly assemble actin filaments. They bind to actin
monomers and sthulate the exchange of GDP to GTP, thereby converting them into an active
state from which they can be easily polymerized by formiasldschmidiClermont et al.,
1992. In parallel to filamentous actin formation, RhoA activates the Rissdciated kinase
(ROCK) whichromotes myosin Il motor activity in two ways. First, ROCK directly activates
myosin Il motor activity by phosphorylating its regulatory light chain, and second, it prevents
myosin Il dephosphorylation by inhibiting the antagonizing myosin light chaispbiadase
(MLCP). Activated myosin Il then interacts with the actin scaffold and is responsible for its
constriction. Additionally, the contractile ring contains crosslinkers such as anillin and septins.
Anillin is a scaffold protein that can bind to RhdAekny & Glotzer, 2008actin, myosin
(Straight et al., 2005 Ect2 Frenette et al., 201 and septinsKield et al., 2006 Thereby it

links the cortical ring to the plasma membrane and provides stability to the ingressing furrow
(Liu et al., 2012; Piekny & Glotzer, 2D0Beptins themselves form higherdered structures

and were reported to stabilize the cleavage furrow by facilitating full activation of myosin II
(Joo et al., 20017
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Figure6: RhoA signaling during human cytokinesis leads to the assembly of the contractile
ring. RhoA is a molecular switch, which cyclesnsstn an active GFBound and an inactive
GDPbound state with the help of its GEF Ect2 and its GAFGMP. During anaphase, active
RhoA recruits and activates several downstream effectors. It stimulates the formation of F
actin through formins and profilsmand the activation of myosin Il by Rho kinase (ROCK). Actin
and myosin form the basic structure of the contractile ring. Furthermore, RhoA recruits
crosslinkers such as anillin and septins. (adapted fPogkny et al., 2005

1.6 The actomyosin ring drives cleavage furrow ingression

The actomyosin ring assembles as a thin structure-@@®Lum) of interlinked filaments
underneath the plasma membrane and can range idtlvfrom less than a micron to 3@m
between speciesSchroeder, 19900'Shaughnessy & Thiyagarajan, 2018was suggested

that this occurs in a stepwise process in which first a broad actomyosin band is formed at the
cell equator, which eventually gets remodeled into a thinner equatorial khgdt al., 2011;
Lewellyn et al., 2011; Mabuchi, 1994; Sz&msman et al., 20)1Actin and myosin can either

be assembledie novoor brought to the equator by cortical flows(igioka, 2021 Since the
contractile ring is attached to the equatorial membrane via anillin and septins, its contraction
pulls in the overlying membrane and the furrow starts to show. The ingression is\paoeéed

by the continuous disassembly of actomyosin filaments, which keeps the density in the ring
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constant and allows the shrinkage of the ring at a relatively constant Galvért et al., 2011;
Carvalho et al., 2009; Mabuchi, 1994; Murrell et al., 2015; O'Shaughnessy & Thiyagarajan,
2018; Schroeder, 1990

How the actomyosin filaments exactly align and how the constrictive force is generated,
remains poorly understoodeggertet al., 2006; Fededa & Gerlich, 2012; Green et al., 012
Early findings suggested that the force for ring contraction is generated by myosin filaments
sliding along actin filaments similar to the mechanism found in muscles (Schi®euerder,
1968, 1972, However, a sarcometlée arrangement of myosin and actin could not be reliably
shown Greenet al., 2012; O'Shaughnessy & Thiyagarajan, RBR&cent work bpira et al.
(2017) demonstrated that a randomly oriented actomyosin network initiates furrow
ingression and, as ingression proceeds, aligns along the equator in a mydspeitlent

fashion.

Efficient furrow ingression not only requires the formation and contraction of the actomyosin
ring at the center of the cell, but also the softening of the polar cortex. The tension generated
by the polar cortex counteracts the contractilerée at the cell equator and therefore
influences the rate of furrow ingressioMyrlier et al.,2014). Consistently, forced polar
relaxation by lighinduced inactivation of myosin Il at both cell poles was shown to speed up
furrow ingression in cultured cellsyémamoto et al.,, 2031 More and more evidence
accumulates showing that actin, myosin, and their crosslinkers are actively removed from the
cortex to reduce polar tension and allow efficient furrow ingressfohapa et al., 2020; Chen

et al., 2021; Magal et al., 2018; Ramkumar et al., 2021; Rodrigues et al.) 2Bd&hermore,

polar relaxation ensures a stable cell shape while the cell ingresses, as it limits cortex
contractions at the poles, which can lead to shape oscillations and the failure of cytokinesis

(Sedzinski et al., 20).
1.7 Abscission is the last step of cytokinesis

At the end of cytokinesis, the furrow reaches a point where it cannot constrict any further and
the two daughter cells stay connected by an intercellular bridge, formed by compacted
antiparallel midzone microtubulediierzwa & Gerlich, 2024In the middle of the intercellular

bridge microtubule ends overlap and form, together with associated proteins, an electron

dense structure, called the midbody. Thedbody was first described by Walther Flemming
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in the 19" century and is therefore also referred to as the Flemming body. It is an important
regulatory structure administering the final step of cytokinesis called abscission, in which the

daughter cellsare ultimately split in two.

In order to form both, the intercellular bridge and thaidbody, the midzone must be
rearranged and thiscludesthe disassembly of actomyosin filaments ahd re-localization

of both midzone and contractile ring components to three distinct midbody substructures
(D'Avino & Capalbo, 2016; Mierzwa & Gerlich, 90IHekinesin superfamily proia member

4 KIF4, a kinesinand the microtubules bundling prot@iPRCtemain at the central overlap
site called the midbody corél( et al., 2012 The midbody core is sounded by the midbody
ring, which is formed by former contractile ring components such as anillin, RhoA, Ect2,
RacGAP1, septins, and the citron kingSai (et al., 2011; Hu et al., 2012; Kechad et al., 012
and flanked by the midbody arms, which acaudate the two motor proteinscentromere
protein E(CENFE) andmitotic kinesinlike protein 2 MKLP2and Aurora B kinas&funeberg

et al., 2004; Hu et al., 2012; Yen et al., 1991

After the disassembly of the actomyosin ring, the midbody anchors the plasma membrane to
the intercellular bridge and prevents the reopening of the cleavage furrow. Findings of several
groups have revealed various ways by which several midbody ring components including
anillin, septins, and centralspindlin, contribute to this procésschal et al., 2012; Lekomtsev

et al., 2012; Makyio et al., 2012

Along with this, the intercellular bridge continues to narrow on both sites of the midbody,
which is mediated by regulatgrfactors delivered by endosomal vesicl8gl{iel & Prekeris,
2013. This specifies the future sites for abscission and stimulates the recruitment of the
endosomal sorting complex required for transport 111 (ESIORdomplex, which is involved in
many membranescission ewvets (Vietri et al., 2020 ESCRIM polymerizes into helical
filaments, which attach to the plasma membrane and lead to their constriction. Together with
simultaneous removal of microtubules, this terminates with fiteysical separation of both
daughter cells\ietri et al., 202D To ensure that abscission occurs at the right time, the
assembly of the abscission machinery is tightly controlled by the CPC and the mitotic kinase

Pkl O'Avino & Capalbo, 2016
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1.8 Precise control of RhoA signaling

As described in detail i.4, signaling between the anaphase spindle and the cell cortex
establishes the activation of RhoA by its GEF Ect2 at the cell egdateever it is not enough

to simply activaeé RhoAlnstead, efficient cytokinesis requires a wadifinedamount of active
RhoA Experiments iiC. eleganfiave shown that progressively reducing RhoA levels by RNAI
progressively slows down furrow ingressidmoiija et al., 2012 and similar results were
predicted by biophysical modeling of furrow constrictihurlier et al., 2014 Likewise,
increasing the amount of active RhoA, by expressing a constitutively active RhoA mutant or by
depleting its negative regulator MBAP, led to slower furrow ingression and the formation of
large blebs Miller & Bement, 2009; Zanin et al., 2Q1Buring anaphase, cells release pressure

in form of small membrane blebs at the poles, thereby stabilizing bapes Hickson et al.,
2006; Sedzinski et al., 20IMgkumitsu & Maramorosch, 19h1ncreased RhoA activity leads

to an increase ircorticalcontractility, which in turn leads to higher intracellular pressarel
causes the otherwise small membrane blebs to grow bigheeyez et al., 2009During the
retraction of large blebs, the generated cytoplasmic flow can introduce cell shape oscillations,
which often entail failed cytokinesisSedzinski et al., 2011; Taneja et al., 20All these
observations demonstrate how important it is to keep the levels of active and inactive RhoA
precisely balancedo ensure reliable cytokinesis. One way of achieving this is by tightly

controlling theactivity of Ect2, which will be discussed in more detathiapter1.9.3

Active RhoA associates with the plasma membrane via two lipid ancMichéelson et al.,
2001). Therefore, RhoA is thought to move freely within the membrane and diffuse away from
the site of activation over timeBement et al., 2006 Neverthelessactive RhoA accumulates
in a restrictel equatorialzone For this astral microtubules in particular play an important
role and ®veral experimentsin which astral microtubules were modified, halemonstrated
that they control the dimensions of the RhoA zoma the membrane with high precm. As
so lengthening of astral microtubules by depleting the kinesitotic centromereassociated
kinesin MCAN, implicated in the negative regulation of microtubule lenditegai et al., 1999;
Hedrick et al., 2008; Rankin & Wordeman, 201@auld narrow the zone of active RhoA at
the equator yan Oostende Triplet et al., 2014b; Zanin et al., 20Cdnversely, specifically
depleting astral microtubules by low doses of nocodazolé&iohostatin Aled to a broader

equatorial RhoA zondgément et al., 2005; Murthy & Wadsworth, 2008; van Oostende Triplet
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et al., 2014b; von Dassow et al., 2009; Zanin et al., RO4#hough this clearly shows that
astral microtubules negatively regulate RhoA zone dimensions, the fact that RhoA zones could
still form in the absence of astral microtubules implies that additional mechanisms help to
spatially restrict active RhoA. RhoA inactivation by its GAP has been suggested to prevent the
spreading of active RhoA within the membraBeent et al., 2006; Miller & Bement, 2009
However, this theory is controversial as NBAP depletion in human cells did not result in a
broadened RhoA zon&énin et al., 2013 Additionally, corralling mechanisms d¢dunelp to

retain RhoA at the cell equator. It has been shown recently, thatR3IdA is intrinsically
prone to rapidly dissociate from the plasma membraBeidnar et al., 209). In the same
study, GTHRRhoA membrane residence time was positively influenced by binding to the
phospholipid phosphatidylinositol 4,%isphosphate RIP2 and anillin. PIP2 is specifically
enriched at the cleavage furrow in animal celisnpto et al., 2005; Field et al., 2Q@md could
thereby contribute to the formation of a narrow RhoA zowdternatively, the dense actin
network below the plasma membrane could inhilihe diffusion of RhoA within the
membrane.lt is known that by forming a physical barrier the actin cytoskeleton drastically

reduces the mobility of membranrlound proteins Kusumi et al., 2012

But why is keping a narrow RhoA zorsd important? RhoA is the master regulator of
contractile ring assmbly and with its localization at the membrane, it defines the area where
contractile ring components accumulate. Thus, RhoA localizing to a broader equatorial zone
simultaneously results in a broader contractile ring, which has been shown to negatively
influence furrow ingressiorDepending on the degree of wideninturrow ingression was
either slowed down Nliller & Bement, 2009or completely abolishedBement et al., 2005;

Yuce et al., 2005n the presence of a broad RhoA zone.

1.9 Epithelial cell transforming 2 (Ect2) protein

1.9.1The GEF Ect2 is essential for cytokinesis

Epithelial cell transforming 2 (Ect2) is a GEF, which is highly conserved within the animal
kingdom and orthologues exist in many species sucH.asapiengEct2) D. melanogaster
(Pebble) C. elegan$ECT2), andX. laevigEct2). It belongs to the Dhkdrhily of GEFs, which

specifically activates Rho GTPases and is involved in various signaling Zvengs 2001
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Human Ect2 comprises 883 amino acids lamsseveral functional domains as showrrigure
7. The Nterminal part of the protein containthree BRCT domairand the Gterminal part
harbors the catalytic Dbl homology (BEEF domain, a pleckstdmomology (PH)and a
polybasic squence (PBS) N- and Gterminus are connected by a linker calledoS8p.

Additionally, it containswo nuclear localization signals (NLE)g(re7)

The structure ad function of the individual domains will be the topic of the following chapter
(chapter1.9.2.
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Figure7: The structure of the GEEct2 in humansEct2 comprises 883 amino acids. The N
terminus contains three BRCT domains, called BRCTO, BRCT1, and BRCT2;tentithesC
harbors the catalytic DIGEF domain, a PH, and a PBS domain. Moreover, Ect2 comprises two
NLS sequences. The ekbocation of the individual domains and the NLSs are indicated above
and below, respectively.

Ect2 is best known for its function in cytokinesis, during which it activates the major contractile
ring activator RhoA. Consistent with the critical role of ttontractile ring, Ect2 has been
found essential for cleavage furrow formationDmosophilaC. elegansand human cultured

cells, and loss of its functions results in cytokinetic failDechant & Glotzer, 2003; Kim et al.,
2005; Prokopenko et al., 1999; Tatsumoto et al., 1999; Yice et al.). 200bever, Ect2 also
holds functions outside of cytokinesis. One example is its requiremerteibrounding in
metaphase, where the cell cortex gets massively remodeled in response to RhoA signaling
(Matthews et al., 2012 An exarple of a RhoAndependent role is its involvement in the DNA
damage response, where Ect2 helps to activate fdiBgendent cell cycle checkpoints in S

and G2/Mphase and to induce DN#amage associated cell deatHd et al., 201

The cytokinetic function of Ect2 was first describedDirmsophila where Pebble mutants
resuted in the absence of contractile ring function and the formation of multinucleated cells
after cellularizationlime & Saint, 1992; Lehner, 199Both, genetic interaction studies and
yeasttwo-hybrid assays, later revealed that it functions as a GEF for RhoD(tis®phila
orthologue of RhoA)Rrokopenko et al., 1999Mammalian Ect2 was initially describasl a
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transforming protein, which was identified in a mitogenic scradikietal., 199). Only later

Ect2 was shown to have similarities with regulators of Rho GTPases, to directlytimtighac
RhoA, RhoC, and Racl and to catalyze the nucleotide exchange in RhoA, Racl, amd Cdc42
vitro (Miki et al., 1991; Miki et al., 1993; Tatsumoto et al., J98#haly, a conserved function

of Ect2 in mammalian cytokinesis was demonstratedripgction of an EctZantibody and
overexpression of an-i¢rminal fragmentwhat both prevented cytokinesiélatsumoto et al.,

1999.

As hasalreadybeen briefly mentioned aboveEct2 activity is required for cell rounding in
metaphase Matthews et al., 201P neverthelessthe bulk of the proteins expected tde
activated during anaphas®ésant & Glotzer, 2018; D'Avino et al., 2015; Green et al.,)2012
Before anaphase, an intramolecular interaction between theaNd Gterminus of Ect2
prevents GEF activity. With the onset of anapé, this autoinhibition is then released by the
interaction with RacGAPBé#&sant & Glotzer, 2018; D'Avino et al., 2015; Green et al.,)2012
Recent data further sugge an additional inhibitory interaction of the PH domain with the

catalytic domainChen et al., 2020 Details will be discussed in chap1e®.3.2

Ect2 function is thougho be tightly connected with its localization. During cytokinesis, Ect2
localizes to the midzone and the equatorial membrane in human ¢&flal@malasetty et al.,
2006; Liu et al., 2004; Tatsumoto et al., 1999; Zhao & Fang).2B0th localizations were
suggested to be required for cleavage furrow formation and ingression in human cells
(Kotynkova et al., 2016; Su et al.,, 2011; Wolfe et al., pOBRerestingly, Ect2 midzone
localization is absent iD. melanogasteand C. elegangMotegi et al., 2006; Prokopenko et

al., 1999. This brought up different views of how and especially whHee® is activategsee
chapter1.9.3.3.

Considering the essential role of Ect2 during cytokinesis, its activity must be tightly regulated
in space and time to avoidbaormal RhoA activation, which could completely sabotage
cytokinesis.This is achieved by autoinhibitidehapter1.9.3.29 and itslocalizedresolution

(chapterl.9.3.3 in cooperation with the actions of mitotic kinasghapter1.9.3.1).
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1.9.2Ect2 structural domains and their function

As a member of the family of Dhbmology (DH) GEFs, Ect2 has a characteristic catalytic
domain that specifically activates Rho GTPases bytdtiodj the exchange of GDP to GTP
(Rossman et al., 2005; Zheng, 2PM@ct2 has been shawo target Cdc42, Racl, and RhnA
vitro (Tatsumoto et al., 1999 but durng cytokinesis, the maim vivotarget is RhoA§'Avino

et al., 2015; Green et al., 2012; Piekny et al., 200fitation of four highly conserved residues

in the DH domain (PVQR AAAA, 56568) mimicked the loss of Ect2 by RNAiI demonstrating
the requirement of DH functionality for Ect2 funatiog during cytokinesis and
transformation Gaito et al., 2004; Su et al., 2011

TypicallyDH domains are paired with at€minally located pleckstrihomology (PH) domain

and this is also the case in Edi2gure7). PH domains comprise around 100 amino acids and
were first described for the protein Plecktrin foumdplatelets Tyers et al., 1988 From then

on, many proteins involved in cell signaling or cytoskeleton function were identified to feature
PH domains. Even though they can greatly differ in primary sequence, all PH domains adopt a
highly conserved fold Blomberg & Nilges, 1997 PH domains can interact with
phosphoinositides and thereby recruit protaito the plasma membrane but were also shown

to mediate proteinprotein interactions lemmon, 2007, 2008; Lenoir et al., 2015; Scheffzek
& Welti, 2013. In Ect2 the PH domain, together withe PES was shown to be required for
plasma membrane localization during anaphasbkdlamalasetty et al., 2006; Su et al., 2011
This cooperative targeting mechanism is strongly conserved, excé€ptaleganswhere EGT

2 lackghe PBS$%u et al., 2011 It has also been shown that in human cells the PH domain can
interact with the crosslinker anillin, which is thought to tether astral microtubules to the
plasma membrane positioning the contractile ring at the cell equdtoer{ette et al., 201R

More recently, crystal structure analysis revealed that the PH domain of Ect2 directly interacts
with the catalyticDHGEF domainGhen et al.,, 2020 In the same study, disrupting this
interaction led to increased GEF activity vitro, which implicates the PH domain in Ect2
negative regulation. The role of the PH domain in Ect2 autoinhibition will be discussed further

in chapter1.9.3 However, the exact functioning of the PH domain in Ect2 remains unclear.
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At the Nterminus, Ect2 contains three BRCAtefninal (BRCT) domains: BRABRCT1, and
BRCT2Zou et al.,, 2014 BRCT domains are specialized interaction domains, which can
specifically recognize and bind phosphorylated peptides, DNA, and polyii#d3B) Leung &
Glover, 2011 Single units and multiple copy arrays exist, which all shaighdy conserved
structure, in which variances are predominantly found in the connecting loops. The canonical

BRCT topology comprises @4l NI YV RIEEKRS G > 6 KA OK Andlices dnlthg dnE R 0 &
I Yy R 2hgliSon'the other sideRigures).

Figure 8: Ribbon representation of the canonical BRCT domfld on the example of
human XRCC1IThe canonical BRCT domain fold comprisessaadded- -sheet, which is
FilylSRKDBE ADSEAR 2y 2 yhslix ankhR Sthek(strirturd rgtrigevet and
adaptedfrom rcsb.orgBerman et al., 2000; Hammel et al., 2021; Paxjaim, 2020; Sehnal et
al., 202).

Long tine it had been assumed that Ect2 features only two BRCT domains (BRCT1 and BRCT?2),
which form a secalled tandem BRCT repe@im et al., 2005; Tatsumoto et al., 199%he
typical packing of both BRCTs in this repestablishes two binding pockets which allow not
only the interaction with the phosphopeptide but also provide specifidigufg & Glover,
2011). The phosphatdinding pockt is formed by the Merminal BRCT domain (which would
be BRCT1 in Ect2) and the specificity pocket is formed by both BRCT dheants& Glover,
2011). The BRCT domaimsEct2, therefore, were thought to function as a unit.#Wwing the
crystal structureof Ect2,Zou et al. (20143howed that BRCT1 and BRCT2 in Ect2 adopt a
perpendicular orientationnstead of a parallel conformation, which is characteristically found
in canonical tanderBRCT domains. Moreover, dalézation demonstrated the presence of

an additional BRCT domaiwhich wagefined as BRCTO. It is located at the vetgisinal

end and is the least conserved of all BRCT domains in Ect2. Both findings contradict the
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canonical view of Ect2 having antem BRCT repeatnd rather indicate that the BRCT
domains in Ect2 feature a different mode of operation than initially assumed. Stéaonly

other protein comprising an array of three BRCT domains identified to dat®Ns#\
topoisomerase inding proein 1 TopBP) TopBP1 is involved in the maintenance of
genome integrity and serves asscaffold in processes such as Digplication, DNAepair,

and DNAdamage checkpoint respons8&dgge et al., 2031 Structural analsis of TopBP1
revealed that BRCT1 and BRCT2 each exhibit a phosphopeptide binding site, while BRCTO lacks
a classical interactions site. Additional functional analysis demonstrated that these binding
sites function independently, as binding BNA repair proteirRad9(Rad9)is compromised

by mutations in BRCT1 but not in BR(R@ppas et al., 20)1Although the BRCT domain

Ect2 and TopBR#f princide share a similar struare and BRCTL1 in both proteins establishes
protein interactions,the BRCTO domaim Ect2is oriented very differentlyand the BRCT2
domain lacks an important helix, which normally contributes to phosphtidepbinding
(Rappas et al., 2011; Zou et al., 2PThus, even though similarities exist, the binding mode
of both proteins could be difrent. Functionally, the BRCT domains in Ect2 are thought to
inhibit Ect2 activity as they can bind to the catalyticGHF domain (see below chapie®.3

(Kim et al., 2005; Saito et al., 200#owever, the BRCT domains are also essential for normal
Ect2 function during cytokinesis. As so the structural disruption of the BRCT2 déumaiat (

al., 2005 or deletion of all BRCT domaimdatthews et al., 201Prendered Ect2 incapable of
rescuing cytokinetic failure in Ectiepletedcells. The reason for this is theaquirement for

Ect2 activation (see chaptér9.3.

The BRCT domains and the-BHF domain are connected by a linkegion, called Soop,

which does not adopt any specific conformation during crystallization and thus probably
allows great conformational changeSHen et al., 2020 It harborsboth nuclear localization

signal (NLS) sequences of Ect2 and has many putative phosphorylation sites. Phosphorylation
of some of the sites was suggested to be important for Ect2 activity and/or influence the
binding of interaction prtners. Nevertheless, the role of the-ll@®p remains poorly
understoodand insights on its function, aside from being a linker and harboring the NLSs, just

start to emergg(more seechapter1.9.3.
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1.9.3Ect2 regulation during mitosis

As Ect2 is the key activator for the Rho#pendent formation of the contractile ring, its
activity is tightly regulated throughout mitosis. Intense research over the lesades has
revealed that control strategies on several levels ensure that Ect2 is active at the right time

and the right place.

Ect2 protein levels fluctuate throughout the cell cydléf et al., 2011 Ect2 expression gets
activated in $hase and peaks during mitoseguin et al., 20Q9At the mitotic exit, when
Ect2 activity is no longer needed, tA®C/Gends the majaty of Ect2 for degradation at the
proteasome, while the rest gets reimported into the nucleu®{ et al., 2011 Thus, coupling
Ect2 protein levels to the time where it functions, depicts one way of preventing unwanted

Ect2 activity.
1.9.3.1Regulation by mitotic kinases

Reversible phosphorylation represents onetloé major regulatory tools by which protein
functions and signaling pathways are controlled within the cell. Throughout mitosis, Ect2 is
heavily phosphorylatedimura et al., 2000; Matthews et al., 2012; Niiya et al., 2006; Niiya et
al., 2005; Tatsumoto et al., 1999; Yice et al., 208B6d phosphatase treatment of
immunoprecipitated Ect2 resulted in reduced GEF actiwityitro (Tatsumoto et al., 1999
suggesting that phosphorylation regulatést2activity. The two mitotic kinaseSdk1 and Plk1
were suggested to be responsible for Ect2 phosphorylation during mitosis. Both were shown
to target Ectdn vitroand in living cellHara et al., 2006; Niiya et al., 2006; Suzuki et al., 2015;
Yuce et al., 2005

Cdk1 is directed to proline and preferentially phosphorylates preimeonine and proline
serine sitesialumbres, 2014; Rhind & Russell, 2012; Salaun et al.) 2@@8active from the

G2 phase onwards tih metaphase, where it regulates the entry into the mitotic phase.
Examples of mitotic processes regulated by Cdkl are nuclear envelope breakdown,
chromosome condensation, centrosomes separatiamd bipolar spindle assempl As
mentioned earlier the actity of Cdks depends on the interaction with-activating cyclins.

For Cdk1l activity during mitosis, this is cyclinvlgmbres, 2014; Rhind & Russell, 2012;
Salaun et al., 2008
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PIk1 is a highly conserved sertmgeonine kinase and its activity peaks in mitosislicino &
Hehnly, 2018; Combes et al., 2017; Petronczki et al., 2008; Schmucker & Sumajyalr2014
mammals five paralogues exist, each characterized by a unique function. Via its polo box
domain (PBD) PIk1 recognizes preferentially €atikhed consensus sitessHr-pSer/pThe

Pro/X), allowing direct binding of target proteinEl{a, Cantley, et al., 2003; Elia, Rellos, et al.,
2003. PIK1 function iessential as it controls mitotic entry, centrosome separation, and
cytokinesis, to name but a few. During cytokinesis, Plk1 localizes to the central spindle and the
midbody and from there it regulates contractile ring assendmyit facilitates RhoA acttion,

and abscissigras it regulates the assembly of the abscission machir@olidino & Hehnly,
2018; Combes et al., 2017; Petronczki et al., 2008; Schmucker & Sumarg, 2014

As aforementioned Ect2 localization is closely associated with its fancliaus it depicts
another way of regulation and was shown to be influenced by Cdkl and PIk1 activity. Ect2
comprisesgwo nuclear localization signals (NUS)th locatedin the Sloop (Tatsumoto et al.,
1999. Thus, Ect2 localizes to the nucleus in interph&salamalasetty et al., 2006; Matthews

et al., 2012; Tatsumoto et al., 1999t has been suggested that the ability of Ect2 to interact
with i -importins, which recognize the NLSs and shuttle Ect2 into the nucleus, is negatively
regulated by Cdkinediated phosphorylationJuzuki et al., 2095The authors reported that
wildtype Ect2 interacts with -importins in interphase, but @t in metaphase. Further, they
showed that the interaction depends on two sites next to the NLSs (T342 and S345), which are
targeted by Cdk1. The phosphaimetic mutant of these sites prevented the interaction with

I -importins in interphase, while the phpho-deficient mutant allowed it in metaphase. This
probably helps to prevent the activation of RhoA in the cytoplasm before mitosis. Indeed
was shown that premature cytoplasmic localization due to mutations in the NLS, leads to
increased transforming divity of Ect2 and premature Ectiependent cell rounding
(Matthews et al., 2012; Saito et al., 2004

During anaphase, Ect2 gets recruited to the midzaheugh its interaction with the
centralspindlin component RacGARighimura & Yonemura, 2006; Somers & Saint, 2003;
Yuce et al., 2005; Zhao & Fang, 200%e interaction requires the preceding phosphorylation
of RacGAP1 by PlkBurkard et al., 2009; Petronczki et al., 2007; Yice et al.,)200b the
removal of one inhibitory Cdk1 phosphorylatio the Sloop of Ect2 (T342){ice et al., 2005
Ect2 midzone localization care prevented by depleting RacGAP1 or its binding partner
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MKLP1 (both interfere with correct midzone assembly) and PIk1 inhibition, which was
reported to result in a homogenous Ect2 localization all around the cell periphery. This is why
RacGAP1 binding héagen proposed to spatially restrict Ect2 to the cell equatu €t al.,

2011). Moreover, RacGAPL1 interaction is thought to release Ect2 autoinhibition, which will be

discussed in chaptelr.9.3.3

Additionally translocation to the plasma membrarne thought to be a key stepf Ect2
functioning during cytokinesiss( et al., 2011 Ect2 membrane association was shown to be
prevented by Cdktlependent phosphorylation iits PBS membrankinding domain (T815)
(Su et al., 2011 As Cdk1 activity is high throughout early mitosis and drops with the onset of
anaphase due to the degradation of its activator cy@8imnd counteracting phosphatases

(Holder et al.2019, Ect2 membrane association is restrictedanaphase

Aside from the role in regulating Ect2 nuclear localization, @dédiated phosphorylation of
T342 has been suggested to stimulate Ect2 acfiiMi#ya et al., 2006Phosphemimetic T341D

(= T34Din ourEct2 isoform) enhanced the ability of Ect2 to interact with anothéefxhinal

Ect2 fragment, which led to the idea that the phosphorylation of T341 induces an open
conformation of Ect2, which supports its activation. This idea stands in contradictite to
findings ofYuce et al. (2005)vho showed that phosphorylatioof T342 blocks the interaction
between Ect2 and RacGAP1 and thus prevents the release of Ect2 autoinhibition before
anaphase Burkard et al., 2007; Somers & Saint, 2003; Wolfe et al., )200@thermore,
overexpression of phosphorylation deficient T341 Ect2 mutants was shown to rescue Ect2
RNAI induced multinucleation as efficient as Ect2 WT overexpressiggesting that the

phosphorylation is not essential for cytokinedia(a et al., 2006

Ect2 can directly interact with Plk1 in a phosptependent mannerNiiya et al., 2006 As
mentioned above, PIk1l bindingften requires a priming phosphoylation by Cdk1 Hlia,
Cantley, et al., 2003; Elia, Rellos, et al., 200812 in the $0p was identified as a Cdk1 target
and its phosphorylation is critical for the interaction of Ect2 and Plk1 since phalaftugent
T412A strongly reduced the interaction with PIkliya et al., 2006 Furthermore, EcfP412A
reduced tre levels of active GTIRhOA in the cells, and unlike Ect2 WT, its overexpression did
not cause hypercontractilityn cells(Niiya et al., 2006 This indicates a phosphorylation

dependent role of T412 in Ect2 activity regulation.
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1.9.3.2Ect2 autoinhibition

A common regulatory mode among GEF pnmaéeis the inhibitory interaction of the -N
terminus with the catalytically active-t€rminus Rossman et al., 2005; Zheng, 2p04arious
studies have demonstrated that such an autoinhibitory regulation also exists tith Ec
Tatsumoto et al. (1999jrst described that the expregs of an Nterminal Ect2 fragment,
containing the BRCT domains, had a domirrsggative effect on cytokinesis and resulted in
the formation of multinucleated cells. Later interaction studies showed that therhinus
can directly associate with the BGHE- domain Kim et al., 2005; Saito et al., 200&nd this
was recently supported by crystal structure analy€iedn et al., 2020 Moreover, the BRCT
domains could fck the transforming activity elicited by unregulatede@minal Ectdn living
cells(Saito et al., 200¢das well as the GDP to GTP exchange in Rhafo (Zou et al., 2014
Two groups further supported the idea of the BRCT domains being involved in the
autoinhibition of Ect2 activity, by showing increasedvitro GEF activity after either the
structural disruption of BRCTRIi( et al., 200por the deletion of all BRCT domai@hén et
al., 2020. Likewise, artificial membrane targeting of antéfminal Ect2 truncation led to

increased cortical contractility in living celiotynkova et al., 2096(Figure9)

During the course of my stuggtructural data andresults fromin vitro GEF assaywsere
published whichsuggest thatthe Sloop and the PH domain are implicated in Ect2
autoinhibition. An EEt2 Nterminal truncation including the -®op showed elevated GEF
activity and higher binding affinity to RhaAvitro (Chen et al., 2020 which let the authors
suggest that the Soop prevents Ect2 activity by interfering with RhoA bindimgthe same
study, it was demonstrated that thBH domain directly interacts with the BBEF domain and
that two specific residues the PH domain, P703, and C765, are key Haw. tMutation of
either of these residues increased Ect2 GEF activijtro, implying that the PH domain not
only regulates Ect2 localization but also takes part in the negative regulation of its activity.
That the PH domain regulates tlaetivity of the adjacent DH domain is commonly found in
DHGEFsZ4heng, 200}, but has so far never been proposed to regulate GEF activity in Ect2.
One reason for this could be that many studies removed the entire PH domaiasaR#i is
also required for Ect2 membrane localization this probably masks itsimdket2 negative

regulation.(Figure9)
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1.9.3.3Release of Ectautoinhibition

As aforementioned, Ect2 interacts with midzebased RacGAP1 during anaphase, and several
studies suggested that this interaction is required for cleavage furrow positioning and
ingression Burkard et al., 2009; Burkard et al., 2007; Petronezlal., 2007; Su et al., 2011,
Wolfe et al., 2009; Ylce et al.,, 200Based on these studies the canonical model of Ect2
activation during anaphase was postulated, which assumes that the binding to RacGAP1
releases the autoinhibitory interaction in Ect2. As these studies were all conducted in human
cells and the Ect2 orthogues do not localize to the midzorddteqi et al., 2006; Prokopenko

et al., 1999, it was seen critical whether RacGAP1 has a similar functiGn éegansnd D.
melanogaster Mutating two residues (T153A and K195M) in the BRCT1 domain abrogated
efficient midzone recruitmentKotynkova et al., 2016; Wolfe et al., 200&nd RacGAP1
interactionin vitro (Wolfe etal., 2009; Zou et al., 20147153 and K195 were chosen because
they are analogous to the residues responsible fargghopeptide binding in two other BRCT
domaincontaining proteins\WWolfe et al. 2009. Altogether these observations led to the view
that the mentioned residues are essential for Ect2 to interact Wi8#tGAP1 and to become
active. Findings b¥otynkova et al. (2016)xhowing that mutating these residues allow
normal cytokinesis, questioned the relevance of the canonicalehand especially the role

of RacGAP1 in Ect2 activation. This reopened the question of how Ect2 gets activated at the
onset of anaphase. During the course of this study, the identification of another surface patch
in the BRCT1 domain, required for RacGAkhding and successful cytokines{So(mez
Cavazos et al., 2020nhas restored the essential rotd RacGAP1 binding in Ect2 activation
This study furthermore shows that this is also tru€irelegandMoreover, theydemonstrate

that in principle EGZ and Cyk4 (worm orthologusf RacGAP1) can interact at the midzone

in C.elegans However, autointbition seems to be stronger than in humanghichprevents

this interactionin viva Additionally, RacGAP1 was suggested to contribute to Ect2 activation
in another way. fie Gtermini of Ect2 and RacGAPL1 interacvitroand this was proposed to

fully release Ect2 inhibition and promote RhoA activatighang & Glotzer, 20)5Figure9)

Based onn vitro GEF activity measurements, the-Ritédiated inhibition has been proposed
as the predominant one of both autoinhibitory interactions found in EG2¢n et al., 2020
The authors further suggested an autocatalytic activation mechanism in whicHRGEIA°

binding to the PH domain triggers its unbinding from the®EF domain. Subsequently, the
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unrestrained DHGEF would bind to GERhoA and catalyze its nucleotide excganThus,

RhoA would trigger its own activatio(igure9)

Autoinhibition keeps Ect2 inactive Binding of phosphorylated RacGAP1 GTP-RhoA releases PH inhibition
releases BRCT-mediated autoinhibition at the plasma membrane

centralspindlin

- -—-)
RacGAP1
*
* = phosphorylation -:--.:.-
P =P703 ‘ e
C =C765 fioid
. = =
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(]
+ 000p!

Figure9: Model of Ect2 activation during cytokinesis in animal celist2 ativity is prevented

in metaphase by an autoinhibitory interaction of itst&minal BRCT domains with the
catalytic DHGEF domainKim et al., 2005; Saito et al., 2003; Tatsumoto et al., 1999
Additionally, the PH domain restrains Ect2 activity by binding to the catalytic c&Chen(et

al., 2020. Upon anaphase onsetidzonebased RacGAP1 is phosphorylated by Plkl and can
interact with the BRCT1 domain of Ect2, which releases the -B&i&hdent inhibition
(Burkard et al., 2009; Bkard et al., 2007; Gome2avazos et al., 2020; Petronczki et al., 2007,
Su et al., 2011; Wolfe et al., 2009; Ylce et al., 20B6t2 then translocates to the plasma
membrane where it gets fully age due to the binding GTRhoA, which releases PH
mediated inhibition Chen et al., 2020

1.9.4Understanding Ect2 regulation during cytokinesis benefits the

understanding of Ect2 during tumorigenesis

Ect2 is an oncogene in many cancer types including brain, lung, and pancreatic tumors.
Although, cancer cells often show aberrant localization and upregulated expression of Ect2,
its role in tumorigenesis was suggested to be distinct from its physiologi=lduring
cytokinesis and rather be a consequenc&@fT2ene amplificationsHields & Justilien, 20).0
However specific point mutations in the Ect2 sequence are also found in various c&teans (

et al., 2020. Recently, a few of those point mutations, lying in the-BPH domain, have been

analyzed concerning their effect on Ect2 functionality during cytokin€sisr( et al., 2020
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Not surprisingly, two mutations located at the catalytic center abrogated Ect2 functidn a
led to binucleated cells. As mentioned at the beginning of this introduction, polyploidic cells
are often genomically unstable and implicated in tumor formatibacfoix & Maddox, 2012;
Lens & Medma, 2019; Lim & Ganem, 2014wo other mutations affected the interaction
between the DH GEF domain with the BRCT and the PH domain, respectively. Both led to
increasedn vitro GEF activity and the PH mutation led to a slightdase in multinucleation,

yet, for the most part, supported successful cytokinesis. Ensuing experiments revealed that it
leads to faster proliferationn vitro, transformation and bigger tumors when compared to
Ect2 WT. Transforming activity had already been described before after the removal®f the
loop (Saito et al., 2004and the phosphorylation of T328 in thdd®p Justilien et al., 2011
Moreover, it has been recently demonstrated théite transcription factor forkhead box
protein M1 (FoxM1l)suppresses chromosomal instabiliéyd thus tumor developmenby
preventing Ectalependent Factin polymerization in a nontranscriptional manner
(Limzerwala et al.,, 2020The authors couldshow, that FoxM1 directlyinteracts with
BRCT1+BRCHEhd the very @erminal part of Ect2 andhereby prevents its activity
Collectively,this demonstrates that understanding Ect2 function and regulatening
cytokinesis also benefits the understanding of Ect2 function during tumorigengsis.

especiallyappliesto the functioningof individual structural domains.
1.10Aim of my thesis

Cytdkinesis, the final step in cell division, ensures that the duplicated genome is physically
distributed between two daughter cells, thereby maintaining correct ploidy. The key step of
cytokinesis is the activation of the small GTPase RhoA in a narrow eéquammne at the
membrane in anaphase, which subsequently promotes the assembly and constriction of a
contractile ring in the center of the cell. Given its importance for genomic integrity, this
process must be tightly regulated. Ect2, as the activatdRludA, holds a central position in

the regulation of cytokinesis. Despite years of research, Ect2 functioning and regulation are
still incompletely understood. It is widely accepted that théelkminal BRCT domains are the
main regulatory domains, which nonly inhibit GEF activity but also facilitate the activation

of Ect2 by binding to RacGAP1. However, many of the studies were based on the assumption

that Ect2 features a canonical tandem BRCT domain, in which both BRCT domains together
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facilitate the birding of interaction partners. The fact that Ect2 has three BRCT domains, which
are also very differently oriented towards each othgoq et al., 201} suggests a different

way how interactions are established and opens up the possibility that each BRCT domain
functions differently during cytokinesiswhile BRCT1 is associated with the actimato
interaction with RacGAP1, the roles of BRCTO and BRCT2 remain elusiviaeTirssaim of

my thesis was to scrutinize how the single BRCT domains contribute to Ect2 activation and to
the spatial and temporal regulation of Ect2 activity, which hatasoever been addressed in
detail. Moreover, recent data fronChen et al. (2020have proposed that, different than
previously assumed, Ect2 autoinhibition is not solely established by the BRCT domains, but
that the membranebinding domain PH ral the connective ®op also participate. The
phosphorylation of the $op has been proposed earlier to regulate Ect2 activigré et al.

2006). Since the roles of the PH and th4o8p are poorly understood and most of the data
were obtainedin vitro, the second aim was to analyze whether the PH domain and the
phosphorylation status of the-Bop regulate Ect2 activity in living celldnderstanding Ect2
regulation is not only crucial for the field of cytokinesis, but also for medical research, as

defects have been shown to be involved in tumorigenesis.

Toward these goals, the strategy was eitherdelete entire domains or to insert spific
domain mutations in Ect2 and to analyze the resulting consequences on its function and
regulation. Here, the focus lay on the spatial and temporal aspects, which is wkoellive
imaging was chosen as the major technique. Conclediased on the aalysis of living cells,
furthermore, more likely reflect the physiological situation than conclusions baséa vtro
analyses. Nevertheless, sonre vitro experiments were employed to elucidate how the
binding of interaction partners is achieved and wher certain domains are phosphorylated.
Moreover, the use of a genetic replacement system for Ect2 in HelLa cells established earlier
in the laloratory, allowed the analysis of Ect2 mutant proteins at WT levels and in the absence
of endogenous Ect2. Thigpresents a major advantage over earlier studies, which often
transiently overexpressed Ect2 variants and/or had endogenous Ect2 in the background,

which may lead to unwanted side effects.
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2 Materials and methods

2.1 Plasmid generationfor stable cell lines and protein

purification

For the generation of plasmsdised to establish stable NEct2 mutant cell lines (se&5.3),
Ect2 fragments were amplified from pEZ197 (Eét2and pExA128 (for EGtrSTRF
respectively, and inserted into the pcDNAS5/FRT/TO expression vector via Gibson assembly
(see2.13). pEZ197 was previously generated by Dr. Kristina BucBuoehfer, 2019 Ect2
point mutations were inserted by amplifying pEZ197 with primers comprisi@gespective

mutation(s) (site-directed mutagenesis se1.2, Tablel4).

To be able to overexpress (in bacteria) and purify different Ect2 proteins and RacGAP1 (1
288aa) (se.2) forin vitro pull-down and kinase assaysee2.3and2.4), severakxpression
plasmids were generated by Nils Bertram and Fpof.Esther Zanin. For this, respective Ect2
fragments were amplified by PCR (s24.1) from pEZ197 witlprimers containing Xhb
restriction sites. This allowed their insertion into the pMBP/6xHis expression vector following
Xhol digestion (se@.1.4. For RacGAP1-2B8aa) the respective fragment was amplified from
PEZ75 and inserted into pGEX via Gibson assembly (s2d.3 done by ProfDr. Esther

Zanin).
2.1.1DNAamplification by Polymerase Chain Reaction (PCR)

DNA sequences used for the generation of plasmids were amplified byl RIGI&L. shows the
composition of each PCR reaction drable2 shows the used cycling parameters.ralctions
were done with Phusion polymerase and the primers used can be founfhlite 14.
Subsequently, PCR products were separated on &(a8arose geit 120V for about 1h. For
visualization, UView was usedptlUView/6pl sample (34l PCR product + 8 ddH0)). After
digesting the template DNA with Dpnl restriction enzyme(Dpnf50 ul PCR) for b at 37°C,
the PCR samples were purified using thelsoSpin Gel and PCR Clegnkit according to the
Y ydzF I OG dzNB NDNA was §ldted Mi2aDdd W@ of alution luffer.
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Tablel: Reaction setup fortendard PCR

Volume (50ul reaction)

5x HF buffer 10ul
DNA template (1:10@iluted) 1l
dNTP{10mU) 1l
Phusion Polymerase 0.5ul

Forward Prime(100pmol/pul) 0.25ul
ReversePrimer(100pmol/pul) 0.25ul
HO 37l

Table2: Thermocycling conditionfor standard PCR

Temperature Duration
Initial denaturation 98°C 30s
Denaturation 98 10s
Annealing According to primer | 30s 29X repeats
Elongation 72°C 30s for 1kb
Final elongation 72°C 3min
Cooldown 12°C 10min

2.1.2Site-directed mutagenesis

To change single nucleotides, primers harboring the respective point mu(stiarere
designed TheDNA waghen amplified with these primers with the following reaction setup
and temperature cycling conditiondable 3, Table 4). Subsequently, template DNA was
digested by Dpnl and samples purified with tHaecleoSpin Gel and PCR Clagnkit.

Table3: Reaction setup for ge-directed mutagenesis

Volume (50ul reaction)
5x HF buffer 10l

DNA templatg~20ng/pul) 1pl

dNTPE10mU, 1:5 diluted) 6.25ul
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Phusion Polymerase 1ul

Forward Primer (100pmol/ul, | 1.25ul

1:10 diluted)

Reverse Primer (100pmol/ul, | 1.25ul
1:10 diluted)

H.O 29.25l

Table4: Thermocycling conditions for ®-directed mutagenesis

Temperature Duration
Initial denaturation 98°C 30s
Denaturation 98 10s
Annealing 55° 1 min 16X repeats
Elongation 72°C 30s for 1kb
Final elongation 72°C 10min
Cooldown 12°C 10min

2.1.3Gibsonassembly

Appropriate amounts ofhe receivedPCR produst(equal molarities for all fragments up to
0.5pmoltotal in 7.5ul) were mixed with 2x Gibson Assembly mastak (7.5pul) according to
GKS YIydzZFlI OGdzNBNRa Ay xQidOiAz2ya FyR AyOdzol S

2.1.4 Xholrestriction digest and ligation

For the generation of expression plasmids to overexpress diffévdfetagged Ect2 proteins

in bacteria (se&.2), the pMBP/6xHis/ector and the Ect2 PCR products, containing thelXho
restriction site, were digested with XhdseeTable5) for 1h at 37°C. To prevent rigation,

the vector was dephosphorylated by rS&&atment for 1h at 37°C. After heat inactivation
for 20min at 65°C, the cut vector and the Ect2 fragments were cleaned usinijthleoSpin
Gel and PCR Cleap kit For the ligation by default an insert:vector ratio of 1:3 was used.
When problems ocurred, different ratios were tested. The ligation reaction was carried out
in 20pl (Table6) at RT for at least R or at 16°Cover night ¢/n). Subsequently, the saples

were heated up to 68C for 20min to inactivate the enzyme.
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Table5: Reaction setup Xhorestriction digest

Volume (50ul reaction)
DNA 1lug
Cut Smart (1&) 5ul
Xho | 1l
H.0 39ul

Table6: Reaction setup foDNA ligation

Volume Q0 pl reaction)
Vector DNA ~50ng
Insert DNA Depending on insert and insert:vector rati
T4 DNA Ligase Buffer (X0 2 W
T4 Ligase 1pl
HO Xl

2.1.5Plasmid transformation of chemically competerig. coli5 | p h
and BL21

51 pBL21(50pl) cellswere thawed on ice 5ul Gibson assembly niiigation mix were
added andeverything wasncubated on ice for 2tnin. Following a 48 heatshock at 42C,
cells restedor 2 min on ice and recovered inrtil LB medium at 37C for 1h. To select positive
clones, cells were plated on pBites containing the appropriate antibiomd grown aB7 °C

o/n.
2.1.6lIsolationand sequencing of bacterial plasmid DNA

Bacterial colonies were picked from selectiondl#es and grown in sl LB medium
supplemented with the adequate antibiotic, at 3C€ o/n. The next day, bacterial cells were
harvested at 6000pm for 5Smin. Theplasmid DNAvas etractedeither with the NucleoSpin
PlasmidDNAMini kit or the Qiagen plasmid mini kit (for the generatioh stable cell lines)
FOO2NRAY3I (2 (GKS Yl ydzFl OGdzZNENDRa Ay aDNFEOGA2Y a
buffer or filtered ddHO and stored at20 °C.

The purified DNA was checked for sequence correctnesBN¥x sequencing which was
performed at the internal Genomics Service Unit of the Faculty of Biology at the LMU

according to their instructions.
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2.2 Proteinexpressionand purification

To overexpress MBRnd GSTagged proteins, plasmids shownTablel6were transformed
into competentE.coliBL2 and glycerol stocks were frozen-20 °C. One day before protein
expression was started, 201 LB+ Garbenicillin (carb,100ug/ml) were inoculated with the
respective glycerol stock and incubated at°8and 200pm o/n. The neximorning 11 LB carb
(for MBRconstructs LB + 0.0% glucoser car) was inoculated with 1énl of the overnight
culture (ORoo ~0.05). When the bacteria had grown to andg@f 0.40.8 at 37°C, protein
expression was induced with IPTGWIstock).All steps after harvesting were performed at

4°C.
2.2.1GSTHagged proteins

Protein expression was inducedth 1 mM IPTGor 3h at 37°C for pGEAT (GST) and pGEX
6P-1 PBD (GSHBD) anavith 0.1 mM IPTGor 5 h at 25°C for pPGSRACGAP1 (GRBCGAPL).
Bacteria were harvested at 600pm for 15min and subsequently the pellet wavashed once
with cold 1xPBS (5@nl) and snagrozen in liquid M. Per proteinl00ul GSTSepharose beads
were washed three times with thl lysis buffer I0mM Tris pH 8, 156M NaCl, InM EDTA,
0.05% NP40) and pelleted at 509 for 5min. The bacterigellet was thawed on ice and
resuspended in 7.5l lysis buffer supplemented with M DTT and inM PMSF and
cOmplete protease inhibitor cocktail. After bfin on ice cells were sonicated forn8n
(amplitude 50%, 10s ON 1Gs OFF). After centrifugatidt5min, 10000rpm), the supernatant
and the equilibrated beads were incubated for h.Bn a rotating wheel. Beads were washed
3 x for 5min with lysis buffer and resuspended in 2@dysis buffer and stored at 4C for up
to one week. Protein concentriains were determined by SEFRAGE. fug and2 ug of BSA

were run in parallel with the samples and served as mass reference.
2.2.2MPBtaggedproteins

For pMBP/6xHis and all pMBP/6xiist2 fragments protein expression was induced with
0.3mM IPTG for & at 25°C. Bacteria were pelleted at 6088m, washed once with cold
1 xPBS, resuspended in @0 MBR buffer 20 mM Tris pH 7.4, 206/M NaCl, InM EDTAand

snapfrozen in liquid Mand stored at-80 °C. Bacteria suspensions were thawed on ice and
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supplemente with 5mM DTT, InM PMSF, and cOmplete protease inhibitor cocktail. After
sonication (3min, amplitude 50%, 10s ON, 1& OFF), % Triton XL00 was added to the
lysates and everything was rotated for 20n. Cell debris was pelleted (2@in, 20000rpm)
and the supernatants (B each) were added to amylose resin columns. Aftemirb of
incubation, columns were washed withnl washing bufferZ0 mM Tris pH 7.4, 80thM Nacl,
1mM EDTA Proteins were eluted in elution buffee@mM Tris pH 7.4, 2060M NeCl,

1 mMEDTA, 26nM Maltose and collected in inl aliquots, which were snafrozen in liquid

N2 and stored at80 °C. Protein concentrations were determined by $IA&E. jug and2ug

of BSA were run in parallel with the samples and served as mass rederenc
2.3 In vitro pull-down assagwith GSTRacGAP1 and G¥BD

To study the interaction of ferminal Ect2 mutant proteins with RacGAP1 and the PBD
domain of PIk1, purified GSRACGAP1 or GEBD beadsand eluted MBP/6xHidct2
fragments were mixed (done by Pra@fr. Ester Zanin). The reaction volume wa&80 pl
binding buffer (20mM HEPES pH 7.2, 150/ NaCl, 5nM MgC#, 0.1% Triton XL00, 1mM
DTT) which contained a final concentration o2 M for each proteinAfter samples were
rotated for 1h at 4°C, beads were washed three times fomb in binding buffer. &mples
were resuspended in 2 sample buffer and heated up to 96 for Gmin. Proteins were
separated bysDSPAGE and stained with Coomagsige. MBP/6xHisEct2 proteinsexhibiting

a similar molecular weight as GEAdGAP1 or GSPBDwere detected with an anti-6xHis

antibodyon immunoblots.
2.4 In vitro Kinaseassay

In vitro Pkl kinase assays were performed in a total volume ofil2@r 30min at 30°C.To
assay kinase activit00ng purified MBP/6xHi&ct2 protein were incubated with 20y of
recombinant k1 kinasein the presence ofl uCi of [gamm&32]ATP and 0.2nM rATP in
kinase buffer (25nM HEPES pH5, 50mM NaCl10 mM MgC#, 0.1% Triton XL00 and ImM
DTT) Kinase reactions were stopped by the additio@xtample buffer andeating for 5Smin
at 95°C. Subsequently, samples were separated ®y SDSFAGEstained withCoomassie

blue, and dried prior to autoradiography. An erased storage phosphor screen was exposed to
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the dried gel én in an exposure cassette and scanned on thet gy using a Typhoon Trio

Imager (GE Healthcare). MiEet2 BRCTF8loop served as positive control.

2.5 Cell culture techniques

2.5.1Cellculture maintenance andreezing of HelLa cell lines

All HeLacelllines Table8) were grown in T2 and T75flasks, respectively, at 3€ and 36
ambient CQAY 5dzf 6 SO02 Qa Y 2(RMEM), @lich BasupdleBeneSviRth dzY
10% fetal bovine serum (FBS) anéoIPercillin/Streptomycin (P/S). At the time of seeding,
transgene expression was induced by adding the appropriate amount of tetracyChine (

8). For freezing, HeLaltewere grown in two T75 flasks to about®@0confluency. Cells were
collected by trypsinization, resuspended in fresh medium, and pelleted atr@0@or Smin.
Subsequently, the cell pellet was resuspended iml@xfreezing medium and distributed to

10 cryotubes (Inl each). Aliquots were frozen aBO°C and in liquid nitrogen tanks,

respectively.
2.5.2siRNAtransfection and dug treatment

To deplete endogenous proteins RNA interference (RNAI) was used. For this, HelLa cells were
transfected with afinal concentration of 3@M siRNAusingLipofectaminéM RNAIMAXFor

one well of a 12wvell plate, 3ul of transfection reagent and 1} siRNA (20uM) were mixed

with 200pl reducedserum OptiMem | and incubated for 1&in at RT. The medium in the

well was exchanged by 8Q0 fresh medium and the transfection mixture was added

(I ml/well final). For éwell plates, the volumes were doubled rf#/well final). In the
experiments where MCAK and Ect2 were depletd@AKcontrol RNAI \as performed 3h

prior to Ect2 RNAiIThe Ect2 RNAI mixture was later directly added to the medium already
containing the MCAK siRNA. In all experiments, controls were treated equivalently vaikh 30

of nontargeting siRNA.

To get a homogenous cell population, in all experimentscedecycle was synchronized with
a single thymidine block. Around Blafter the transfection, cells were treated with QYaV

thymidine for 24h. Cells were released from the thymidine block by three consecutima5
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washing steps with fresh medium fd/well for 12-well plate, 2ml/well for 6-well plate,

800 ul/well for 4-well chamber, and 30Ql/well for 8well chamber).

To prevent bleb formation, iOA kinaseactivity was inhibited at least h prior to the start of
live-cell imaging by the addition dfOuM Y27632(10mM stock in DMSO). Controls were
treated with the appropriate amounts of DMSO.

To prevent Plk1 activity specifically during anaphds€¥nM of the Plk1 inhibitor BI2536
(100mM stock in DMSOyvas added tosynchronizedcells in metaphase tectly before
filming. Cells that went into anaphase aroundriih after BI2536 addition were analyzed.
Cells that were exposed to BI2536 longer than 125 were arrested in metaphase. Controls

were treated with an appropriate amount of DMSO.

To show thableb formation is dependent on RhoA, RhoA actiwgs inhibited in cells by
incubating them wh pure DMEM containing 04g/ml C3 transferas€100uM stock in

water)for 6 h. Control cells were incubated in pure DMEM

2.5.3Generation of stable cell linesand induction of transgene

expression

For the generation of isogenkct2 mutantcell lines, the Fhin TFREX system was uséskee
Figurel0). Ths system allows the Flp/FRiediatedstableintegration of a gene of interest.

To trigger the integration into the genome, vectors carryihg Flp recombinas¢pOG44
vector)andthe gene of interestgcDNAS/FRT/TO veclphave to be cdransfected intothe

HelLa host cell line (FIp TREX). Him TREX cells were seeded intwéll plates one day before
transfection. Per well 300g pcDNA5 and 900y pOG44 were ctransfected with

- ONBYSDSYySd FOO2NRAY3I G2 ( EcONASFRIOMDettddaisdzNS Q a
provides a hygromycin resistance gene, after five daystively transfected cellsould be
selectedover a period of two weeky adding 0.2ng/ml hygromycin to the mediumThen,

cells thathad survived wergrooledand could be used for experents.
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2.5.4Preparation of cell lysates, western blotting and blot

guantification

To examine the expression levels of endogenous and exogenous Ect2, cell lysates were
prepared for each cell line. For thiglls were seeded in-@ell plates in DMEMFBStet and
transfected the next day with a finglRNA concentration of 30M. The day afterthe cells

were synchronized with thymidine (OtbM) and released from the blo@d h laterby washing

3x for 5min with DMEMFB&et. After 8-9 h, cells wereonce washed with 1PBS and
harvested in anaphase byadding adequate amounts oflxsample buffer (Table 17).
Subsequently, saples were heated up to 98 for5min and sonicated in a water bath

sonicator for 20min. Cell lysates were stored é20°C.

Egual amounts oftcell lysatesvere loaded on a 18 SD$gel and run in X running buffer
(stacking gel 8%, resolving gel 120). The proteins werdransferred onto an Immobilo#®
PVDF membrane fort2at 4°C by wetblotting in transfer buffer containing 2% ethanolvith
constant 300nA. Subsequently, the membrane was blocked #b Snilk in TBS for 1h at RT.
The incubation with the respective prary antibody (able7) in 5% milk in TBS followed.
Ect2 antibody was incubatamn at 4 °C and -tubulin antibody was incubatetih at RTAfter
washng three times for 5min with TBST the membrane was incubated with the secondary
antibody (HRP anthouse,Table7) in 5% milk in TBS for 1h at RTAfterthe membrane was
washed three times with TBBand once witiBS for Bnin, the protein signals were detected
with the ChemiDoc XRS+ systdi@io-Rad). SuperSign¥l West Femto and ECY Prime
Western BlottingECII™ Western Blotting Reagenisere used as substraseF 2 NJ 9 O4H | YR

tubulin, respectively.

Protein levels were quantified using the Image Lab softwaqeression levels of endogenous

Ect2, transgenic Ectand tubulin were determined by measuring the intéres of their
NBaLISOGADBS o6FyRad ¢KSyYy SyR23IASy2dza |-fRlind NI y & 3
and subsequentlythe amount of transgenic Ect2 proteins was calculated relative to

endogenous Ect2.
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2.6 Immunofluorescencamicroscopy

For multinucleation assaydileLa cells were seeded onto paNysine coated 18mm glass
coverslipasn DMEMFBS&tet at a confluency of around 3 one daybefore transfection For
coating, coverslips were incubated ilMLHCI at 5660 °C for 5h and subsequely washed
thoroughly with distilled KO in five consecutive washing steps. After rinsing them with%00
EtOH, evenly spread coverslips were dried between Whatman papers. The clean coverslips
were then incubated in 15l polyL-lysine solution (Ing/ml) in a 50ml tube for 1h on a
rotating wheel. After that, coverslips were intensively washed five times with distil@daidd
once with 100 EtOH and dried between Whatman paper under a sterile hood. Before
seeding, individual coverslips were again rinsede with 70%EtOH and once 186 EtOH

and dried under the sterile hood. One day after releasing them from the thymidine block
interphase ells were washed once with igmld 1xPBS and subsequently fixed with-mad
methanol for 5min. After washing wit 1XPBS the fixed cells were incubated ith @Triton
X100 in 1XPBS (PB¥) for 2min and blocked in % BSA’BST for 1h at RT or o/rat 4°C The
appropriate primary antibodies were diluted in%4 BSA’BST accordingto Table7 and
coverslis incubated for 22 h at RT. After washing)X3for 5min with PBST, the coverslips
were incubated with suitable secondary antibodies and Hoechst (dilutio4rB&SA°BST see
Table7) for 1h at RT. Prior to mounting coverslips were washedwdth PBS and 1x PBS

for 5min. Coverslips were mounted in mounting medium on glass slides, sealed with nail
polish and stored at20 °C.Immunofluorescence microscopy was performed obegcaTCS
SP5 microscopand aNikon eclipse Ti spinning disk confocal microsc(jetails seelTable

18). For assessing multinucleatior,75optical sections (68, a 1um apart) were acquired

along the zaxis.
2.7 Life-cellimaging

To analye Ect2 domain functiom livingcells,cells were seeded in 2&ell platesin DMEM
FBSet at a confluency of around 3% One day after the transfection, cells were split into
ibidiTreat 2/4-/8-well imaging chamber®gether with 0.5mM thymidine. The day after the
thymidine block was released and9 later cells were imaged in ibidiTreat/2-/8-well

imaging chambes without ambient CQat 37°C in a heated chamber. Therefore, the medium
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was exchanged with CQ-independent medium supplemented with 20 FBS, 0.RenStrep,

2nM L-glutamine and tetracyclinbefore imaging. To visualize the DNA during imaging, SiR

DNAstock solution was dilutect 1:10000 in imaging medium and added to the cells 1

before filming Imaging was performed atiikon eclipse Ti spinning disk confocal microscope

To analyze furrow formation, blebbing, and Ect2 localization cells were tneggy 3min
for 5h (Plk1 experiments were stopped after around)2Threechannel images (DIC, 486,
638nm) were acquired at 60magnification on Planes, which were eachm apart. For
bleb characterization, 60:DIC images were taken on fpianes (1.2um apart) every 3@ for

1.5h.

2.8 Imageanalysisand quantifications

To study whether specific domains are required for different aspects offtiet2ion during
cytokinesis live-cell time-lapse imagesnd images of fixedsamples were usedAll images
were analyed and processed ilmageJ Graphs were plotted in Prism and graphvesre
created with Affinity DesigndiTable9):

2.8.1Livecellimaging

2.8.1.1Analysisof bleb formation and characterization of blebs

To assess whether Ect2 activity is elevated in our Ect2 mutant cell linesyithiger of blebs
that emergal from each cell in metaand anaphase was counted manually on tilapse

images Cellswvere categorized intghe following groups: 0 blebs -2 blebs, 35 blebs| Yy R

K

5 blebs.Graphs depict the mean of experiments. Standard deviation was determineddor th

percentage of all blebbing cell8 ¥%-100%blebs).

To differentiate large blebs from small blebs, teagthof blebswas measured at the time of

its maximal extensiomnd the width was measured in the middle of the blebs (~ at half of the

maximal lengh). The lifetime oblebs was defined as the time between its first emergence

and its full reabsorptionGraphs each show the mean of all analyzed cells.
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2.8.1.2Analysisof NGEct2 localization

Endogenous Ect2 is absent from the metaphase membrane but at thret ohanaphase, it
localizes to the equatorial membrane and the midzone. To check whether our Ect2 mutants
show aberrant localization during metand anaphase, we analyzed their flGBorescence

signals in different regions in confocal tiHegse images.

Ect2 membrane localization duringetaphase

To assess thdocalization to themetaphase membrane NGfluorescence intensity was
measured along twd.0-pixel wide lines, which were drawn horizontally and vertically over
the metaphase platgseeFigure54 A). An exemplary intensity plas shownin Figure54 B.

Both membrane peaks @flinescan weraligned andaveragedresulting in @& intensity value

for the future polar regiorihorizontal linescargnd an intensity value for the future equatorial
region(vertical linescan)The mean background intensity outside the cell was measured in a
box (1630 um?) and subtracted from both values. The cytoplasmic level was calculated as the
average of the fifthto the eighth value following the peak from both linescans (8 values in
total). Then, both peak values were divided by the cytoplasmic value to identify enrichments
exceeding the cytoplasmic level. Each analysis was done on the last metaphase fraime (O

Graphs depict the mean of all analyzed cells.

Ect2 localization to the equatorial membrane and the midzone dunragphase

In anaphasgEct2localizationwas analyzedor the polar and equatorial membrane and the
midzone.Calculations were don& min ard 9 min after anaphase onsesécond anchird
anaphase framerespectively. The average background intensity was measured in a box
outside the cell at theespectivetime. The cytoplasmic value was calculated as the average of
the fifth to the eighth vale following the polar peak (4 valueg)l graphs display the mean of

all analyzed cells.

Toexaminepolar membrane localizatigriNGfluorescence intensity was measured along two
10-pixel wide lins, which were drawn from the inside outrass both pahr membranes (see
Figure34 Atop). An exemplary intensity plot is shownkigure34B and CBoth membrane
peaks were aligned aralveraged. After background subtraction, polar values were divided by

the cytoplasmic value.
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To measure the localization to the equatorial membrane as well as to the midzonigel0
wide line was draw vertically across the cell equator and fluores@@nintensity was
measured (see Figure 34 A bottom). After background subtraction, thaignals of both
membranepeaks were averaged and normalized to the cytoplasmic backgrotindexclude
signals arising from the membrane, the midzone intgnsisdetermined 6pixels away from
the membrane by averaging the 10 highestues Lastly, the midzone value was divided by

the cytoplasmic value.
2.8.1.3Analysis of cleavagaufrow ingression

To quantitatively compare the ability of the different Ect2 mutant cell lines to ingress the
cleavagefurrow, the equatorial cell widthof each cell was measured frdn after anaphase
onset (third anaphase framepn live-cell time-lapse images. Graphs depict the mean of

experiments.
2.8.2Countingnuclei for multinucleation assayn fixed samples

To determinewhether cells expressing transgenic Ect2 mutants can successfully divide,
confocal images of fixed and stained interphasdls (see Figure13) were analyzed. The
number of nuclei per cell was determined and cells were classifiedh@so-, bi and

multinucleated.Graphs depict the mean of experiments.
2.9 Statisticalanalysis

All statistical analyses were done inBRRGore Team, 202INormal distribution of data was
checked byhe ShapireWilk test and equality of variances by Levene test. Based on normality
and variance analysis, the statistical significance of differences between two samples was
RSUSNNYAYSR -estor KrisldgWallis Rawk suri test. To compare data from more
than two samples, generalized linear models (GLM) were fitted, followeankgnalysis of
variance (ANOVA)-\Rilues were obtained by multiple comparison tests after Tukey according
to the method by Wedtll Bretz et al., 20111 Friederke Wolff developed the R code used to
compare multiple samples. The test used for pedfic data set is indicated in the

corresponding figure legend.
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Table7: Primary, secondaryand antibodies and dyes

Ect2 Mouse | 1:250 - - Santa Cruz, -
sc¢514750

h-tubulin | Mouse | 1:10000 1:500 - SigmaAldrich, | Methanol
T6199

6x-His Mouse Thermo Fishe
Scientific
MA1-135

Alexa Goat - 1:500 - Life

FluorM Technologies,

488 antt A32723

mouse

Alexa Goat - 1:500 - Life -

FluorM Technologies,

635 antt 816 A31574

mouse

Hoechst | - - 1:1000 - SigmaAldrich, |-

33258 (stock 1mg/m 861405

Mouse Goat 1:20000 - Bio-Rad, -

HRP 0 ftubulin) 1706516

1:3000
(Ect2)
SIRDNA | - - - 1:10000 | Spirochrome,

SCO007
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Table8: HelLa cell lines

Cell line | Background Amountof | Amino | Generated| Reference
tetracycline acid by
used for | sequence
induction
HelLa Flp| HeLa No transgene | - Tighe et al|
In TRex (2004)
EZ69 HelLa FlpIn | Expression o] 0.2 pug/ml 1-883 Seren Buchner
TRex NGEct2VT, RNAI Baygun (2019)
resistant
pEZ197
EZ70 HelLa FlpIn | Expression o] 0.2 pg/ml 139-883 Seren Buchner
TRex NG EctXBRCTO Baygun | (2019)
RNAI resistant
pEZ227
EZ72 HelLa Flpln | Expression o] 0.2ug/ml 328883 Seren Buchner
TRex NGECtXBRCTZ Baygun | (2019)
RNAiresistant
pEZ204
EZ74 HelLa FlpIn | Expression o] 0.2 pg/ml 1-237, Kristina Buchner
TRex NGECtXBRCT2 328883 | Buchner | (2019)
RNAI resistant
pEZ232
EZ76 HelLa FlpIn | Expression o] 0.2 pug/ml 1-138, Kristina Buchner
TRex NGECctXBRCTL 238883 | Buchner | (2019)
RNAI resistant
pEZ242
EZ80 HelLa FlpIn | Expression o] 0.2ug/ml 1-883, Kristina Buchner
TRex NG T153A + Buchner | (2019)
Ect153A+K195M K195M
RNAiresistant
pEZ247
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EZ83 HelLa Flpln | Expression o] 0.01pg/ml | 1-883, Kristina Buchner
TRex EctZloorAA RNAI between | Buchner | (2019)
resistant 328421
pEZ265 all Ser/Thr
=> Ala
EZ104 HelLa Flpln | FACS sorte( 0.2 ug/ml Sandra Schneid et al
TRex EZ76 Schneid | (2021)
NGECtXBRCT1
EZ107 HelLa Flpln | FACS sorte( 0.2 ug/ml Sandra Schneid et al
TRex EZ76 Schneid | (2021)
NGECtXBRCT1
EZ111 HelLaFlp- In | Expression o] 0.01pug/ml | 1-883, Nils This study
TRex NG EctZ!0opSTDE between | Bertram
RNAI resistain 328421
pEZ310 all Ser/Thr
=>
Asp/Glu
EZ117 HelLa Flpln | Expression o] 0.02ug/ml | 1-883, Nils This study
TRex NGEct2703D P703D Bertram
RNAI resistant
pEZ314
EZ118 HelLa FlpIn | Expression o] 0.2ug/ml 1-883, Nils This study
TRex NGEctZ 765K C765K Bertram
RNAI resistant
pEZ315
EZ119 HelLa Flgn | Expression o] 0.2u/ml 1-883, Nils Schneid et al
TRex NGECct2V307A W307A Bertram | (2021)
RNAiresistant
pPEZ313
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Table9: Software used throughout the thesis

ImageJ NIH https://imagej.nih.gov

Prism GraphPad https://www.graphpad.com

Affinity Designer Serif https://affinity.serif.com/de/designer/
RStudio R Developmen| https://www.rstudio.com/

Core Team, 2015

Image Lab v. 5.2.1. build 1] Bio-Rad https://www.bio-rad.com

Table10 Commercial kits

NulceoSpin Gel and PCR Clearkit MachereyNagel, 740609.50
Qiagen Plasmid Mini Kit Qiagen, 12125
NucleoSpirPlasmid, Mini kit for plasmid DNA | MachereyNagel,740588.50

Tablel1l: siRNAs for knockdown of gene expression

Non Unknown sequence LipofectaminéM 30nm Dharmacon,
targeting RNAIMAX D-00181G
01-20
Ect2 GGCGGAAUGAACAGG Lipofectaming 30nm Dharmacon
uu RNAIMAX
MCAK | GCAGGCUAGCAGACA LipofectaminéM 30nm Dharmacon
UAUU RNAIMAX

Tablel2: Bacterial strains

51 ph DNA transformation

BL21 Recombinant protein expression



https://imagej.nih.gov/
https://www.graphpad.com/
https://affinity.serif.com/de/designer/

Table13: Materials and reagents

Reagent Source Identifier
18 mm glass coverslips Roth P233.1
p-Slide (2well, 4well, 8well) | ibidi 80286
80426
80826
Cell culture flasks (T25, T75) | Greiner Bio One 690175
6-well and 12well plates 658175
657160
665180
FBS Thermo Scientific 10270106
P/S PAN Biotech A2213
DMEM GlutaMAX Thermo Scientific 11584516
CQ-independent medium ThermoFisher 18045054
Thymidine Sigma T1895
Plk1 inhibitor BI12536 Selleckchem S1109
RhoA kinase inhibitor Y27632 VWR CAYM10005583
C3 transferase tebu-bio CTO4A
Tetracycline SigmaAldrich T7660
Hygromycin SigmaAldrich H3274
poly-L-lysine SigmaAldrich P1524
Dpnl NEB RO176L
Xhol NEB R0146
Gibson mix NEB E2611
Phusion polymerase + Phusi{ NEB MO530L
buffers
T4 DNA ligase NEB M0202
L-glutamine Thermo Fisher Scientific | 25030149
PMSF SigmaAldrich P7626G1
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DTT

Roth

6908.3

Amylose resin

NEB

E8021S

Glutathione Sepharose

SigmaAldrich

GE17075601

cOmgete Protease inhibitor

cocktail

Roche

11836153001

ECIMPrime Western Blotting

GE Healthcare

RPN22236

ECIMWestern Blotting

Reagents

GE Healthcare

RPN2106

SuperSignalTM West Femto

Maximum Sensitivity

Thermo Fisher Scientific

34094

LipofectaminéMRNAIMAX

Thermo Fisher Scientific

13778075

X-tremeGene9

SigmaAldrich

8079398949

[gammaP32]ATP, 800
Ci/mmol,20mCi/ml

Hartmann Analytic

SRFBO1

PLKIRecombinant Human

Protein

Thermo Fisher Scientific

PV3501

rATP

Metabion

N10015

UViewM

Bio-Rad

1665112

Tablel4: Primers used for plasmid generation

Primer

{ SjdzSy OS

opQ G2

0]

Used
for

plasmid

EZ127#EZ1278| TCATTTGCCTTTTCATATAAATACATAGTTTCTCC
ACAAGCAGGAGGCAAGGTGGCAAGTTGCAAAAG
EZ1276EZ1279) ATTTATATGAAAAGGCAAATGAGCCTGAGC
TGCCACCTTGCCTCCTGCTTGTCAGGAACTG

pEZ310

EZ1282
EZ1283

TCAAGCAAGAGTGGTTCGCGGGAAGCATTCAAATGG
CCATTTGAATGCTTCCCGCGAACCACTCTTGCTTGA

pPEZ313

EZ1284
EZ1285

CTCTTAAGCATATTCACCTAATGGATCTTTCTCAGATT
CCTTCTTAATCTGAGAAAGATCCATTAGGTGAATATG(

pEZ314

EZ1286
EZ1287

GACATGTAGCTAACACCATTAAGAAAGCAGATGCTGA

GATTCTCAGCATCTGCTTTCTTAATGGTGTTAGCTACH/

pEZ315
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EZ1346 ATCATAGTATCCGGGAATTCCGGGGATCCAC PEZ336
EZ1347 CGGAATTCCCGGATACTATGATGCTGAATGTG

EZ1348 ATCGTCAGTCAGGGCCCGCCATCATTGGGA

EZ1349 ATGGCGGGCCCTGACTGACGATCTGCCTCGC

EZ1335 AAACTCGAGATGGCTGAAAATAGTGTATTAAC pEZ330
EZ1336 TCCTCGAGTGCTGACTGCTTTGAAGGAACTGG

EZ1338 AAACTCGAGATGTGTCGCCCGTTGTATTGTAC pEZ331
EZ1337 TCCTCGAGTTCATATAAATACATAGTTTCTCCAGC

EZ1338 AAACTCGAGATGTGTCGCCCGTTGTATTGTAC pEZ332
EZ1339 TCCTCGAGAACTTTAAATTCATTTCTAAAGTCATC

EZ1340 AAACTCGAGATGCCTCCATTTCAAGATTGTATTTTAA(Q pEZ334
EZ1337 TCCTCGAGTTCATATAAATACATAGTTTCTCCAGC

EZ1335 AAACTCGAGATGGCTGAAAATAGTGTATTAAC pEZ335
EZ1337 TCCTCGAGTTCATATAAATACATAGTTTCTCCAGC

EZ1346 ATCATAGTATCCGGGAATTCCGGGGATCCAC PEZ336
EZ1347 CGGAATTCCCGGATACTATGATGCTGAATGTG

EZ1348 CGGAATTCCCGGATACTATGATGCTGAATGTG

EZ1349 ATGGCGGGCCCTGACTGACGATCTGCCTCGC

EZ1335 AAACTCGAGATGGCTGAAAATAGTGTATTAAC pPEZ338
EZ1339 TCCTCGAGAACTTTAAATTCATTTCTAAAGTCATC

EZ1335 AAACTCGAGATGGCAAAATAGTGTATTAAC pEZ340
EZ1350 TCCTCGAGTGAAAATGGCAAAGGCTCTCC

Tablel5: General and obtained plasmids.

Plasmid name Backbone Information
pOG44 - Encodes Flp recombinase
Invitrogen, V600520
pGEX6P-1 GSIPLK1 PBD | - For protein purification

Gift of I. Sumara
Martino et al. (2017)

MBP/6xHis - For protein purification
Hofweber et al. (2018)
pGEX4AT - GE Healthcareg5E28954549
pPExA128 - Customized Gene sequence Eurofins
pEZ75 pcDNAS/FRT/TO| RacGAPL1 used as templétgeenerated

by Esther Zanin)
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pEZ197

pcDNAS5/FRT/TO

by Pedro Barbosa)

NGEct2'Tused as templatégenerated

Tablel6: Generated plamids

Plasmid Backbone Primers | Method Generated Information
name used by
pPEZ310 | pcDNAS5S/FRT/TO | EZ1277 | Gibson Esther Zanih | To generate NG
EZ1278 | cloning Nils Bertram | EctZ!0opSTDE
EZ1276
EZ1279
pPEZ313 | pcDNA5S/FRT/TO | EZ1282 | Gibson Esther Zanin/ | To generate NG
EZ1283 | cloning Maysoon Ect2V307A
Noureddine
pPEZ314 | pcDNA5S/FRT/TO | EZ1284 | Gibson Esther Zanin/ | To generate NG
EZ1285 | cloning Maysoon Ect2703D
Noureddine
pEZ315 | pcDNAS/FRT/TO | EZ1286 | Gibson Esther Zanin/ | To generate NG
EZ1287 | cloning Maysoon EctX 765K
Noureddine
pEZ330 | pMal-FlagHis EZ1335 | Restriction| Nils Bertram | For protein
EZ1336 | cloning purification
MPBECct2B0-S
sloop(AA 1421)
pEZ331 | pMBP/6xHis EZ1338 | Restriction| Nils Bertram | For protein
EZ1337 | cloning purification
MPBEct2B1+2
(AA 137324)
pEZ332 | pMBP/6xHis EZ1338 | Restriction| Nils Bertram | For protein
EZ1339 cloning purification
MPBEct2B1

(AA 137237)
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pEZ334 | pMBP/6xHis EZ1340 | Restriction| Nils Bertram | For protein
EZ1337 cloning purification
MPBEct2B2
(AA 238324)
pPEZ335 | pMBP/6xHis EZ1335 | Restriction| Nils Bertram | For protein
EZ1337 cloning purification
MBREct2 02
(AA 1324)
pEZ336 | pGEXAT EZ1346 | Gibson Esther Zanin | For protein
EZ1347 cloning purification
EZ1348
EZ1349 GSTRacGAP1
(AA 1288)
pEZ338 | pMBP/6xHis EZ1335 | Restriction| Esther Zanin | For protein
EZ1339 cloning purification
MBREct2 BO+1
(AA 1237)
pPEZ340 | pMBP/6xHis EZ1335 | Restriction| Esther Zanin | For protein
EZ1350 cloning purification
MBREct2 BO
(AA 1137)
Tablel7: Buffers and solutions
Buffer/Solution Composition

Mounting medium

4 % nPropytGallate
90 % Glycerol
in 1xPBS

sample buffer (X%)

2 ml stacking buffer

4 ml 10% SDS

140« f-Mércaptoethanol
4 ml 50% Glycerol

100pl saturated Bromphenol blue solution
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Coomassistaining solution

100ml 100% MeOH

50 ml glacial acetic acid
0.59 brilliant blue

Adjust to 500ml with ddHO

Coomassie destaining solution

250ml 100% EtOH
50 ml glacial acetic acid

Adjust to 500ml with ddRO

Running buffer (1&)

30.3g Tris
1449 Glycine
Adjust to 1l with ddHO

Transfer buffer (1x)

200ml 100% EtOH
100ml Running buffer
Adjust to 1l with ddHO

Resolving buffer (%)

18.179 Tris

24 ml 1M HCI

0.4g SDS

Adjust pH to 8.8 with HCI
Adjust to 100ml with ddRO

Stacking buffer (&)

6 g Tris

38.5ml 1M HCI

0.4g SDS

Adjust pH to 6.8 with HCI
Adjust to 100ml with ddBO

PBS (1®)

25.6g NaHPQx 7HO
80g NaCl

2g KCl

29 KHPQ

Adjust to 11 with dd&O

PBST

PBS (%)
0.19% Triton XL0OO
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TBS (18)

2KCL

80g NacCl

309 Trisbase

Adjust pH to 7.4 with HCI
Adjust to 11 with ddHO

TBST (1x) TBS (1x)
0.1% Tween
Freezing solution (%) 10% DMSO

65% DMEM medium
25% FBS

LB broth

10g Tryptone

5 g yeast extract
10g NaCl
800ml MilliQ RO

TE buffer

10 mM TrisHCI
1mM EDTA
Adjust pH to 8.0 with HCI

Adjust volume to 1 with ddHO

Tablel8: Microscopes

Microscope

Equipment

Manufacturer

Nikon eclipse B®pinning disk

confocal microscope

Lasers:

Andor laser line combiner

Diode 405nm
Diode 488'm
Diode 561nm
Diode 638m

Objectives:

CFI Apochromat TIRF 60x oil/ 1.49/*
CFI PApo 100x Lambda oil/ 1.45*

*DIC available

Camera:ANDOR iXoDU-888U3CSEBV
EMCCD camera

1024 x 1024 p

ixel

Nikon
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Pixel size 13 x 13 um
Software:NIS Elements

Leica TCS SP5 microscope

Lasers:

Diode laser 405 nm kpl Coherent (25 m
Argon Laser (458 nm, 476 nm, 488 nm, !
nm), 5mw

DPSS Laser kpl 561 ii& (10 mW)
HeNe Laser 594 nm, Uniphase (2.5 mW
HeNe Laser 633 nm, Uniphase (10 mW
Objectives:

HCX PL APO Lambda Blue 63x 1.4 oll
Software:

Leica Application Suite Software

Leica
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3 Results

**k *

Part of the presented data in thishapter has already been published inl&sports Seethe

following reference

Schneid, S., Wolff, F., Buchner, K., Bertram, N., Baygun, S., Barbosa, P., Mangal, S., & Zanin, E.
(2021).The BRCT domains of ECT2 havendistunctions during cytokinesi€ell reports
34(9), 108805. https://doi.org/10.1016/j.celrep.2021.108805

Schneid, SandWolff, F.are cofirst authors of this paper.

Several figures have been reproduced or modifia compliance with thé dzi K 2 NR& NX 3

which arestated herehttps://www.elsevier.com/about/policies/copyright#Authetghts

Following Figureand Tablegontain datafrom Schneid et al. (2021)

Figurel2, Figurel3, Figureld4 B and CFigurel5, Figurel6 B and CFigurel8B and CFigure
19, Figure20, Figure21B and CFigure22, Figure23B and CFigure24, Figure25B and C,
Figure26, Figure27, Figure28, Figure29, Figure30, Figure31, Figure32, Figure33, Figure34,
Figure35, Figure37, Figure39, Figure40, Figure4l, Figure4?2, Figure43, Figured4, Figure45,
Tablel9 and Table20.

* k%

3.1 Preamble

The projectto elucidate the contribution®f the three BRCT domains Ect2 function and
regulationin human cellshad been started byDr. Kristina BuchnefTogether with Seren
Baygurand Pedro Barbosa sledestablished @enetic replacement systefor Ect2 in HeLa
cells.Thisreplacement systerallowsthe assessient ofthe function of specifically engineered
Ect2 variants after depleting endogenouscB2 by RNAIi. For thsystemto work, the
engineered Ect2 mutant variants muse Isimilarly expresseds endogenousEct2 after

endogenous &2 had been depletedy RNAI
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Dr. Kristina Buchndradtested the function oseveralengineeredect2 mutant variants after
the depletion of endogenousd using a multinucleation ass#Buchner, 2019 Shehad
found, thatthe BRCT1 domain but not the BRCTO domain is required for ¢sibdivFor the
BRCT2 deletion mutanshe had observed an intermediate phenotype suggesting ttae
BRCT2 domain is partially required for cell divistubsequentlyshe had alsoassayedfor
some of the cell lines large bleb formation NGEct2localization and anillin recruitment
However, all those studietiadbeenperformed in the presence of endogenous E@RAchner,
2019, which might compete with &2 mutant varians. Therefore, her resultdo not allowto

make conclusions on the functiality of the EEt2 mutant variants during cytokinesis

As it wasnandatoryto express Ect2 variants at endogenous levels amtdpleteendogenous
Ect2to reveal the function of the individual BRCT domains during cytokirfesisof allthe
optimal conditionsfor expressioninduction and Ect2 RNAwere estalished Subsequently,
my focus lay orthe analysisof live-cell recordings while my colleague Friederike Wbl
analyzedRhoA and anillipatterns in fixed cell€On the way, the methods used for anaigg
large bleb formation and Ectdocalization were revised and adjustéd receive more

meaningful results.
3.2 A genetic replacement system for Ect2 in HelLa cells

To study the different domain contributions to Ect2 regulation, a genetic replacement system
for Ect2 in HelLaells was establiwed by Dr. Kristina BuchnéBuchner, 2019 (see chapter
2.5.3. In thisreplacement systensingle copies oEct2 transgengcan bestably integrated
into the TREXM HeLa host cell linevhich cariesflippase recognition target (FRT) sitsa
specific genomic locuBy coeexpressing flippase, transgenes get integrated thi® genome
by homologous recombinatioat this site (O'Gorman et al., 1991 The expression fothe
transgenais inducible as it isontrolledby a system based dhe tet-operon. In the absence
of tetracycline two tetracycline repressa(tetR) bind totwo tandem tet operator AtetO2)
sequencesand thereby block expressionThe aldition of tetracycline to the cell medium
releasedetR from tetO2 andtransgenes can be expressdHiillen & Berens, 1994; Hillen et
al., 1983; Yao et al., 19p&igurel0).

To allow the analysis of mutant Ect2 protemishout endogenous Ect2 in the backgrourice

Ect2 transgenes harborfour silent mutationsin the BRCT1 domairwhich renderthem
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resistant to RNAi knockdow(highlighted for Ect?Tin Figure10). Additionally they feature
an N-terminal neongreertag, which allows easy analysis of thpnotein localization during

the different cell cycle phases

Figurellshows an overview of the stable cell lines used in this thesis and thineslwhich
were previously generated and described Bychner (2019are underlined Thecell lines
harbor Ect2transgenes in which either BRCTO {E&XBRCT) BRCT1 (NBctZXBRCTY, BRCT2
(NGECtZBRC?) or all threeBRCT domains (NExtXBRCP2) were deleted. Additionally, several
cell lines with point mutations in BRCT1 (G2 153A+K19) BRCT2 (NEct2V3074, the Sloop
(NGEctZoopAA  NGECtZ'0orSTOE  and the PHlomain (NGEctZ7930 NGEctX7%%§ were
andyzed NGEct2VTserved as proof of principle and allowed comparison of mutant with-wild

type behavior/phenotype.
For the sake of clarity, in the following the prefix "N@ill only be used in a few places, mainly
in figures concerning protein amounts aptbtein localization, and otherwise omitted.

genomic locus

—— ; )
ATG [FRT> AmpmipuCori T-REX™ host cell line

+ Flippase
transgenic cell line
single copy insertion r—1 gene expression
TetO2
m -. Hygromycin leEniHAmpHPcvmﬂ NG-Ect2 ORF : m W

TetR

Figure10: FIp-FRT mediated singieopy integration of transgenes using the Fip T-RexXM
system to generate stable transgenic HelLa cell ling&tagged transgenes were cloned into
the pcDNAS/FRT/TO expression vector, which contains FRT sHiean€fection with a Flp-
recombinase encoding vector allowed the FRFRidiated, stable integtion of the
transgenes into a specific locus in the-FIpTRex HelLa cell line. Transgene expression in the
stable cell lines is controlled by a system based on thepetron. That is why tetracycline has

to be added to the medium to release both TetRnessors, which block gene expression by
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binding to TetO2 sequences located anterior of the transgenles.fgure was createthased
on Life Technlogies Corporation, 2012

0J 50 12?:}49 22? 344
i

?21 42§1 61? ?44 76.’:% '3’92 |834 ?83

AAs wr
883 NG-Ect2

AGGAGGAACGAGCAAGATTTC
silent point mutations for RNAI resistance

) ABRCTO-2
S oo DHGEF Pesl— 556 NG-Ect2
: ABRCTO
. BRC o OHGEF @ 745 NG-Ect2

ABRCT1

784 NG-Ect2

T153A §195M

T153A+K195M

883 NG-Ect2

ABRCT2

793 NG-Ect2

W307A

883 NG-Ect2

S-loopAA

883 NG-Ect2™™"

S-loopSTDE

883 NG-Ect2

P703D

883 NG-Ect2

C765K

883 NG-Ect2

Figurell: Schematic overview of stable transgenic HelLa cell lines that were used in this
thesis.The cell lines carry mutant versions of Ect2, that either have BRCT domains deleted or
one andmore point mutations in specific domains (marked with asterisks), respectively. All
transgenic Ect2 proteins were rendered RNAI resistant by the introduction of four silent point
mutations in the BRCT1 domain (see-E&2V") and have an N@ag. Their exprssion was
induced by the addition of tetracyclin€ell lines previously generated by Dr. Kristina Buchner
are underlined
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3.3 Ect2 mutant variants are expressedt similar levels as
endogenous Ectawhichcan beefficiently knocked down

by RNAI

Beforethe analysisof a novel Ect2 cell lineas startedit wastestedwhetherthe respective
transgendsexpressed to similar levels as endogenous FEiet2vestern blot analysis. Thereby
we could rule out unspecific phenotypes caused byncreased or decreased tmagene
expression.To analyzethe effects of Ect2 variantson cytokinesisin the absence of
endogenous Ect2 in the backgroynae further checkedwhether endogenousEct2can be
efficiently depleted by ouRNAiprotocol. After Ect2 RNAI no residuahdogenous Ect2 was
detected by immunoblotting even after prolonged exposur@~igure 12, first two lanes.
Mutant protein expression was still present after the depletion of endogenous Ect2, as can be
seenfor Ect2'T in Figure12. This was the case for all examined cell lines and exemplary
immunadblots of all other cell lineswill be presated in the correspondingparagraphdelow.
Apart fromvisuallyassessing transgene expression, quantitatively measured thie signal
intensity on immunoblots in the absence of endogenous Edirmalization tothe
endogenous protein level revealed that all transgenes show similar expression lehalb
were not significanty different in comparison teendogenous EctfTable19). For details of

the western blotquantification seechapter2.5.4

control NG-Ect2"'

Ect2RNAi - + - + ~
kDa 150— — | & a4 NG-Ect2"T 5
100 - - e 2
T - endogenous Ect2 3
150- - ®©
wo-me P S
G| S w— | anti-Tubulin

Figure12 The NGEct2'T transgeneis expressed similarly to endogenous Ect2 after Ect2
depletion by RNAiWestern blot analysis of lysates from control and-E&2V" cells treated

with and without Ect2 RNAI to knock down endogenous Ect2. Blots were probed with anti
Ect2 and anth -tubulin (as loading control). Endogenous Ect2 has a molecular weight of
100.1kDa and NGEct2VT of 127.0kDa.
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Table19: All transgenic Ect2 mutant proteins are expressed to endogenous levels after the
depletion of endogenous Ect2 by RNAhown are meatSD expressiofevelsrelative to
endogenous Ect2. Sighintensities of Ect2 protein bands were measured f@riddependent

cell lysates on immunoblots. Ect2 band intensities weoemalized to respective tubulin
loading controls and quantified relative to the control (endogenous Ect2). Kruskal Wallis test
detected no significant difference in expression levels for all mutant Ect2 proteins compared
to Ect2V". Data acquired by SS and FW

cellline % mean NG-Ect2 levelsto | Kruskal-Wallis- test
endogenous Ect2

Ect2W" 102 (+/- 48) /

Ect208RcTo2 97 (+/- 65) n.s.
Ect208RcT0 107 (+/- 60 n.s.
Ect2***" clone 1 83 (+/- 24) n.s.
Ect22%"™ clone 2 79 (+/- 18) n.s.
Ect2rs3asosm 111 (+/- 18) n.s.
ECt208RCT2 102 (+/- 35) n.s.
Ect2Ws07A 123 (+/- 59) n.s.
Ect25torAn 88 (+/- 22) n.s.
Ect25oopsToE 101 (+/- 66) n.s.
Ect2°7030 84 (+/- 21) n.s.
Ect2¢76 146 (+/- 68) n.s.

3.4 Ect2'T rescues phenotypes elicited by depletion of

endogenoud=ct?2

Beforeit could be analyzedhow the function and regulationof Ect2during cytokinesis is
affected bydifferent structural modificatiors, it had to be ensured, that the established
replacement system works. Therefoiié was tested whether the expression of E¥2can
compensatédor the loss of endogenous Ecaddwhether Ect? Tactivity is similarly regulated

to endogenous E2t As Ect2 localization is closely linked to its function, we also analyzed

whether Ect?Tlocalizes normallguringcell division
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3.4.1Ect2'T rescles cytokinetic failure after endogenous Ect2

depletion by RNAI

First, multinucleation assaysere conductedin the presence and absence of endogenous

Ect2 Under normal conditionsHelLa cells havea single nucleus and are considered
mononucleated(Figure13= S E YLIX S f I. onStie Sibsenderofi ECt2 AckivigiO

contractile ring cannot form, the two setd chromosomes cannot be spatially separated and
therefore remain in one binucleated cefFigure13, SEI YLX S f I 6 SWIeR 6 A (K
cytokinesis fails repeatedlthis results immultinucleated ce# (Kim et al., 2005; Tatsumoto et

al., 1999 (Figure13> SEI YLX S f I Bhéstmbrie-, bé, andl kultiuzléaibn was

guantified in control, Ect2epleted contro] and Ect2depleted Ect?T cells to determine

whether Ect2VT supports cytokinesiswhen endogenous Ect absent We also analyzed
Ect2VTwith endogenous Ect2 preseand detected no effect on cytokinetic success tiBr

excludingsynergistic effectsriggered by transgene expression

control control + Ect2 RNAI

Figure 13: Depletion of Ect2 leads to biand multinucleated cellsimmunofluorescence
images of control and Eciepleted control cells in interphase stained with ahttubulin and
Hoechst. (1) marks a cell with one nucleus (mononuetBa (2) marks a cell with two nuclei
(binucleated), and (3) marks a cell with three nuclei (multinucleated).

As expected, ore than 95% of control cells were mononucleated, whereas control cells
depleted of Ect2 exhibited primarily btand multinucleaibn (~80%) (Figure 140
(Yomononucleation p<0.001, determined Wy dz] S & N @he éxpréssion of EX2 could
restore mononucleationto control levels(~96%)in the absence of endogenous Ect2

(Yomononucleation not significant compared to control, determineddbgz] S & XRigurd S a i
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14 B and ¢ This was even the case when Ettaxpressiorwas inducedvith a 20-fold lower
concentration of tetracycline than normd0.01ug/ml instead of 0.3ug/ml) (Figure14C

Ect2VT lowind (9smononucleation not significant compared to control, determinedtbyz] S & Q &
test). Assuming that this lead® strongly reduced Ect?" v indprotein levels, tle result
suggests that reduced levels of functional E¢tare sufficient to support proper cytokinesis.
However, toallowreliable conclusions about this, protein levelsuld need to be quantitated

by western blot analysisAll in all, heseresults indicated that Ect2VTis functional during

cytokinesis and can replace endogenous Ect2

A

NG BRCTO = BRCT. RCT: DH-GEF PH PBS J I
Soop | NG-Ect2

B C Cytokinetic success
Ect2""+ Ect2 RNAI

B mono
0 bi
o multi

100 —

% of cells

ECt2RNA: - + - + - +
control Ect2"T  Ect2WTlowind

Figurel4: Expression of EcY? rescues cytokinetic failure after the depletion of endogenous
Ect2.(A) Schematic representation showing the domain organization of théaty@ed Ect2’
protein. (B) Immunofluorescence images of E¢f2cells depleted of endogenous Ect2 in
interphase staied withanti-" -tubulin and Hoechst. Images kindly provideddwpf. Dr. Esher
Zanin. C) Percentages of monobi and multinucleated cells in control and E¢fzells
treated with or without Ect2 RNAI to deplete endogenous Ect2.YE&?2 "dwas indued with

a 20fold reduced amount of tetracyclined 01 pg/ml). (n=number of cells, datdrom x4
independent experiments presented as me&D) data acquired by SS, KB, FW, EZ
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3.4.2Ect2'T rescues the defect in cleavage furrow formation and

ingression after depletion of endogenous Ect2 by RNAI

Formation and ingression of the cytokinetic ringhe crucialfeature of cytokinesis, so next
dividingcontrol, controkEct2 RNA&and Ect2V™+Ect2 RNAI celisere filmedto seewhether
they form acleavage furrowRepresentative image sequencesn be seen inFigurel5A.
Control cells rounded ufsom prometaphaseon and the chromosomesame togeher at the
metaphase platet the time of metaphas€0 min). Anaphase started with the separation of
the sister chromatids by the mitotic spindle. ffew ingressiorwas visible at 69 min after
anaphase onseand was completedvithin 12-15min. SinceEct2 is essential for furrow
formation and ingressiorQhalamalasettgt al., 2006; Yce et al., 200%ontrol cells depleted
of Ect2 failed to ingresand divide Ect2VTexpression in Ectéepleted cells restored the ability

of cellsto ingress and dividgFigurel5A)

To quantitatively compareleawage furrow ingressionthe equatorial cell width 1ghin after
anaphase onsetvas measuredn control, controbEct2 RNAiand Ect?™+Ect2 RNAgells. At
thistime, the cytokinetic ring is just about fully constricted in control cells. As expectedirl2
after anaphase onset, Ectiepleted cells had a significantly bigger equatorial cell width of
16.7um compared to4.7 um in control cellsThis ingression failureoald be fully rescued by

the expression of Ect?, which resulted in an equatorial cell width 4 um. These results,
further confirmed that the established replacement system for Ect2 is working and can be

used to investigatéhe functions othe differentEct2domairs. (Figurel5B)
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Figurel5: Expression of Ec? rescues the defect in furrow formation and ingression after

the depletion of endogenous Ect2 by RNA\) Representative liveell image sequences of

dividing control, Ect2lepleted control, and Ect? cells. Endogenous Ect2 was depleted by

RNAI as indated. DNA was probed with SIRNA. Time in minutes after anaphase onset. Small

blebs are indicated by black arrows. @juatorial cell widthn um measured 12nin after

anaphase onset for controls and E¢fZells. Endogenous Ect2 was depleted by RNAI as
indicated. (n=number of cells, dati@m x5 independent experiments presented as mea&b,
FFFLFnodonam YR yodadryz2i aA3ayAFAOIYG RSGSNXYAY

3.4.3Ect2’Tshows similaregulationand activityas endogenous Ect2

during cell division

Next, wewanted to test, whether Ect®'is normally regulated during cytokinesiBuring the
drastic morphological changes in anaphasalls release internal pressure iform of small
blebs at their polar membrant stabilize cell shapéHickson et al., 2006; Sedzinski et al.,
2011; Tokumitsu & Maramorosch, 196HAowever biggerblebs are unusual and were shown
to be triggered by elevated RhoA activigganin et al., 201)3 Since Ect2 activates RhoA,

membrane blebbingan also be an indicator forcreasedect2 activityand we usedargebleb
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formation as a readout for hyperactive Ecithe schematic ifrigure16 A portrays a non
blebbing cell, which forms no blebs in metaphase and a few small blebs in anaphase,
respectivey (indicated by black arrowsMoreover, a strongly blebbing cell is depictechich
features several larggembrane blebs in metand anaphaséndicated by pink arrowhead)

A membrane bleb hdito grow to a size of at least 1/3 of the cell length to be considered a
large blebin our analysisExample images for controEct2V™+Ect2 RNA&and blebbing
EctXBRCTZEct2 RNAgells in meta and anaphase are presented Figure16B. To detect
defects in Ect2 regulatiomlebbingwas quantifiedduring meta and anaphasén time-lapse
videos andthe number of large blehgormed by eachcellfor control and Ect?™Ect2 RNAI
cells was counted For comparison cells exhibiting2l 34, or more than 5 blebs were
grouped.Large blebs were formed in 6% and 16.36 ofEct2V™+Ect2 RNAdellsin meta and
anaphaserespectively.Compared tocontrol, percentages were slightly increasé@l5% in
metaphase and 3.% in anaphas€igurel6 B and Q. However, only 2 blebs were counted

in blebbing Ect?™Ect2 RNAgells(4% and 14.%o of total cells)Thus,Ect2VT shows activity

similar to endogenous Ecthd @nbe used for comparison.
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Figure 16: Ect2'T shows similar regulation and activity as endogenous Ect2 during cell
division. (A) Schematic illustration of a nelblebbing and strongly blebbing cell in metad
anaphase. Pink arrowheads indicate large membrane blebs, which have to be at least 1/3 of
the cell diameter, and black arrows indicate small membrane biBlEb formation was
quantified by counting the number of large blebs formed by a cell. For better comparison cells
forming %2, 34, or >5 blebs were grouped. (B)vecell images ofcontrol, Ect2V", and
EctXBRCTZellsin meta and anaphase treated with Ect2 RNAI as indicated. Small membrane
blebs are indicated by black arrows and large blebs with pink arrowheads. DNA was probed
with SIRDNA. (CPPercentages of contraind Ect? T cells which formed 12, 34, and >5 large
blebs during metaand anaphase. Endogenous Ect2 was depleted by B&lAidicated

(n=number of cells, dattktom %6 independent experiments presented as mean, SD for total
blebbing,*p<0.05 determined by Kruskal Wallis tedata acquired by SS and)EZ
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3.4.4Ect2’Tshows similar localization as endogenous Ect2 during cell
division

Lasty, the localization of N&Ect2VTwas examined during cell divisiafter depletion of
endogenous Ect2 During interphase endogenous Ect2 resides in the nucleus. In
prometaphase, after nuclear envelope breakdown, Elci2alizescytoplasmic andat the
beginning of anaphasé&ct2 starts to accumulate at the equatorial membrane as well as on
the tips of overlapping midzone microtubuleghe soecalled midzone Following furrow
ingression, Ect2 is found at the midbod@h@lamalasetty et al., 2006; Liu et al., 2004;
Tatsumoto et al., 1999 Ect2 |zalization tothe midzone and equatorial membrangas
suggestedio be required for cleavage furrow formation and ingressigiotynkova et al.,

2016; Su et al., 2011; Wolfe et al., 2009

Toexaminewhether Ect2 localization is alterglict2V™+Ect2 RNAiellswere filmedduring cell
divisionandits NGfluorescence signatas visually inspectedn Figurel7 Ect?VTlocalization

is shown over time, startingt the last metaphase frame (@in). As previously, published
Ect2'T (Chalamalasettet al., 2006; Liu et al., 2004; Tatsumoto et al., )988s absent from

the metaphase membrane and started to accumulate at the equatorial membrane and the
midzone at anaphase ons€B min onwards).After furrow ingression was completed (12
15min) NGEct2 was present at the middy Figurel7). Again this result affirmed that
Ect?VTbehaves similarly to endogenous Ect2.

Localization of NG-Ect2"™ + Ect2 RNAI

Time after anaphase onset (min)

0 3 6 9 12 15
H P & ¢ 0@ &4
DNA & NG-Ect2 10pm

Figure 17: Localization ofNGEct2VT during mitosis. Representative fluorescence image
sequence showing the localization €gy of NGEct2WT at consecutive timepoints during cell
division starting at the last metaphase framenfih) until furrow ingression is completéd2-
15min). NGfluorescence signal is shown inegrand SR-DNA signal (DNA) in red@ime in
minutes (min)after anaphase onset. Endogenous Ect2 was depleted by RNAI.
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3.4.5Conclusion

We wanted to analyze the effect of different structural modifications oa thnction and
regulation of Ect2. Therefore a genetic replacement system was establishiddLa cells
(Buchner, 2019 To validate its functionalityit wasfirst tested whether the integation of a
wild-type transgene can compensater the loss of endogenous Ect2 and shows similar

regulation and localization.

In summaryijt could be showrthat the expression oEct2T canfully rescue the cytokinetic
failure evoked by EctRnockdown by RNAIt can also restore normal furrow formation and
ingression and showed only slightly increased Ect2 activity in-rarthanaphaseMoreover,
Ect2'T shows normal localization during metaand anaphase. While it is absent from the
membranein metaphase, at anaphase onset E¢taccumulates at the equatorial membrane
and at the tips of overlapping midzone microtubulaad resides at the mdbody after the

membrane had fully ingressed.

All these results demonstratithat the Ect2 replacemerdystemin HeLa cellgorks and thus
the analysis of the different domain contributions to Ect2 function and regulatiothe
absence of endogenous Eatias started Exceptfor the multinucleation assaysyl analyes
in the transgenic cell linewere exclusivelydonein the absence of endogenous Ech2 the

following, Ect2 RNAWill not be mentionedeach time in the text.

3.5 Analyzing thecontributions of each BRCT domain to Ect2

function and regulation

The canonical model of Ect2 regulation during cell division predicts that Ect2 activity is
autoinhibited by an interaction of the Nterminal BRCT domains with the catalytic-BH
domain. By binding of the BRCT domains to the phosphorylated centralspiodiponent
RacGAP1, this interactionsspposed tde releasedind Ect2 gets ac@(D'Avino et al., 2015;
Green et al., 2012

BRCT domains are specialized interaction domains, which can specifically recognize and bind
phosphorylated peptides, DNA, and poly(Afd®se)(Leung & Glover, 20)1Ect2had long
beenassumedo contain two BRCT domains (BRCT1 and BRCT2) that together fooall@do
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tandem BRCT repeéim et al., 2005; Tatsuoto et al., 1999 Tandem BRCT repeatshébit

a typical packing of both BRCT domains, which allows the cooperative binding of
phosphorylated targetg§Leung & Glover, 20}J1BRCT and BRCT Ect2, therefore, were
thought to function as a unit to facilitate the binding of phosphorylated RacGAP1 and thereby
the activation of Ect2By solving the crystal structure tdie N-terminus ofEct2,Zou et al.
(2014)showed that BRCT1 and BRCT?2 in &dtipt a perpendicular orientatiomstead of a
parallel conformation, which is characteristically found in canonical tarB&ET domains.
Moreover, crystallizatiomlemonstrated the presence @hn additional BRCT domaiBRCT,0

at the very Nterminal end Both fndingscontradict the canoital view ofa tandemBRCT
repeatin Ect2andrather indicate that the BRCT domains in Ect2 featudiferent mode of

operationthan initially assumed

Due to the erroneous assumption that Ect2 contains a tandem BRCT repeat, little is known
about the rdes of the individual BRCT domaim$fereforethis study aimed to elucidate how
each BRT domaincontributes to Ect2 function and regulationduring celldivision The
strategy was to modify the BRCT domains of Ect2 and ayzs how those modifications
affect cytokinesisFor this purposeseveralstable transgeniccell lines were used most of
whichhad been generategreviouslyin the laloratory (Buchner, 2019 Thosecell linesstably
express EctZariantsthat either lack all or single BRCT domamrscarry specific point
mutations inBRCT domainghichhave beenpreviouslyreportedto affect the functioning of

the respective domainDetails will be explained in the respective chapters below.

3.5.1The BRCT domainsf Ect2are essential for cytokinesis and
inhibit GEF activity

Previousindingstudies and structural dathave shown that théN-terminal BRCT domasgof
Ect2directly bind to the DHGEF domaifChen et al., 2020; Kim et al., 2005; Saito et al., 2004
It was suggested that the BRCT domains thereby inhibit Ect2 GEFyaattie removaind
the structural disruption of the BRCT domains resulted in increased GEF attwity (Chen

et al., 2020; Kim et al., 2005; Zou et al., 20Edrther support for Ect2 autoinhibition by the
BRCT domains comes froexperimentsthat artificially targeted te GEF domaio the
membrane (Kotynkova et al., 20)6and overexpression studies of-@nd Nterminal Ect2

fragments Bementet al., 2015; Chan & Nance, 2013; Kim et al., 2005; Matthews et al., 2012;
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Saito et al., 2004; Su et al., 2014; Su et al., 2011; Tatsumoto et al), 6@ ver, apart from
the role in Ect2 activity inhibition, the BRCT domains alsoimportant for Ect2 function
during cytokinesisin previous studies, both, disrupting tlB&RCT2 domai(Kim et al., 200b
and deletingall BRCT domair{Matthews et al., 201Prendered Ect2 incapable of rescuing

cytokinetic failure in EctBepleted cells.

Although, these experiments provided valualiients towardsthe function of the BRCT
domainsin many of thenEct2 variantsvere overexpresseadvhich might lead to defecisself

or might sequester binding partners, were expressed in the presenceaidogenous Ect2,
which might compete with the Ect2 mutants atitlis falsifythe conclusionsin addition,in

vitro experiments might not reflect the actual situation in selind using an afficial
membrane tether could introduce synergistic effects with the deletion of the BRCT domains.
In contrastto that, our replacement systenallows the analysis dEct2 mutantsthat are
expressed at endogenous ldgafter endogenous &2 was depleted by RNAihis represerst

a major advantage over previous studidgoreover,by usingthe replacementsystemit is
possible to investigatehe spatial and temporal aspects of Ect2 function throughout cell

divisionin living cells

Thus, the analysis was started by assessing the oblall BRCT domaina Ect2 function and
regulation during cytokinesiin our replacement systenfor this,a previously established
Ect2 mutant cell linevas usedin whichall three BRCT domains (EE&#™2) (Buchner, 2019
were deletedand the effects on cytokinetic success, furrow formation, and Ect2 activity

regulationwere examined

Western blot analysis and subsequent signal quantificatemahstrated that theexpression
levels of EctZBRCT do not differ from endogenousct? levels able19 and Figure18 B).
Thus, it wasanalyzed whetheEctX*BRCT supports successful cytokinesis after the depletion
of endogenous Ect2 in multinucleation assagensistent with previous report@8uchner,
2019 more than 6% of EctXBRCT2 expressing cells failed cytokinesis and exhibited two or
more nuclei Figure 18) (%omononucleation p<0.001 compared to control and E¢f2
RSGSN)YAYSR oAlthoagtrthi$iebiypeiieSainbled that of control cells depleted
of endogenous EctZhe latter showed a significantly stronger phenotypath 80% of the
cells failing cytokinesi@mononucleation p<0.001 compared EctXBRCT2 determined by

¢ dzl S & QBor dbrBparisandless than% of the cells failed division in control cels
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expected, Ect2 lacking all BRCT domdiits2(BRC™2) appeared to be noifunctional during

cytokinesisand triggered the formation of band mutinucleated cells.
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Figure 18: The BRCT domains in Ect2 are essential for cytokine@3. Schematic
representation showing the domain organization of the-t@Gged Ect?™ and NGEctXBRCTO

2 proteins. (B) Western blot analysis of lysates from control aneERBRCT2 cells treated

with and without Ect2 RNAI to knock down endogenous Ect2. Blots were probed with anti
Ect2 and anth-tubulin (as loading control). Endogenous Ect2 has a maeauéidht of
100.1kDa and NEEctXBRCT2 of 89.6kDa. Image kindly provided by Friederike Wol€)
Percentages of monpbi and multinucleated cells in control, E&? and EctXBRCT2 cells
treated with or without Ect2 RNAI to deplete endogenouEft=number of cells, data from
XH AYRSLISYRSY(G SELISNRAYSyda LINBSaSyiSR Fa YSIy
The high numbers of band multinucleatedEctXBRCT2 cells suggested problems in either
furrow ingression or abscission. Sexh it was examined whethelEctX*BRCT2 can form and
ingress a cleavage furrow. Therefotene-lapse movies of dividing celleere analyzedAs
portrayed inFigure19 A, EctXBRCTZ cells had difficulties to ingresse membrane Given the
equatorial cell width 12nin after AOS of 12.g2m, they were significantly slower than control
and Ect?Tcells (4.7um and 4.4um, respectivelyjFigurel9 B). However, thalefectin furrow
ingression seen irECtXBRCT2 cells was milder than that of Ectd@epleted control cells
(16.7um). Even though cleavage furrow ingression occurre&at*BRCT2 cells, the furrow
often regressed later anwhichgaverise to binucleated celldvoreover, pobably due to the

slower furrow ingression, in some ingressing c¢eli®e nucleuscould slip into the opposite
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half of the cell, which again led to binucleated céllata not shown)This phenomenon was
afterwards often accompanied by regression of the cleavage furrdhese observations
explaired why we saw such a high percentage of cytokinetic failure in the multinucleation
assay even though the cells coufohrtially ingress.All in all, theseaesults shovwed that the
BRCT domains are needed for proper furrow formation and ingressmwhsuccessful

cytokinesis.
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Figurel9: Deletion of the BRCT domains delays furrow ingression and increases Ect2 activity

(A) Representative liveell image sequences of dividing control, Ed&pleted control,

Ect2VT, and Ect®BRCP2 cells. Endogenous Ect2 was depleted by RNAI as indicated. DNA was
probed withSR-DNA. Time in minutes after anaphase onset. Large blebs are indicated by pink
arrowheads. (B) Equatorial cell width in um measuredmni2 after anaphase onset for

controls Ect2'" and Ect®8RCT0cells. Endogenous Ect2 was depleted by RNAIi as indicated
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Ect2VT and Ect®BRCT2 cells, which formed -, 34, and >5 large blebs during metand
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anaphase. Endogenous Ect2 was depleted by RNAI as indicated. (n=number of cells, data from
X0 AYRSLISYRSYy(G SELISNAYSYy Blebtioy,Bpx®0f an8 Rp<0.01 Y S| y
determined by Kruskal Wallis test for control and B¢t y R & (i dRtSof Hcf?dandi

EctXBRCT2 data acquired by SS).

Strikingly,during livecell imagingmost Ec2*BRCT2 cells exhibited large membrane blebs in
meta- (74.7%) and anaphase (78%), which strongly differs from E&{%(6.6% and 16.36)
(Figurel90). InFigurel9 Alarge membrane blebs are indicated by pink arrowhe&aainting
the number of blebs foned by each cell, revealed that over Zofblebbingcells exhibited
three or more blebs in metaand anaphaseHigurel9 C). Consistent with previous vitro
experimentgChen et al., 202@ndartificialmembranetargeting Kotynkova et al., 20)6we

found thatthe loss of all three BR@omains leads to the hyperactivation of Ect2
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Figure20: Large bleb formation in EckBRCT2 s efficiently blocked bythe inhibition of RhoA
activity. (A) Livecell images otontrol and exoenzyme @Beated EctXBRCU2 cells depleted
of endogenous Ectih meta and anaphase. DNA was probed with-BiRA. (B) Percentages
of control and &oenzyme Cdreated EctXBRCP2 cells, which formed -, 34, and >5 large
blebs during metaand anaphase. Endogenous Ect2 was depleted by. RisAumber of cells,
data from 3 independent experiments presented as me&t) for total blebbing, ***p< 0.0D
RSGSNXY¥AYSR o0& ¢dzl SeqQa G4Sadoo

Increased RhoA activitgan bea consequence of hyperactive Ect2 and was shown to elicit
largebleb formation Zanin et al., 2013 Thus, the RhoA inhibitor exoenzyme W8 added
to EctXBRCT2 cells to test whether membrane blebbing is prevented. Indeedfter the
treatment with exoenzyme C3jgnificantlyfewer Ect2BRCT2 cells formed membrane blebs
during meta (6.9% instead of 57.%0) and anaphase (1198 instead of 76.80) and in

general, cells treated with exoenzyme C3 exhibitdéewer blebs (Figure 20). This result
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showed, thatwhen the inhibiting BRCT domains are missiagtABRC™®), increased RhoA

activation triggers the excessive formationlafge blebs.

In summary, tle deletion of the BRCT domaitesl to high levels of multinucleation. Time
lapse imaging revealed delayed ingression of the furrow, which eventually regressed and left
cells binucleated. Moreoverit elicited the formation of lage membrane blebs thatvere
triggered bythe hyperactivation of RhoA by Eat#issing theBRCT domain€onsistent with

the literature, our data indicate that the BR@Dmainsexercise two functions: (1) they
negatively regulate Ect2 aciy, and (ll)they promote the comfetion of cytokinesisSo next

we tried to decipher, whickpecific BRCT domain is required for efagiction.

3.5.2The BRCTO domain is not essential for cytokinesis but supports

robust furrow ingression

Usingdatabase searchn 2011Ect2hasalreadybeenpredicted to have a third BRCT domain,
which is located before the BRCT1 domain at tHemhinus of Ect2%heng et al., 20)1Then,
some years latercrystallization and subsequent structural analysighe Ect2 Nerminus
confirmedthe presence of a third BRCT domain\ et al., 2014 It turns out thatthe BRCTO
domainhas the least typical sequencé all three BRCT domagin Ect2and also exhibits a
broader variability between species from an evolutionary perspecies et al., 2014 This
would explain why ihad beendentified so late Sofar, the role of the BRCTO domain for Ect2
function and regulation has not been investigated and pn@mpted us to examinghe effects

of BRCTO deletion on cytokinesis.

For this the previously established cell line expressing B8tZ%Was usedBuchner, 2010

Western blot analysis and subsequent quantification revealed thatE&t®vas expressed

similarly to endogenous Ec{Zablel9 andFigure21 B) andhenceit wastestedwhethercells

can successfully divideithout the BRCTO domai@elsthat lacked BRCTO did not shaviigh

failure rate during cytokinesisgiven that 86.1% of cells were mononucleatedin the
multinucleation assagfFigure21) (alsoshownby Buchner, 2019(%mononucleation p<0.001

compared to control and p<0.01 compared to B2 RS SNX A Yy SR). Hegce ¢ dz] S &
EctXBRCTQyas able tarescue the cytokinetic failure phenotype triggered by the depletion of

endogenous Ect2 by RNAI @0bi and multinucleation)Given thatEctZBRCT¢an rescue the
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depletion of endogenous Ect2, tHBRCT@omain seemsdispensble for Ect2 functioning

duringcytokinesis
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Figure21: BRCTO is not essential for cytokinegi8) Schematic representation showing the
domain organization of the N@gged Ect?” and NGEctXBRCT%roteins. (B)Western blot
analysis blysates from control an8iGEctZBRCT¢ells treated with and without Ect2 RNAI to
knock down endogenous Ect2. Blots were probed with-BotR and anth -tubulin (as loading
control). Endogenous Ect2 has a molecular Wweigf 100.1kDa and NGEctZBRCTOof
111.7kDa.Image kindly povided by Friederike Wolff(C) Percentages of monp bi and
multinucleated cells in control, E®2 and Ect®8RCT¢ells treated with or without Ect2 RNAI
to deplete endogenous EctZn=number of cells, datérom »2 independent experiments
presented as meatS0 data acquired by SS, KB, FW, EZ

According to the results from the multinucleation assay, B&Z ¢tellsmanaged cell division
successfullyThus it was predictedthat cells lackinRCT@anform acleavageurrow, but
whether the furrow ingresses as efficiently as it does in control and"Ec#llswas not
known. Sonext cleavage furrow ingre®nin living EctXBRCT¢ellswasanalyzedoy time-lapse
imaging As can be seen Figure22 A, EctXBRCT¢ellsappeaedto ingressslower than control
and Ect?' cells.Measuringthe equatorial cell width 12nin after anaphase onset confirmed
that Ect2BRCTq7.8um) cellsshow a sght delay in furrow ingression as compared to control
and Ect?T cells which exhibited a width o#.7um and 4.4um, respectivelyFigure22 B).
Even thoughthe BRCTO domais not critical for cytokinesis itappears tosupport timely

cleavage furrow formation and ingression.
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During livecell imaging it got apparent, that a felactZBRCT¢ells exhibited large membrane
blebs Countingthe membrane blebs formed by each cedlvealedthat in the absence of
BRCTQECtXBRCTY 21.4% and36.0% of cells showednembrane blebbing in metaand
anaphase, respectively, as compared@®% and16.3% inEct2'T (Figure22 Q). Worth
mentioningis thatblebbing cellsn meta and anaphasenainly formed 12 blebs(14.6% and
22.8% of total cells Even though Ect8R¢T%showed higherblebbing ratescompared to

Ect2VT, the difference was statically not significant.

Taken together, the resultst us conclude that BRCTO is not essential for cytokinesis but helps
to timely form and ingress the furrow. Moreover, givitie low levels of membrane blebbing
in Ect2BRCT0the inhibiting action exerted by the-términal BRCT domains must primarily rely

on domains other than BRCTO.
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Figure22: Deletion of BRCTO slightly delays furrow ingression and slightly increases Ect2
activity. (A) Representative liveell image sequences of dividing control and E&2 ¢ells.
Endogenous Ect2 was depleted by RNAI as indic&tsldh was probed with SIRNA. Time in
minutes after anaphase onset. [Byuatorial cell widtln um measured 12nin after anaphase

onset for controls, Ect¥¥'and Ect®8RCT¢ells. Endogenous Ect2 was depleted by RNAi as
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Percentages of contrpEct2VTand Ect®2RCT¢ells which formed 12, 34, and >5 large blebs
during meta and anaphase.rielogenous Ect2 was depleted by RE&indicated (n=number

of cells, datafrom x4 independent experiments presented as mean, SD for total blebbing,
*p<0.05, n.s.=not significant determined by Kruskal Wallis test for control an&'Eaa@ by
Kruskal Walik I Yy R & dedtRSnjeta @id atiaphase, respectively, for B¥t2and
EctXBRCTOdata acquired by $S

3.5.3The BRCT1 domain is required for furrow ingression and

successful cytokinesis

At the onset ofanaphase, Ect2s recruited to the central spindle by binding to the
centralspindlin component RacGARDbers & Saint, 2003; Yice et al., 200Bbis interaction
depends on Plkinediated phosphorylation of RacGAP1 at theté&dminus @urkard et al.,
2009; Petronczki et al., 2007; Ylce et al., 30Bhosphorylated RacGAP1 bétd the N
terminal BRCT domains of Ect2 @wd residueqT153 and K193ocatedin the BRCT1 domain
have beenreported to be crucial for this interactioWolfe et al., 2009; Zou et al., 2014
Mutating these residues (T153A and K1958ffongly impaired the interactiolof RacGAP1
with N-terminal Ect2in binding studiegWolfe et al., 2009; Zou et al., 20lahd abolished the
recruitment oftransiently expressed\-terminal Ect2(Wolfe et al., 2009or full-length Ect2
(Kotynkova et al., 202360 the midzoneFurthermore, sveral studiehavesuggestedhat the
Ect2RacGAPIhteraction is requiredor cleavage furrow positioning and ingressi@urkard
et al., 2009; Petronczki et al., 2007; Su et al., 2011fanmdlal., 2009; Yce et al., 2003 his
hasplacedthe BRCT1 domaat the center ofthe canonical modedf Ect2 activationwhich
assumedhat the interaction of phosphorylated RacGARh the BRCT1 domaireleases
Ect2autoinhibition. This canonical model has been challenged by the findingstyhkova et
al. (2016) Theyhavedemonstratedthat cells,in whichEct2RacGAP1 interaction is abolished
(EctZ153A + K19¥ can successfullydivide. Thisfinding suggestedthat Ect2is activated by a
different mechanisnthan BRCTRacGAP1 binding

As te importance of the BRCT1l domain for Ect2 function and regulation has been
controversial throughout the yearsvo Ect2 mutant cells lindsad previously beemenerated
(Buchner, 2019 one where the entire BRCT1 domaias deleted Ect*BRCT}and one where
two point mutationswere introducednto the BRCT1 domain (EEtZA * K19Yshown to block
RacGAP1 bindingyVolfe et al., 200R Cells of the initial Ect¥2RCTcell line exhibited lower

expression levels compared to endogenous EegtRich is why Dr. Kristina Buchner had
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identified wildtype-like expressing cells byuorescenceactivated cell sorting (FACS) and
partially analyzed one of the resultimgonoclonalcell lines. Unfortunately, the FACS sorted
cell lines werenot depositedto the lab databaseandthus FACS sorting had to leenducted
onceagainto obtain monoclonaEctXBRCTcell lines with good transgenexpression levels
(performedtogether with Dr. Lisa Richtesit CFFlowCyt)Several monoclonal cell linesuld

be established andwo of them were newly analyzed in parallel.

Quantification of immunoblots confirmed thatldhree cell linesEctX*BRCTElone1 + clone?2
and Ect2715%A + K19Wexpresshe mutant Ect2transgenes similarlio endogenous Ectglable
19andFigure23 B). As ¢ones1 and2 showed similar results in akperiments their data were

pooled and will be presenteds one in the following.

In the multinucleation assaymutating the residues T153 anl K195,consistent with previous

reports (Buchner, 2019; Kotynkova et al., 201did not have a strong impact dhe success

of cytokinesig81.4% mononucleation{%mononucleationp<0,001 compared to control and

p<0.01 comparedto E&¥2z RS (i SNX A v S R (Figure23). dohtudy @ thatél&idgl 0

the entire BRCT1 domaifboth FACSortedcell lines)esulted in a strong cytokinetic defect
comparable to the loss of Ect2 in control cellsaving78.2% of cells multinucleated
(consistent withBuchner, 2019(%mononucleation p<0,001 compared to contaold Ect?'™

FYR y20G aA3yAFAOIY(d O2YLI NBR (G2 O2veidondt 59 Ol +
that while the BRCFRacGAP1nteraction does not seem to be required for successful

cytokinesis, the BRCT1 domain itself is essential for cells to divide.

The high numbers of multinucleated cells after the loss of BRCT1 suggested defects either
during the formation and/oringression of the cleavage furrow or during abscissiime

lapse imaging revealed that Et82CTkells neither could form a furrow nor showed furrow
ingression(Figure 24 A), which led to an equatorial cell width 1fin after anaphase of
15.7um as compared to 4.jdm and 4.4um in control and Ect?, respectivelyFigure24 B).
Comparison with the width measured in control cells depleted of B&Z um), revealed that

loss ofBRCThasa similarly strong effect on furrow ingressiagks the results otained in the
multinucleation assafad suggestedfurrow ingression ofctZ 1534 + K195 e||s [ooked similar

to that of control cells (Figure 24 A). Measuringthe equatorial cell width 12Znin after
anaphaseonset further confirmed that E¢2753A + K19M(5 8um) cells do not ingress

significantly slower than control (4j@m) and Ect?7(4.4um) cells(Figure24 B). These results
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again suppord the idea that the BRCTRacGAP1 interaction is notitical for normal Ect2

function, whereas the BRCT1 domdself isindispensble.
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Figure 23: BRCT1 is essential for cytokines{®) Schematic representation showing the
domain organization of the N@gged Ect?”, NGECctZBRCTl and NGEctZ153A+K1%Myroteins.

Point mutations are indicated by asterisks. (B) West#at analysis of lysates from control,
NGECctZBRCTland NGEctZ154A+K195Ne||s treated with and without Ect2 RNAI to knock down
endogenous Ect2. For N&tXBRCTlitwo monoclonal cell lines (clone 1 and clone 2) were
analyzed. Blots were probed with afict2 and anth-tubulin (as loading control).
Endogenous Ect2 has a molecular weight of 1804, N@® O H k . w/ ¢kida, anEN@ M p P H
ECtZ154A+K1BMof 127.0kDa. NGECtZ 153A+K19Mkindly provided by Friederike Wolff. (C)
Percentages of mong bi- and multinucleated cells in control, E&2, EctZBRCTL and
EctZ154A+K195Ne||s treated with or without Ect2 RNAI to deplete endogenous Ect2*BEET2
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experimentspresented as meanSD, data acquired by SS, KB, FW, EZ).

As expectedjve-cell imaging revealed thateither the deletionof the BRCT1 domain nor the
introduction of the point mutations triggerEct2 hyperactivatiofFigure24 A and ¢ In meta
andanaphasethe percentages of cells that formed large membrane blel&ciZBRCTY{1.6%
and 23.1%) and Ect2153A * K19N] 596 and 10.5%)were comparable tdEct2VT (6.6% and

16.3%). Moreover, he cellswhichformed blebs primarily exhikéd less than 5 blebs.



Summing up, deleting the entire BRCT1 domain led to high rates of multinucleation and live
cell imaginguncoveredthat EctXBRCTicells were incapable ahgressng their equatorial
membrane. Bleb formation was not increased compared to E€t2which led o the
conclusion that without the BRCT1 domain Ect2 cannot be activatedautoinhibition is
largely intact Interaction of BRCT1 with RacGAP1 was thotmhttivate Ectdy promoting

the release of its autoinhibitiarHowever,abrogating thisnteraction by the introduction of

two point mutations T153Aand K195M), resulted in multinucleation levels similar to control
and Ect?T cells which is consistent with previous findingkofyrkova et al., 2016 In
addition, furrow ingression and Ect2 activity appeared to be normhus, the BRCT1 domain
isassumed t@romote Ect2 activation bg step differentfrom RacGAP1 bindingvhich is yet

unknown.
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Figure24: Deletion of BRCT1 strongly impairs furrow formation and ingression, whereas
mutation T153A+K195M in BRCT1 shows wiiide-like ingression (A) Representative live
cell image sequences of dividing control, Egt2TlandEct21534+K195Me|ls, Endogenous Ect2
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anaphase onset. Control was reproduced fréigure22 A (B) Equatorial cell widthin pm
measured 12nin after anaphase onset for controls, E¢t2 Ect2BRCT! and EctD153A+KI9M
cells. Endogenous Ect2 was depleted by RNAI as indicated. (h=number of cells, da&a from
independent experiments preségd as meanz SD, ***p<0.001, n.s.=not significant
RSUSNNAYSR 0 @& Petcerta§es 6f dontipEct'l, Ect2BRFTiand Ect2153A+K195M
cells which formed 12, 34, and >5 large blebs during metand anaphase. Endogenous Ect2
was depleted by RAias indicated (n=number of cells, data from@ independent experiments
presented as mean, SD for total blebbifgs0.05, n.s.=not significant determined by Kruskal
Wallis test for control and EctZ, for Ect2'T and EctXBRCTland Ect2153A+K195Mpy Kuskal

2 | ffAa | yesti inetlzRaBd/anafhase (respectively, data acquired by SS

3.5.4The BRCT2 domain inhibits Ect2 activity and is required for

successful cytokinesis

For a long time lte BRCT2 domalras been believetb form a canonical tandem BR@3peat

with the N-terminally locatedBRCT1 domaiffhe BRCT domasof atandem BRGpair are
considered to function as a unit and the central role in peptide bindigcribed to the N
terminally located domain (which would be BRC{1gung & Glover, 20)1That § why
research focused omvestigatingthe functionality ofeither both BRCT domains together or
the BRCTHomain.With the solving of the crystal structure of Ect2 in 20147y et al. it
became obvious that Ect2 features three instead of two BRCT domains and that the
conformational setup of the BRCT1 and the BRCT2 domain is very different from that
exhibited by tandem BRCT domai{@su et al., 2014 Therefore the view onhow the BRCT
domains work to regulate and trigger Ect2 activigd to bereconsideredAs a consequencge

an Ect2 mutant cell line missing the BRTC2 doiffait®*BRCT¥had been previouslgenerated

in our latoratory (Buchner, 201R During the course of the here presented stuavel
structuraldata(Chen et al., 2020evealed that the BRCT2 domain is in direct contact with the
catalytic DHPHdomainandthat this interaction can be disrupted by mutating residue W30

in the BRCT2 domain to alaniddat is whyanotherBRCT2 mutamwas generatedomprising

the W307A mutationEct2V3074,
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Figure25: BRCT?2 is partially required for cytokines{$) Schematic representation showing
the domain organization of the Nfagged Ect?7, NGEctXBRCT2and NGEct2V307Aproteins.
The pointmutation is indicated by an asterisk. (Bjestern blot analysis of lysates from
control, NGECctZBRCZ and NGEct2V307Acells treated with and without Ect2 RNAI to knock
down endogenous Ect2. Blots were probed with d&tt2 and anth -tubulin (as loading
control). Endogenous Ect2 has a molecular Weaf 100.1kDa NGEctXBRCTHf 116.5kDa
and NGEct2V307Aof 127.0kDa. Images kindly provided by Friederike WolffP@}entages of
mono-, bi- and multinucleated cells in control, E¥2 EctZBRCZ and Ect2V307Acells treated
with or without Ect2 RNAI to deplete endogenous E¢t2number of cells, data fro 2
independent experiments presented as me&D, data acquired by SS, KB, FW, EZ).

The function ofthe BRCT2omainduring cytokinesisvasdetermined byanalying EctXBRCT2
and Ect?397Acells.Quantification of immunoblots showed that both transgenic proteins are

expressed to endogenous levélablel9 and Figure25 B).

Consistent with a previougport from our latoratory (Buchner, 2019 deletion of the BRCT2
domain resulted in a partial rescue phenotype in the multinucleation ag&2ay% of the cells
were mononucleated andt7.5% were bi- and multinucleatedmononucleation p<0.001
compared to control and EctZ, determined by Tukeytest). Ect2'307A cells showed no
increase in multinucleation andhe percentage of mononucleated cell8.9%) was

comparable to control and Ect2cells(Yomononucleation not significant compared to control
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and Ect?T, determined by Tukey's tesffrigure25). Thus, Ect®RCT3s consideredpartially

and Ect2V307Afully functional during cytokinesis.

Next, furrow ingressionvas analyzeéh these cell linesDuringtime-lapse imagingEcBRCT2

and Ect?307Acells had problems to ingress on time and most of them formed several large
membraneblebs.Exemplary image sequences are showRigure26 Aand large membrane
blebs are indicated by pink arrowhead®leasuring the equatorial width 1in after
anaphase onsetonfirmed that Ect*BRCT2and Ect#307Acells both were delayed in furvo
ingression compared to control (44m) and Ect?T (4.4um), respectivelyFigure26 B). With

a width of 12.5um, EctXBRCT2cells were significantly slower tharEct2V307A cells, which
exhibited a width of 8.¢um. However,in comparison tocontrol cells depleted of Ect2

(16.7um), both cell lines were able to ingress fasteigure26 B).

Quantification of membrane blebbingevealedthat in metaphase67.5% andanaphag
87.5% ofEctZBRCTZells formed large membrane bleddoreover, most of the blebbing cells
exhibited three or morélebs(more than 70% ofblebbingcellg. Similar results were obtained
for Ect2V307A where56.9 % and73.3% of cells in metaand anaphase, respectively, formed
large membrane blebs. Agaimost cellsshowedmore than three blebgmore than 75% of
blebbingcells).When @mpared to the low blebbinggvelsseen in Ect?T (6.6 % metaphase
and 16.3% anaphasg these results clearly she@a that deletion of BRCT2 and mutation
W307A lead tothe hyperactivation of Ect2Moreover, the blebbing phenotype @& ctX*BRCT2
and Ect2V307Awassimilar to the one found in ECt2R®2, Thus we concluded that the BRTC2
domain inhibits Ect2 GEF activityring mitosisoy binding the catalytic center witits W307

residue.
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Figure26: Deletion of BRCT2 and mutation W307A in the BRCT2 domain result in delayed
furrow ingression and the formation of large membrane bleb@®) Representative liveell
image sequences of dividing control, BE8&ET2 and Ect?307A cells. Endogenous Ect2 was
depleted by RNAI as indicated. Large blebs are indicated with pink arradsh®NA was
probed with SIFDNA. Time in minutes after anaphase onset.Hgyatorial cell widthn pm
measured 12nin after anaphase onset for controls, E¥f2 Ect#BRCT2 and Ect?37Acells.
Endogenous Ect2 was depleted by RNAI as indicated. (n=nuofbezlls, data from3
independent experiments presented as mean SD, ***p<0.001, n.s.=not significant
RSUSNNYAYSR 0 @ Petcdniages @ sontipEx@') Bet2BI2@nd Ect?307Acells
which formed 12, 34, and >5 large blebs during metand anaphase. Endogenous Ect2 was
depleted by RNAas indicated (n=number of cells, data from3 independent experiments
presented as mean, SD for total blebbiritfp<0.001, **p<0.01, *p<0.05, determined by
Kruskal Wallis test for control and E¢fandg A (0 K & (HdgRI& yhéi resk data acquired

by S%

Increased RhoA activityas shown to be the cause of large bleb formation during mitosis
(Zanin et al., 2013 To show once again thaexcessivemembrane blebbings caused by
insufficient regulation of Ect2 activitygleb formationin EctXBRCT2expressing cellsvas
suppressedy adding the Rho#hibitor exoenzyme CRsaboveshown for the deletion of

all BRCT domains (E3°™) (Figure 20), exoenzymeC3 efficiently reduced membrane
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blebbing inEctXBRCT%ells from 64.26 to 9.9% in metaphase and from 8328 to 17.4% in
anaphase, respective(frigure27). However the proportions of cells forming-2, 34, and >5
blebs, respectively, stayed similar with and without exoenzym@-{@are27 B). These results
demonstrated that excessive membrane blebbing is elicited by hyperactive RhoA as a

consequence of migegulated GEF activity in EEEZCT2

A B
Bleb formation

Metaphase Anaphase
* %k

Ect2°®°T2 + Ect2 RNAI

Metaphase Anaphase : Il 1-2blebs
ry, - 100 - : I 3-4blebs
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Ect2BRCT2 4+ Ect2 RNAI

Figure27: Large bleb formation in Ect8RCT4s efficiently blocked bythe inhibition of RhoA
activity. (A) Livecell images otontrol and exoenzyme @8eated EctZBRCT¢ells depleted of
endogenous Ectih meta- and anaphase. DNA was probed with-BiRA (B) Percentages of
control and exoenzyme @Beated EctX*BRCTgells, which formed -2, 34, and >5 large blebs
during meta and anaphase. Endogenous Ect2 was depleted by RisAumber of cells,
data from 3 independent experiments presented as me8D) for total blebbing,
FFFLFndnnam RSGSNYAYSR o6& ¢dzl SeQa GSaitoo
To summarize, we found thadeleting the entire BRCT2 domairled to increased
multinucleation, impaired furrow formatiorand excessive membrane blebbing in metad
anaphaseMutating residue W307 to alanine elicited a sinmifastrong blebbing phenotype,
however,furrow ingression was faster than EctXBRCThut still slower compared to control
Most importantly, it did not result in multinucleatiorthis led to two conclusions: (1) the
BRCT2 domain blocks Ect2 GEF activity and for this W307 residue is critical, and (II) the BRCT2
domain holds a second, yet unknown function, which is requiried cytokinesisto occur

normally.
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3.5.5Characterization ofinrestrained EctZortical contractility

3.5.5.1Elevated nembrane blebbingdoesnot delay furrow ingression in cells

lacking BRCFéhediated inhibition

Compared to control and E&2 cells furrow ingression was significantly slower in Egt2T2

and, to a lesser extenin Ect2V3%"Acells(see hapter3.5.4). Both cell lines frequently formed
large membrane blebs during metand anaphase, which could interfere with timely furrow
ingression. To test this hypothesis, contractiias inhibitedwith the inhibitor Y27632
(Uehata et al., 1997 which prevents Rh&inase (ROCK) activity and subsequent activation of
myosin Il. Bleb formation is efficiently blocked by Y27632, but furrow ingression can occur,

albeit slightly delayedKosako et al., 200@anin et al., 2013

Figure 28: Formation of large blebs is not the reason for delayed furrow ingression
EctXBRCT2and Ect?307A (A) Representative liveell image sequences of dividing control,
EctXBRCT2and Ect?307Acells treated with the ROCK inhibitor Y27632. Endogenous Ect2 was
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