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Abstract

Cell division is the fundamental process that underlies all life on earth. During the final
stage of cell division, known as cytokinesis, the mother cell physically splits into two
daughter cells and its genetic material and other cellular contents are distributed to the
two new daughter cells. In animal cells, this is achieved by the formation and
constriction of an actin-myosin ring between the segregating chromosomes
underneath the plasma membrane. Contractile ring assembly is orchestrated by the
small GTPase RhoA, which acts as a molecular switch, cycling between an active
GTP-bound and an inactive GDP-bound state. RhoA activity in animal cells is
controlled by the mitotic spindle from which stimulatory and inhibitory signals emanate.
The spindle midzone consists of a network of overlapping microtubules and harbours
the centralspindlin complex (MKLP1 and RacGAP1), the Polo-like kinase 1 and the
guanine nucleotide exchange factor (GEF) Ect2. The midzone-centered stimulatory
signals activate Ect2, which in turn facilitates the exchange from GDP to GTP, thereby
activating RhoA. The inhibitory signals are based on astral microtubules and prevent
RhoA activation at outer polar regions of the cell. Despite extensive research, the
precise regulation of RhoA activity during cytokinesis remains incompletely
understood due to a lack of understanding of the stimulatory signals in regard of Ect2
regulation and inhibitory signals due to their unknown molecular nature.

The first project focused on the stimulatory signals by investigating regulation of Ect2
during cytokinesis. Ect2 consists of three N-terminal BRCT domains, a DH GEF
domain harbouring the catalytic GEF activity and a PH domain for membrane binding.
At the beginning of this work, it was assumed that Ect2 activity is regulated by an
autoinhibitory interaction of its three BRCT domains with its DH-GEF domain. Using a
variety of microscopy techniques and biochemical assays, this work has shown that
each BRCT domain of Ect2 has distinct functions during cytokinesis in human cells.
The BRCT1 domain is essential for Ect2 activation and therefore cytokinesis. In
contrast, the BRCTO domain is not essential for successful cell division but assists in
the release of Ect2 autoinhibition and correct timing of cytokinesis. The BRCT2 domain
is essential for Ect2 regulation since it inhibits its GEF activity. Deletion of the BRCT2
domain leads to hyperactive RhoA and increased cytokinetic failure. It was also shown
that all BRCT domains bind to the central spindle component RacGAP1 and the Polo-



like kinase 1. Furthermore, phosphorylation of the BRCTO domain by Plk1 was shown.
Overall, this study gives detailed insights into the regulation of Ect2 by its BRCT
domains and interaction partners to ensure proper cell division.

The second project focused on the inhibitory signals by investigating its molecular
nature. Previous work in Caenorhabditis elegans suggested that the spindle pole-
localized kinase Aurora A inhibits contractility during cytokinesis at the poles.
However, whether Aurora A function is conserved in human cells and what its
phosphorylation target is was unknown. This thesis revealed that spindle pole-
localized Aurora A kinase restricts contractility to the equator by phosphorylating and
activating the GAP MP-GAP, which limits RhoA activity. Thereby, this work showed
that Aurora A is part of the spindle-pole derived signal and identified its
phosphorylation target. Three Aurora A phosphorylation sites were identified in MP-
GAP and shown to be essential for the function of MP-GAP in limiting RhoA activity.
The region of MP-GAP harbouring these three sites binds to its catalytic GAP domain
suggesting an autoinhibitory conformation, which is released upon phosphorylation by
Aurora A. It was shown that interaction of Aurora A kinase and MP-GAP takes place
mainly at the polar regions of the cell and that phosphorylated MP-GAP is targeted by
F-actin to the cell equator, where it accelerates the RhoA flux through the GTPase
cycle, thereby preventing the spread of active RhoA. In addition, it was shown that
simultaneous up-regulation of Ect2 activity and down-regulation of MP-GAP activity by
inhibition of Aurora A kinase leads to strong cytokinetic failure, suggesting redundant
mechanisms to spatially pattern RhoA activity. In conclusion, this work identifies for
the first time a spindle pole-located signal that spatially regulates RhoA activity to
ensure successful cell division in human cells.

Finally, in two last projects this thesis endeavoured to gain control over the cell cycle
and an oncogenic kinase as a putative therapeutic tool through an innovative
photopharmacological approach. The proteasome inhibitor MG-132 and Pim-kinase
inhibitors were converted into light-responsive tools that can be switched on and/or off
by light. When irradiated in living cells, MG-132 was activated and led to the arrest of
human HelLa cells in metaphase and induction of apoptosis over time. Irradiation of an
inactive version of the Pim kinase inhibitor Smi16a in living cells turned on their activity
and induced apoptosis in several human cancer cell types. In conclusion, this work
has developed highly innovative tools that enable cell cycle manipulation as a strategy

for putative biomedical applications in the future.
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Zusammenfassung

Die Zellteilung ist der grundlegende Prozess allen Lebens. In der letzten Phase, der
Zytokinese, teilt sich die Mutterzelle und das genetische Material sowie andere
zellulare Inhalte werden auf die beiden neuen Tochterzellen verteilt. In tierischen
Zellen geschieht dies durch die Bildung und das Zusammenschnuren eines Aktin-
Myosin-Rings unterhalb der Plasmamembran zwischen den sich trennenden
Chromosomen. Der Aufbau dieses kontraktilen Rings wird von der kleinen GTPase
RhoA gesteuert, die als molekularer Schalter zwischen einem aktiven (GTP-
gebundenen) und einem inaktiven (GDP-gebundenen) Zustand wechselt. In tierischen
Zellen wird RhoA durch die mitotische Spindel reguliert von welcher sowohl
stimulierende als auch inhibierende Signale ausgehen. Die mitotische Spindel besteht
aus einem Netzwerk uUberlappender Mikrotubuli, dem  Zentralspindel-Komplex
(MKLP1 und RacGAP1), der Polo-like Kinase 1 (Plk1) und dem Guanin-Nukleotid-
Austauschfaktor Ect2. Die in der Spindel zentrierten Signale aktivieren Ect2, welches
daraufhin den Austausch von GDP zu GTP fordert und somit RhoA aktiviert. Die
hemmenden Signale hingegen gehen von astralen Mikrotubuli aus und inhibieren die
RhoA-Aktivierung an den auleren Zellpolen. Trotz umfangreicher Forschung ist die
Regulation der RhoA-Aktivitat noch nicht vollstandig verstanden, da sowohl die Ect2-
vermittelten stimulierenden Signale als auch die molekulare Natur der inhibitorischen
Signale nur teilweise aufgeklart sind.

Das erste Projekt dieser Arbeit widmete sich den stimulierenden Signalen, indem die
Regulation von Ect2 wahrend der Zytokinese untersucht wurde. Ect2 besteht aus drei
N-terminalen BRCT-Domanen, einer katalytischen DH-GEF-Domane und einer PH-
Domane fur die Membranbindung. Zu Beginn dieser Arbeit wurde angenommen, dass
Ect2 durch eine autoinhibitorische Interaktion seiner BRCT-Domanen mit der GEF-
Domane reguliert wird. Durch bildgebende Verfahren und biochemische Analysen
konnte gezeigt werden, dass jede einzelne BRCT-Domane von Ect2 eine spezifische
Rolle wahrend der Zytokinese erfullt. Die BRCT1-Domane ist essenziell fur die
Aktivierung von Ect2. Die BRCTO0-Domane ist dagegen zwar nicht zwingend
notwendig fur die Zellteilung, unterstutzt aber die Aufhebung der Autoinhibition von
Ect2 und das korrekte Timing der Zytokinese. Die BRCT2-Domane hemmt die GEF-
Aktivitat von Ect2, und Entfernung dieser Doméane fuhrt zu hyperaktivem RhoA und
Fehlern in der Zytokinese. Alle BRCT-Domanen binden an die zentrale
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Spindelkomponente RacGAP1 und an Plk1. Zudem wurde eine Phosphorylierung der
BRCTO0-Domane von Plk1 nachgewiesen. Zusammenfassend liefert dieses Projekt
neue Einblicke in die Regulation von Ect2 mittels seiner BRCT-Domanen sowie
dessen Interaktionspartner, um eine erfolgreiche Zellteilung zu gewahrleisten.

Das zweite Projekt untersuchte den molekularen Ursprung der inhibitorischen Signale.
Frahere Studien in C. elegans deuteten darauf hin, dass die am Spindelpol lokalisierte
Kinase Aurora A die Kontraktilitat an den Zellpolen wahrend der Zytokinese inhibiert.
Es war jedoch unklar, ob dies auch fur menschliche Zellen gilt und was das Zielprotein
der Phosphorylierung ist. Diese Arbeit hat gezeigt, dass die am Spindelpol lokalisierte
Aurora-A-Kinase die Kontraktilitat auf den Aquator beschrankt, indem sie MP-GAP
(GAP von RhoA) phosphoryliert und aktiviert. Daher wurde in dieser Arbeit Aurora A
als Teil des polaren Signals und MP-GAP als dessen Phosphorylierungsziel
identifiziert. Drei essenzielle Aurora A Phosphorylierungsstellen wurden innerhalb
eines Bereichs von MP-GAP, der an die katalytische GAP-Domaéane bindet, gefunden.
Dies deutet auf eine autoinhibitorische Konformation hin, die durch die
Phosphorylierung von Aurora A aufgehoben wird. Die Interaktion zwischen Aurora A
und MP-GARP tritt vor allem an den Zellpolen auf und aktiviertes MP-GAP wird von F-
Aktin zum Aquator transportiert, wo es den RhoA-GTPase-Zyklus beschleunigt und so
die Ausbreitung von aktivem RhoA begrenzt. Eine simultane Hochregulation von Ect2
und Herunterregulation von MP-GAP fuhrt zu Zytokinese-Fehlern und weist auf
redundante Mechanismen bezuglich der Regulation von RhoA-Aktivitat hin. Insgesamt
wurde hier erstmals ein Spindelpol-spezifisches Signal identifiziert, welches die lokale
RhoA-Regulation in menschlichen Zellen ermoglicht.

In zwei weiteren Projekten wurde ein innovativer pharmakologischer Ansatz zur
Kontrolle des Zellzyklus und zur gezielten Hemmung einer onkogenen Kinase verfolgt
und entwickelt. Der Proteasom-Inhibitor MG-132 und Pim-Kinase-Inhibitoren wurden
in lichtabhangige Werkzeuge umgewandelt, die durch Bestrahlung in lebenden Zellen
aktiviert und/oder inaktiviert werden kdonnen. Aktiviertes MG-132 flhrte zu Arrest in
Metaphase und Apoptose in Krebszellen. Eine inaktive Version des Pim-Kinase-
Inhibitors Smi16a konnte durch Licht aktiviert werden und induzierte den Zelltod in
mehreren karzinogenen Zelllinien. Damit wurden neue Werkzeuge geschaffen, die
eine prazise, lichtgesteuerte Manipulation des Zellzyklus fur potenzielle

biomedizinische Anwendungen ermoglichen.
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1 Introduction

1.1 Overview of the cell cycle

Cell division is the essential process of life. It does not only allow the development but
also the maintenance of living organisms. The cell cycle encompasses the whole life
of a single cell from its birth to its division into daughter cells. The cell cycle is broken
down into two main phases: The interphase and the mitotic phase (M-phase). The S-
phase is part of interphase during which the DNA is replicated. The S-phase is linked
to two gap phases: G1 and G2. After cell division, cells enter the G1 phase, where
they can either go into a next round of division or exit the cell cycle by entering the GO
resting phase. During G1 phase, cells grow in size until a point where they can enter
S-phase. After DNA synthesis and replication, cells enter G2 phase. Here the cells
prepare for the mitotic phase through additional growth, synthesis of proteins and
organelles, and reorganisation of their cellular contents. Therefore, the G1, G2, and
S-phase are the three subphases of interphase where the cells prepare for mitosis
(Alberts et al., 2002; 2015; Lodish, 2000; Morgan, 2006) (Figure 1A).

The mitotic phase is a multistep process in which the contents of the nucleus (mitosis)
and the cytoplasm (cytokinesis) must be divided (Figure 1B). Mitosis starts with the
prophase and prometaphase, where the nuclear envelope breaks down into small
vesicles, and the DNA complex in the nucleus condenses, resulting in the formation
of chromosomes. To form compact chromosomes, the sister chromatids are tightly
held together by a cohesion complex, which forms a ring structure encircling the sister
chromatids. Furthermore, a structure called the mitotic spindle starts to assemble, later
separating the sister chromatids into two cells. The mitotic spindle is made by
microtubules forming at the opposite cell poles emanating from the centrosomes and
binding to the kinetochores on the sister chromatids. In metaphase, the chromosomes
align in the center of the dividing cell forming the so-called metaphase plate. At
anaphase onset, the kinetochore microtubules shorten and pull at the sister
chromatids. The cohesion ring structures between the sister chromatids dissolve by
proteolytic degradation, which leads to the movement of the sister chromatids to the

two opposite ends of the cell. Moreover, a cytokinetic furrow forms and ingresses at
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the cell equator between the segregating chromosomes, finally dividing the mother
cell into two daughter cells (Alberts et al., 2002; 2015; Lodish, 2000; Morgan, 2006).

A
B
Cytokinesis
Mitosis :
Prophase Metaphase Anaphase Telophase
x
‘@ — @ $

Figure 1: lllustrative representation of the cell cycle in animal cells.
A) The cell cycle encompasses two main phases: the interphase and the mitotic (M-)

phase. The interphase consists of the G1, S- and G2 phase. During S-phase, G1, and
G2 the cell prepares for cell division by duplicating its genetic material and cell growth.
During M-phase cells first undergo genomic division and afterwards cytoplasmic
division. Cells can exist the cell cycle by entering the GO resting phase. B) The M-
phase is subdivided into four stages: prophase, metaphase, anaphase and telophase
— the last two depict cytokinesis. (Figure adapted from Wang, 2021)

As the cell cycle and thereby cell division is a fundamental process for life, it must be
tightly regulated. There are several checkpoints along the cell cycle which are
surveillance mechanisms that keep track of the order and the integrity of the different
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cell cycle steps. In these several steps, three major checkpoints take place:

The first one is the G1 checkpoint, also called the start or restriction checkpoint since
the cell becomes committed to entering the cell cycle. The decision to start into the
cell cycle depends on activated cyclin-CDK transcription, which promotes the entry
into S-phase by regulating expression of cyclins and cyclin-dependent kinases
(CDKs), which are key drivers in cell cycle progression. On the other hand, DNA
damages are the main indication for the cell to restrict in G1 phase and not to enter S-
phase. Therefore, this checkpoint is the crucial mechanism for a cell to proceed into
the cell cycle (Hartwell & Weinert, 1989).

The second checkpoint is the DNA damage checkpoint in S-phase. Problems with
DNA replication initiate a signalling cascade that puts the phase on hold, thereby
preventing DNA duplication errors (Barnum & O’Connell, 2014).

The third checkpoint is the spindle assembly checkpoint (SAC). It takes place at the
metaphase-to-anaphase transition and maintains genome stability by guaranteeing
accurate chromosome segregation. All sister chromosomes have to be properly
attached to the microtubules spindle apparatus via their kinetochores. This silences
the SAC and the Anaphase-Promoting Complex/Cyclosome (APC/C) triggers the
degradation of securing and cyclin B1 via the 26S proteasome, which is essential to

enable mitotic exit (Musacchio & Salmon, 2007).

1.2 Cytokinesis in animal cells

Cytokinesis is the last phase of mitosis in which the contents of the mother cell get
partitioned between the two daughter cells (D’Avino et al., 2015). This final step of cell
division starts with the formation of a contractile ring consisting of filamentous actin
and non-muscle myosin |l which assembles underneath the plasma membrane
between the segregating chromosomes. The ingression of this contractile ring
generates the force to bend the cell membrane and forms the cleavage furrow (Basant
& Glotzer, 2018). After full ingression, the two daughter cells are still connected by a
thin intercellular bridge, which then gets cleaved during the last step of cytokinesis,
called abscission (D’Avino et al., 2015) (Figure 2).



Metaphase Anaphase Telophase

Centrosome Astral MTs DNA Midzone Contractile ring Midbody

0

Figure 2: lllustrative representation of cytokinesis in animal cells.
The first step of cytokinesis is the formation of the spindle midzone during anaphase

onset followed by the assembly of a contractile ring underneath the equatorial plasma
membrane between the segregating chromosomes. Subsequently, the contractile ring
constricts leading to the formation of a cleavage furrow. The two formed cells remain
linked by an intercellular bridge, which is cleaved during the process of abscission.

Failure in contractile ring assembly and constriction gives rise to tetraploid cells, which
are genomically unstable and can trigger tumor formation (Lacroix & Maddox, 2012;
Lens & Medema, 2019). Given this important role of contractile ring formation, it is not
surprising that multiple signals are involved in its temporal and spatial regulation. To
ensure correct formation and ingression of the contractile ring, there is a continuous

active signaling between the mitotic anaphase spindle and the cell cortex.

1.3 The mitotic spindle

The mitotic spindle is a microtubule-based machinery that has several essential roles
during cell division. During metaphase, it mediates the accurate alignment of the
chromosomes on the metaphase plate and during anaphase it segregates
chromosomes and positions the cleavage furrow (Walcazk & Heald, 2008). Assembly
of the mitotic spindle is dependent on the nucleation of three major classes of
microtubules which are named according to their localization and function:
kinetochore microtubules, which bind the kinetochore, astral microtubules, which grow
from the spindle pole towards the cell cortex, and non-kinetochore microtubules, which
4



extend from both sites on the opposite spindle halves and overlap in the midplane.
The arrays of these overlapping microtubules form the so-called spindle midzone
between the segregating chromosomes during anaphase (Gadde & Heald, 2004,
Pavin & Toli¢, 2016; Prosser & Pelletier, 2017). The midzone is generated and
recognized by several microtubule-associated proteins that contribute to its formation
and function. One major player here is the microtubule binding and bundling protein,
the protein regulator of cytokinesis 1 (PRC1), which is a Cdk substrate and essential
for cell cleavage (Glotzer, 2009; Green et al., 2012). A second major player is
centralspindlin, which is a complex composed of two proteins. First the mitotic kinesin-
like protein 1 (MKLP1), and second, the GTPase activating protein (GAP) Rac
GTPase-activating protein (RacGAP1) (Mishima et al., 2002; White & Glotzer, 2012).
These two subunits are arranged in a heteromeric complex, forming the centralspindlin
complex. During anaphase, centralspindlin is targeted to a narrow region at the
overlapping microtubules after chromosome segregation and initiates assembly of the
central spindle. PRC1 acts as a crosslinker by binding to microtubules and organizing
them into a bundled structure in the middle of the spindle. Additionally, the kinase Plk1
promotes the formation of the mitotic spindle by phosphorylating centralspindlin, which
is further required for furrow formation (Petronczki et al., 2008). The chromosomal
passenger complex (CPC), consisting of Aurora B kinase, INCENP, Surivivin, and
Borealin, translocates from the centromeres to the spindle midzone and prevents
premature midzone disassembly by bundling of antiparallel microtubules and

subsequent stabilization the spindle midzone (Carmena et al., 2012).

1.4 The mitotic spindle positions the contractile ring

It is of major importance that the contractile ring is precisely positioned at the equator
between the segregating chromosomes to ensure an equal distribution of the cellular
content of the mother cell to the two daughter cells. Therefore, the positioning of the
contractile ring is regulated by multiple molecular signals between the spindle and the
cell cortex. Already a pioneer study from 1985 demonstrated that changing the position
of the mitotic spindle in echinoderm eggs induced regression of an already formed

cleavage furrow and formation of a new cleavage furrow at the site of displacement
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(Rappaport, 1985). Later studies have shown that the mitotic spindle induces the
activation of the small GTPase RhoA in a narrow equatorial zone, which leads to
activation of downstream effectors and thereby to formation of the contractile ring
(Bement et al., 2006; Fededa & Gerlich, 2012; Yuce et al., 2005). However, there are
still different models proposed how cleavage site specification is orchestrated (Figure
3). Even though it is widely accepted that signals emanating from the spindle midzone
specify cleavage furrow formation, more studies arose proposing that there are
inhibitory signals arising from astral microtubules which prevent RhoA activation and
thereby contractility at the polar cortex (Bement et al., 2005; 2006; Chen et al., 2008;
Mangal et al., 2018; van Osstende Triplet et al., 2014, von Dassow, 2009).

The midzone stimulation model is based on several studies which have shown that
there are active signals emanating from the spindle midzone that promote contractility
(Figure 3A). It was observed that one of the most important factors for the active signal
is Ect2 (Epithelial cell transforming protein 2), a RhoA Guanine Nucleotide Exchange
Factor (GEF) (Su et al., 2011; Tatsumoto et al., 1999; Yuce et al., 2005; Zhang &
Glotzer, 2015). During beginning of cytokinesis, Ect2 gets enriched at the spindle
midzone via RacGAP1 interaction, which induces a conformational change of Ect2
and thereby stimulates its GEF activity. Ect2 then transitions from the midzone to the
equatorial plasma membrane where it activates RhoA and thereby induces the
signaling cascade for contractile ring formation and contractility (Somers & Saint,
2003; Yuce et al., 2005; Zhao & Fang, 2005). However, it has also been shown that
disrupting the interaction of Ect2 and RacGAP1 strongly reduced Ect2 spindle
midzone localization but did not abolish furrow formation and ingression (Kotynkova
et al., 2016). This gave rise for the hypothesis that another signaling pathway activates
Ect2 and induces furrowing at the equatorial region of the cell.

In the stimulation by stable astral microtubules model it is proposed that a subset of
stable microtubules extend from the asters reaching the equatorial cortex (Figure 3B).
These microtubules carry stimulatory signals which promote contractility at the equator
of the cell (Rappaport, 1961; Rieder et al., 1997; Verma & Maresca, 2019). This
hypothesis was postulated after the finding that asters of independent spindles can
induce furrow formation without a spindle midzone (Rappaport, 1961; Rieder et al.,
1997). This hypothesis was then extended by the finding of stimulatory signals
localized on the microtubule asters that could induce contractility (Verma & Maresca,
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2019).

Additionally, more and more studies were arising postulating that astral microtubules
limit contractility to the equatorial region of a cell and preventing it from the polar
regions (Bement et al., 2006, Chen et al., 2008; Murthy & Wadsworth, 2008; Werner
et al., 2007; von Dassow, 2009) (Figure 3C). However, the molecular nature of these
inhibitory signals was poorly understood for a long time. A study of Mangal et al., 2018
was the first in gaining deeper insights into the principles of these signals: the
researchers have shown that there is an active process of clearance of contractile ring
components at the cell poles in C. elegans, which depends on activation of the kinase
Aurora A by its aster-based activator TPXL-1 (TPX-2 in humans). Aurora A is a
serine/threonine kinase and belongs to the Aurora kinase family. It plays major roles
during cytokinesis in centrosome maturation, assembly of the mitotic spindle and
chromosome segregation. During cytokinesis, Aurora A is primarily localizing to the
centrosomes, where it regulates its maturation and separation, and thereby also
ensures the proper assembly of the mitotic spindle (Barr & Gergely, 2007; Carmena &
Earnshaw, 2003; Dutertre et al., 2002; Magnaghi-Jaulin et al., 2019; Nikonova et al.,
2013). Furthermore, Aurora A has several phosphorylation targets involved in mitotic
progression and microtubule dynamics (Barr & Gergely, 2007; DelLuca et al., 2018;
Ong et al., 2020). Due to these named roles of Aurora A kinase, a dysregulation of its
expression has been implicated in various cancers hallmarked by chromosomal
instability and aberrant mitotic spindle formation (Lens & Voest, 2010). Localization
and activation of Aurora A is dependent on binding to its activator TPX2 (Targeting
Protein for Xenopus Kinesin-like protein 2). TPX2 translocates Aurora A to the
centrosomes, stabilizes its active confirmation and interacts with its activation loop,
promoting autophosphorylation of Aurora A at Thr288, which is essential for full kinase
activity (Bayliss et al., 2003; Eyers et al., 2003).

If this clearing mechanism based on TPXL-1 and Aurora A kinase is conserved in
human cells has to be clarified, however, there is evidence for an aster-based
mechanism in human cells, which leads to a reduction of cortical stiffness at the polar

regions of cells (Chen et al., 2021).
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Figure 3: The mitotic spindle positions the contractile ring during cytokinesis.
A) Model of equatorial stimulation by the spindle midzone: Signals from the spindle

midzone promote accumulation of active RhoA at the equatorial membrane. B) Model
of equatorial stimulation by stable astral microtubules: Stimulatory signals emanating
from stable astral microtubules promote active RhoA accumulation at the equatorial
membrane. C) Model of polar relaxation by dynamic astral microtubules: Inhibitory
signals emanating from astral microtubules prevent accumulation of active RhoA at
polar regions of the cell and thereby prevent contractility and contractile ring formation
besides the equatorial membrane. (Figure adapted from Mishima, 2016)

The mechanisms of how the contractile ring is precisely positioned are still not
completely understood. However, since the disruption of one of these proposed
models does not completely abolish furrow formation and cytokinesis, it is very likely
that these different proposed mechanisms are not mutually exclusive but rather co-
exist to ensure successful cell division. And indeed, it has been shown in C. elegans
that asters and midzone separated from each other by laser ablation were
independently of each other able to induce contractility (Bringman & Hymann, 2005).
In general, it would be not surprising if several partially redundant mechanisms are
contributing to this crucial step of cell divison to ensure its robustness against
perturbations.



1.5 The small GTPase RhoA triggers contractile ring assembly

The crucial step of ring assembly is the activation of the small GTPase RhoA (Bement
et al., 2006; Piekny et al., 2005). RhoA belongs together with Rac1 and Cdc42 to the
small Rho GTPase family. Rho GTPases are key regulators of the actin cytoskeleton
and are taking roles in various processes regarding cell motility, cell shape, adhesion
and cytokinesis (D’Avino, 2015; Jordan & Canman, 2012). They are molecular
switches cycling between an inactive GDP-bound and an active GTP-bound state. The
activating switch is dependent on guanine nucleotide exchange factors, which catalyze
the exchange of GDP to GTP. The inactivating switch is accomplished by GTPase
activating proteins (GAPs), which catalyze the GTP hydrolysis. in humans, the major
GEF for RhoA is Ect2, and the major GAP is Arhgap11a (Mitotic-phase GAP (MP-
GAP)) (Tatsumoto et al., 1999; Zanin et al., 2013). Furthermore, there exist Guanine
nucleotide dissociation inhibitors (GDIs) which stabilize inactive GDP-bound RhoA
(Bement et al., 2006), regulate its access to GEFs and keep it cytoplasmic (Garcia-
Mata et al., 2011).

During anaphase onset, RhoA gets activated by its GEF Ect2 and accumulates at the
membrane of the future division site. There it activates and recruits downstream
effectors, which are essential for contractility (Piekny et al., 2005). It activates the
formina Dia (diaphanous member of formin-homolgy proteins), which together with
profilin, mediates polymerization and assembly of actin filaments (Castrillon &
Wasserman, 1994; Evangelista et al., 2002; Severson et al., 2002). Additionally,
active RhoA activates the Rho-associated kinase (ROCK), which promotes Myosin |l
activity. Myosin Il is a hexamer consisting of myosin heavy chains, light chains and
light regulatory chains (rMLC). Activation of ROCK leads to phosphorylation of rMLC,
which promotes myosin activity, and simultaneously prevents dephosphorylation of
myosin Il by binding the rMLC phosphatase, what additionally increases myosin ||
activity (Chihara et al., 1997; Kimura et al., 1996). To build a structural framework for
the contractile ring, RhoA also activates the scaffolding protein anillin, which functions
as a crosslinker. Anillin binds active RhoA, F-actin, myosin, Ect2 and septins (D’Avino
et al., 2015; Field et al., 2005; Frenette et al., 2012; Oegema et al., 2000; Piekny &
Glotzer, 2008; Straight et al., 2005; Sun et al., 2015). Thereby it acts as a crosslinker

that links the contractile ring components to the plasma membrane and thereby
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stabilizes the ingression furrow (Piekny & Glotzer, 2008; Straight et al., 2005; Zhao &
Fang, 2005). It has been shown in Drosophila melanogaster that linking anillin to the
plasma membrane is essential for cytokinesis (Kechad et al., 2012; Sun et al., 2015),
hence, anillin is a major component for contractile ring formation and stability.
Furthermore, the contractile ring is stabilized by septins, which are filament forming
GTPases that crosslink F-actin into tightly packed arrays and thereby act as a scaffold
for the contractile ring (Mavrakis et al., 2014; Menon et al., 2014) (Figure 4).
Additionally, it has been shown in C. elegans that cortical flows compress the cortex
along the axis perpendicular to the ring. This compression increases during
constriction of the ring and correlates with an accumulation of myosin and anillin, which
suggests that cortical flows contribute to delivery and accumulation of these contractile

ring components (Khaliullin et al., 2018).
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Figure 4: RhoA signaling pathway during cytokinesis in human cells and
structural composition of the contractile ring.
A) The GTPase RhoA acts as a molecular switch cycling between an inactive GDP-

bound and an active GTP-bound state. The GEF Ect2 catalyzes the exchange of GDP
to GTP and thereby activates RhoA. The GAP MP-GAP facilitates the intrinsic
hydrolysis from GTP to GDP leading to inactivation of RhoA. Upon activation, RhoA
activates several downstream effectors: It induces polymerization of filamentous actin
(F-actin) via formins and profilins, and activates myosin Il via the Rho kinase.
Furthermore, active RhoA recruits anillin and septins, which act as crosslinkers for the
contractile ring. B) The contractile ring is primarily composed of actin filaments and
myosin I, which are circumferentially arranged beneath the plasma membrane.
Myosin Il interacts with F-actin to facilitate contractile activity. Septins spatially stabilize
the F-actin and myosin |l filaments within the ring-like structure, and anillin anchors
the actin filaments to the plasma membrane. (Figure adapted from Basant & Glotzer,
2018)
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1.6 Cleavage furrow ingression and abscission

Successful cytokinesis does not only require the formation of a contractile ring, but
also its ingression. To physically constrict a ring, an initiating force is required. How
this constrictive force is generated is still actively debated. The key players to generate
force for constriction are F-actin and myosin. It has been shown that actin filaments
align in linear bundles at the equator, which raised the hypothesis that the required
force is generated by sliding of actin filaments by myosin filaments, a similar
mechanism as found in muscles (Biron et al., 2005; Maupin & Pollard, 1968;
Schroeder, 1968; 1972). However, electron micrographs of different model systems
did not observe the sarcomere-like arrays of myosin and actin as in muscles, which
hints against this theory (Green et al., 2012). Furthermore, the capability of myosin Il
to cross-link and slide actin filaments was highlighted as a central mechanism for
contractility, however, a study in C. elegans has shown that the motor activity of
myosin is rather essential for force generation (Osério et al., 2019). Nevertheless, ring
constriction independent of myosin motor activity has also been discussed, which
relies on actin polymerization, depolymerization and cross-linking by actin-binding
proteins. Actin dynamics as polymerization and depolymerization can generate forces
if end-tracking crosslinkers are present, which remain bound to the depolymerizing
filament ends. Also, myosin pulling on F-actin networks which are cross-linked by
actin-binding proteins generates tension, which allows a network of filaments to
deform (Carvalho et al., 2009; Leite et al., 2019; Zumdieck et al., 2007). The
continuous polymerization and depolymerization of F-actin has also been shown to be
required to keep the contractile ring dynamic and adaptable to tensions when it
tightens (Pinto et al., 2012). Additional to increase contractility at the equator,
decreased polar tension is required to allow efficient furrow ingression. It has been
shown that contractile ring components are actively removed from the polar cortex to
induce polar relaxation. Ramkumar et al., 2021 have shown that F-actin is removed
from the polar cortex in human cells in an Aurora B kinase dependent manner what
decreases cortical stiffness. Furthermore, Mangal et al., 2018 have shown that there
is a clearance of anillin and F-actin from the polar cortex in an Aurora A kinase
dependent manner in C. elegans what decreases contractility.

During ring constriction, the overlapping microtubules of the central spindle get tightly
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compressed what leads to a point where the furrow cannot further constrict, leaving
the two daughter cells connected by an intercellular bridge containing the so called
midbody. The midbody is an electron-dense material consisting of microtubules, which
plays a pivotal role for the final step of cytokinesis, called abscission, during which the
two daughter cells get completely physically separated from each other (Elia et al.,
2011). Since the midbody originates from the central spindle, the spindle proteins are
re-localized to different regions of the assembling midbody. The kinesin family member
4 (KIF4) and the microtubule bundling protein PRC1 stay in the central part of the
spindle and form the midbody core (Hu et al., 2012). The core is surrounded by a ring,
where the former contractile ring components Ect2, centralspindlin, RhoA and anillin
localize (Gai et al., 2012; Kechad et al., 2012). The midbody ring is flanked by two
arms, where the motor proteins CENP-E (centromere protein E) and MKLP2 (mitotic
kinesin-like protein 2) as well as the kinase Aurora B translocate (Gruneberg et al.,
2004; Hu et al., 2012). The midbody arms serve as the cleavage sites for the
endosomal sorting complex required for transport IlI (ESCRT-IIl), which is also
involved in other membrane scission processes like multivesicular bodies (Elia et al.,
2011; Schmidt & Teis, 2012). After degradation of PLK1 and Aurora B kinase, the
ESCRT-III leads to the final constriction of the intercellular bridge and the separation
of the two daughter cells (Vietri et al., 2020).

1.7 Temporal and spatial regulation of RhoA activity during
cytokinesis

Successful cell division depends on the formation and constriction of a contractile ring.
Activation of RhoA is the key step for assembly of the contractile ring, however, the
activation step is not sufficient on its own for proper ring formation and constriction. It
has to be activated in a well-defined amount precisely at the cell equator since this
defines the location of the contractile ring. It has been shown that increased RhoA
activity leads to formation of large ectopic protrusion, a hallmark for high intracellular
pressure, and impairs furrow ingression dynamics (Miller & Bement, 2009; Zanin et
al., 2013). On the other hand, decreased RhoA activity be depleting its GEF Ect2,
leads to cytokinesis failure (Kim et al., 2005; Tatsumoto et al., 1999; Yuce et al., 2005).
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These findings demonstrate the importance of a tight regulation of RhoA activity for
proper cell division. After activation by its GEF Ect2, RhoA binds to the plasma
membrane via two lipid anchors (Michaelson et al., 2001) and is assumed to move
freely within the membrane. This assumption opens the idea that RhoA could diffuse
away from the site of activation over time (Bement et al., 2006). Therefore, two theories
have developed how active RhoA is maintained in a narrow region at the cell equator.
The first one argues that this maintenance requires a defined balance between active
and inactive RhoA, which is described in the so called RhoA flux model. It postulates
that spreading of active RhoA within the membrane is prevented by inactivation
through its GAP MP-GAP (Arghap11a), suggesting kind of a shut-off mechanism
(Bement et al., 2006, Zanin et al., 2013). However, depletion of MP-GAP in human
HelLa cells indeed led to strong membrane protrusions, but did not lead to a broadened
equatorial RhoA zone, what contradicts this idea and suggests that this cannot be the
only mechanism to maintain a defined narrow RhoA zone. During the last years of
research, astral microtubules gained enormous attention and how they restrict RhoA
activity to a precise location. It has been shown that elimination of astral microtubules
by addition of low doses of the microtubule depolymerizing agent nocodazole, led to
a broader equatorial RhoA zone (Bement et al., 2005; van Oostende Triplet et al.,
2014; von Dassow et al., 2009; Zanin et al., 2013). Conversely, increasing the number
of astral microtubules by depleting the kinesis mitotic centromere-associated kinesin
(MCAK), narrowed the equatorial RhoA zone (van Oostende Triplet et al., 2014; Zanin
et al., 2013). Although these findings emphasize a major role of astral microtubules in
restricting RhoA to a precise location, it must not be forgotten that even in the absence
of astral microtubules a RhoA zone still formed, which implies that this is not an
exclusive mechanism in restricting RhoA zone dimensions. Since a broadened RhoA
zone can completely abolish furrow ingression and induce cytokinesis failure (Bement
et al., 20095) it is of major importance to understand the molecular principles of how a
narrow zone of active RhoA is formed and maintained at the cell equator during cell

division.
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1.8 The GEF Ect2

The formation and ingression of the contractile ring depends on the activation of the
GTPase RhoA, which in turn is dependent on Ect2. As mentioned before, Ect2 is a
guanine nucleotide exchange factor and belongs to the Dbl family, which are GEFs
that specifically activate Rho GTPases (Zheng, 2001). Ect2 is highly conserved and
has orthologues in many species such as Homo sapiens (Ect2), D. melanogaster
(Pebble) and C. elegans (ECT-2). Ect2 was originally described as a proto-oncogene
in a screen for mitogenic transducers (Miki et al., 1991). However, later on its high
homology to Rho GTPases regulators was reported and it was shown that Ect2 is a
GEF for RhoA, Rac1 and Cdc42 (Miki et al., 1991; Tatsumoto et al., 1999). Ect2 is
essential for cleavage furrow formation during cytokinesis in human cells, D.
melanogaster and C. elegans and loss of its function leads to cell division failure (Kim
et al., 2005; Tatsumoto et al., 1999; Yuce et al., 2005). Despite its role in cleavage
furrow formation during cytokinesis, Ect2 is also involved in many other processes as
DNA damage response (He et al., 2016) and cell rounding during metaphase
(Matthews et al., 2012).

Ect2 consists of an N-terminal and a C-terminal part, which are connected by a linker
called S-loop (Figure 5A). At its C-term Ect2 has the GEF characteristic DH- type GEF
domain, which harbours the catalytic activity to exchange GDP to GTP (Tatsumoto et
al., 1999). Additionally, at its C-term Ect2 has a pleckstrin homology (PH) domain. PH
domains can mediate protein-protein interactions and recruit proteins to the plasma
membrane via phosphoinositides interaction (Lemmon, 2007, 2008; Lenoir et al.,
2015). However, for Ect2 it was shown that the PH domain together with a poly-basic
sequence (PBS) domain is required for plasma membrane targeting (Su et al., 2011).
However, for C. elegans ECT-2 a PBS has not been identified yet, but the C-terminus
is also required for localizing Ect2 to the membrane (Chan & Nance, 2013; Su et al.,
2011). A recent study revealed a potential further role of the PH domain in addition to
membrane targeting: it was shown via crystal structure analysis of Ect2 that the PH
domain directly interacts with the catalytic GEF domain, and that this interaction is
required to restrict Ect2 GEF activity (Chen et al., 2020). This strongly indicates a role
of the PH domain in negatively regulating Ect2 activity. However, the molecular
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mechanism how this interaction hampers Ect2 GEF activity remains unclear. At its N-
terminus Ect2 harbours three BRCA1 C-terminal (BRCT) domains: BRCTO, BRCT1,
and BRCT2 (Zou et al., 2014). BRCT domains are phosphopeptide binding motifs,
which can interact with binding partners upon phosphorylation (Gerloff et al., 2012;
Leung & Glover, 2011). Most BRCT domains occur in tandem repeats of two, whereby
it was assumed for a long time that this is also the case for Ect2 only featuring BRCT1
and BRCT2 (Kim et al., 2005; Tatsumoto et al., 1999). Zou et al. (2014) solved the
crystal structure of Ect2 and demonstrated the existence of a third BRCT domain
(BRCTO), which is located at the very N-terminal part of Ect2 and is the least
conserved one through the animal kingdom. This unusual triple BRCT domain
organization is only found in the DNA topoisomerase 2-binding protein 1 (TopBP1),
which acts among other things as a scaffold in DNA repair and replication (Bagge et
al., 2021; Zou et al., 2014). Even though the triple BRCT domains array of Ect2 and
TopBP1 share high similarity, structural analyses revealed differences in orientation
and spatial conformation (Zou et al., 2014). Therefore, the mode of function could be
very different between these BRCT arrays.

In D. melanogaster and C. elegans, the Ect2 orthologues, Pebble and ECT-2, are
localizing exclusively to the plasma membrane (Jenkins et al., 2006; Motegi et al.,
2006). This is different to human cells, where Ect2 is located at the spindle midzone
and the equatorial plasma membrane during anaphase (Tatsumoto et al., 1999)
(Figure 5B). It is assumed that the spindle midzone localization of Ect2 in human cells
is an important spatial cue for the formation of the active RhoA zone at the cell equator
(Kotynkova et al., 2016; Su et al., 2011). This indicates that Ect2 regulation by the

spindle differs between humans and other species.
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Figure 5: Structure and localization of the GEF Ect2 in human cells.
A) Ect2 harbours three N-terminal BRCT domains - BRCTO, BRCT1 and BRCT2. At

its C-terminus, Ect2 harbours a DH-GEF domain containing the catalytic GEF activity,
and a PH and PBS domain for membrane binding. Furthermore, Ect2 contains two
NLS sequences. The N- and C-term of Ect2 are separated by the so-called S-loop. B)
Ect2 is cytoplasmic during metaphase. During anaphase, human Ect2 is localizing to
the spindle midzone and the equatorial plasma membrane. During telophase, Ect2 is
localizing to the midbody and during interphase Ect2 is present in the nucleus.

1.8.1 Regulation of Ect2 GEF activity

Ect2 is a major player for successful cell division and therefore its activity must be
precisely regulated during the cell cycle. Several studies have analyzed the behaviour
of Ect2 and found that its expression is tightly coordinated during cell cycle progression
(Su et al., 2011; Tatsumoto et al., 1999; Yice et al., 2005; Zhao et al., 2006). It was
shown that Ect2 levels fluctuate during the cell cycle: first, Ect2 expression gets
induced in S-phase, which depends on late signals associated with S-phase entry;
second, Ect2 expression reaches its maximum during mitosis, which displays its major
role for RhoA activation; third, Ect2 levels drop at mitotic exit due to its degradation by
the APC/C since its activity is no longer required (Liot et al., 2011; Seguin et al., 2009).
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Therefore, Ect2 levels and activity are precisely regulated in time and space

throughout the cell cycle.

1.8.2 Ect2 autoinhibition

Via in vitro binding studies and crystal structure analysis it has been shown that the
BRCT domains of Ect2 bind the catalytically active C-terminal part, which inhibits its
GEF activity (Chen et al., 2020; Kim et al., 2005; Saito et al., 2004). This intramolecular
negative regulation of the DH-GEF domain by the N-terminus is a common regulatory
mode among GEF proteins (Rossman et al., 2005). N-terminal truncation of many Rho
GEFs resulted in their constitutive activation, which has also been shown for Ect2 by
artificial targeting of an N-terminal truncation to the membrane, which induced
increased contractility in human cells (Kotynkova et al., 2016). Furthermore, it has
been shown that deletion of all BRCT domains of Ect2 led to increased GEF activity
in vitro (Chen et al., 2020). However, not only deletion of all BRCT domains
simultaneously is needed to perturb regulation of Ect2 activity. It has been shown that
exchanging a highly conserved amino acid in the BRCT2 domain is sufficient to disrupt
its binding to the DH-GEF domain, what highly increased its GEF activity in vitro (Kim
et al., 2005; Saito et al., 2004; Yuce et al., 2005). This rises the question if and how
each BRCT domain might contribute separately to Ect2 autoinhibition, however, this
has not been addressed so far.

During the course of my study, a study shed light on a possible role of the PH domain
in Ect2 autoinhibition. Using crystal structure analysis, Chen et al. (2020) have shown
that the PH domain located in the C-terminus of Ect2 physically blocks the RhoA-
binding site in the DH-GEF domain, which contributes to Ect2 autoinhibition. The
researchers proved this observation by mutating specific sites in the PH domain
required for blocking of the RhoA-binding site and found increased Ect2 GEF activity
in vitro. This strongly hints towards a role of the PH domain in negatively regulating

Ect2 activity additionally to its role in Ect2 membrane targeting.
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1.8.3 Release of Ect2 autoinhibition

As mentioned before, centralspindlin recruits Ect2 to the spindle mizdone via binding
of RacGAP1 to Ect2 BRCT domains (Nishimura & Yonemura, 2006; Yuce et al., 2005;
Zhao & Fang, 2005). Several studies have shown that the interaction of RacGAP1 is
essential for cleavage furrow formation and cytokinesis (Burkard et al., 2009;
Petronczki et al., 2007; Wolfe et al., 2009; Yuce et al., 2005). Due to these findings,
the current canonical model of Ect2 activation predicts that midzone-based RacGAP1
gets phosphorylated by Polo like kinase 1 (Plk1), which triggers the binding of
RacGAP1 to Ect2 BRCT domains. This interaction interrupts the binding of the BRCT
domains to the GEF domain, which releases autoinhibition of Ect2 and thereby
activates its GEF activity. Activated Ect2 gets recruited to the adjacent equatorial
plasma membrane where it in turn activates the RhoA signaling pathway. However,
how Ect2 is translocated from the spindle midzone to the plasma membrane is not
completely understood.

This canonical model of Ect2 activation was questioned by a study of Kotynkova et al.
(2016) in which the interaction of RacGAP1 and Ect2 was abrogated by mutating two
residues in the BRCT1 domain, which have been shown to be essential for RacGAP1
binding in vitro, what led to strong reduction of Ect2 midzone recruitment, but
successful cytokinesis was still maintained. However, a study published during this
thesis, questioned the findings of Kotynkova et al. and identified another surface patch
in the BRCT1 domain, which is required for RacGAP1 binding and proper cytokinesis
(Gomez-Cavazos et al., 2020). However, this mode of Ect2 activation is doubted since
Ect2 orthologues in D. melanogaster (Pebble) and C. elegans (ECT-2) do not localize
to the spindle midzone (Motegi et al., 2006; Prokopenko et al., 1999). It was recently
shown that ECT-2 and the worm orthologue of RacGAP1 (Cyk-4) can interact at the
spindle midzone and that the before mentioned identified surface patch in the BRCT1
domain is also conserved in worm ECT-2, what brings back the role of RacGAP1 in
Ect2 activation also in C. elegans (Gomez-Cavazos et al., 2020). While the BRCT1 is
clearly associated with Ect2 activation due to its interaction with RacGAP1, putative
roles of the BRCTO and BRCT2 in releasing Ect2 autoinhibition remain elusive. Do

these two BRCT domains also contribute to release of Ect2 GEF activity?
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During the course of my study, it was shown that the PH domain of Ect2 binds RhoA-
binding sites in the catalytic DH-GEF domain and thereby inhibits GEF activity, a role
in release of autoinhibition was also proposed for the PH domain. It is assumed that
active GTP-bound RhoA binds the PH domain what initiates its unbinding from the
DH-GEF domain and thereby releases Ect2 autoinhibition. This would imply an
autocatalytic mechanism of RhoA self-activation in which active RhoA induces
activation of more RhoA by releasing autoinhibition of Ect2 and subsequent nucleotide
exchange of RhoA by Ect2 (Chen et al., 2020). This indicates a two-step mechanism
of Ect2 activation: First, BRCT-mediated autoinhibition gets released at the spindle
midzone by binding of phosphorylated RacGAP1 to the BRCT1 domain. Second, PH-
mediated inhibition gets released at the plasma membrane due to binding to GTP-

bound RhoA, which accelerates further activation of RhoA (Figure 6).

Metaphase Early Anaphase Anaphase

|

Tinhip

Ect2 autoinhibition Release of Ect2 autoinhibition Release of PH inhibition
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Figure 6: Two step mechanism of Ect2 activation during anaphase.
During metaphase, Ect2 is inactive due to the inhibitory interaction of its BRCT-

domains and PH domain with the catalytic DH-GEF domain. Upon anaphase onset,
autoinhibition of Ect2 is released at the spindle midzone by phosphorylation of
RacGAP1 by PIk1 and its subsequent interaction with BRCT1 domain of Ect2 — the
PH-mediated inhibition persists. During anaphase, Ect2 translocates from the spindle
midzone to the plasma membrane. Binding of GTP-RhoA to the PH domain triggers
its unbinding from the DH-GEF domain, which fully activates Ect2.

1.8.4 Ect2 regulation by mitotic kinases

Activity and functionality of proteins are often regulated by reversible phosphorylation.
Since Ect2 is highly phosphorylated during mitosis (Kimura et al., 2002; Niiya et al.,
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2005; 2006), it is assumed that phosphorylation also takes a role in regulating Ect2
activity. It has been shown that PIk1 and CDK1 phosphorylate Ect2 in vitro and in vivo,
suggesting that these two kinases play a major role in controlling Ect2 activity
throughout the cell cycle (Niiya et al., 2006; Suzuki et al., 2015; Wolfe et al., 2009).
Plk1 is a highly conserved serine/threonine kinase throughout the animal kingdom. It
contains a polo-box domain (PBD), which is a phoshopeptide binding domain that
recognizes serine/threonine consensus sites and thereby binds the target (Elia, 2003;
2003). Plk1 has several major functions during the cell cycle as metaphase to
anaphase transition and centrosome maturation and separation (Lane & Nigg, 1997).
As mentioned before, it is assumed that Plk1 phosphorylates RacGAP1 which is
inducing the Ect2-RhoA signaling pathway. This function of Plk1 is tightly linked to its
localization: During cytokinesis, Plk1 is localizing to the spindle midzone where it
facilitates RhoA signaling and to the midobody to regulate abscission process
(Combes et al., 2017; Petronczki et al., 2008).

CDK1 is also a highly conserved serine/threonine kinase, however, it is proline-
directed. Activation of CDK1 depends on interaction with cyclins, during mitosis this is
cyclin B. First, CDK1 gets activated during prophase and forms a complex with cyclin
B, which regulates several mitotic processes such as nuclear envelope breakdown,
centrosome separation and spindle assembly (Rhind & Russell, 2012; Suzuki et al.,
2015).

It was shown that Ect2 localization and activity is dependent on Plk1 and CDK1
phosphorylation. It was demonstrated that phosphorylation of a specific residue in the
S-loop of Ect2 (T342) by CDK1 is required for Ect2 interaction with RacGAP1 and
therefore for its localization to the midzone (Yuce et al., 2005). On the other hand,
preceding phosphorylation of RacGAP1 by PLK1 is required for this interaction as well.
However, already earlier during mitosis phosphorylation regulates Ect2 localization.
Ect2 comprises two nuclear localization signals (NLS). These NLS are located in the
S-loop (Figure 5A) and lead to nuclear Ect2 localization during interphase (Matthews
etal., 2012; Tatsumoto et al., 1999). It is proposed that Ect2 is localizing to the nucleus
in interphase to prevent cytoplasmic RhoA activation before mitosis. During prophase,
CDK1 phosphorylates two sites close to the NLS which promotes Ect2 export from the
nucleus. A prematurely phosphorylation of Ect2 by CDK1 prevents nuclear localization
of Ect2 causing strong transforming activity of Ect2 (Saito et al., 2004). Furthermore,

it was shown that Ect2 membrane localization during anaphase is blocked by CDK1
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phosphorylation of a specific residue (T815) in the PBS membrane. Expression of a
phosphorylation deficient T815 mutant targets Ect2 to the plasma membrane already
in metaphase (Su et al., 2011). Besides CDK1 role in regulating Ect2 localization, it
also primes Ect2 for subsequent phosphorylation by PlIk1. A residue in the S-loop
(T412) was found to be phosphorylated by CDK1, which enables interaction of Ect2
and PIk1. Prevention of this phosphorylation (T412A) strongly reduced Ect2
association with Plk1 and overexpression of phosphomimetic T412D led to membrane
blebbing suggesting increased activity (Niiya et al., 2006). However, it has not been
investigated yet how phosphorylation of Ect2 by Plk1 contributes to RhoA zone
formation and furrow ingression.

Therefore, it has been proposed that both kinases play a major role for correct
temporal and spatial activation of Ect2, whereby CDK1 regulates localization and
primes Ect2 for subsequent phosphorylation by Plk1 to regulate its function.

1.9 The GAP MP-GAP

Active RhoA specifically localizes in a narrow zone at the cell equator to assemble the
contractile ring and induce contractility. The GEF Ect2 leads to activation and
formation of this narrow RhoA zone, however, how is this zone maintained? It is
assumed that a balance between activation and inactivation of RhoA is required to
maintain this precise zone and avoid diffusion of active RhoA through the membrane
to outer regions of the cell (Bement et al., 2006). This idea is postulated in the RhoA
flux model which proposes that specification of narrow equatorial zone of active RhoA
involves constitutive global inactivation by GAP activity (Bement, 2006; Miller &
Bement, 2009). Since RhoA itself has a very low rate of intrinsic GAP activity, the
existence of a RhoA GAP was assumed but remained elusive for years (Jaffe & Hall,
2005). In Xenopus, the GAP domain of CYK-4 (RacGAP1 in humans) was proposed
to inactivate RhoA since expression of a GAP-deficient CYK-4 broadened RhoA zone
dimensions. However, several studies in C. elegans contradicted this idea by showing
that the GAP domain of CYK-4 rather promotes RhoA activation and inhibits Rac, one
of the primary in vitro targets of CYK-4, instead of suppressing RhoA activation
(Bastos et al., 2012; Canman et al., 2008; Jantsch-Plunger et al., 2000; Miller &
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Bement, 2009). However, in 2013, researchers finally identified the primary GAP
counteracting RhoA activation in human cells: MP-GAP (ArhGap11A) (Zanin et al.,
2013). MP-GAP belongs to an ancient metazoan RhoA GAP family and depletion of
MP-GAP by RNAI in human cells leads to excessive ectopic membrane protrusions, a
hallmark of unconstrained RhoA activity. Similar observations were found for the
distantly related orthologs of MP-GAP in C. elegans, RGA-3 and RGA-4 (RGA3/4).
However, it was also shown that depletion of MP-GAP did not broaden the narrow
equatorial zone of RhoA in human cells (Zanin et al., 2013). This contradicts the before
mentioned RhoA flux model where reducing GAP-mediated inactivation of RhoA
predicts broadening of RhoA zone dimensions due to enhanced RhoA activity.
However, this model includes another mechanism: suppression of cortical contractility
by microtubule asters (D’Avino et al., 2005; Green et al., 2012). It has been shown in
different organisms that elimination of astral microtubules increased the equatorial
zone width of RhoA (Bement et al.,2005; Murthy and Wadsworth, 2008). Interestingly,
simultaneous downregulation of MP-GAP in human cells even enhanced this effect
(Zanin et al., 2013). This indicates that MP-GAP limits RhoA activity to keep cortical
contractility low and in the absence of astral microtubules also restricts RhoA zone
dimension. This strengthens the idea of the RhoA flux model which predicts that these
two mechanisms, GAP-mediated inactivation of RhoA and contractility suppression by
asters, are coupled mechanisms (Figure 7). However, what are the molecular

mechanisms of these two signals? This question has not been answered so far.
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Figure 7: Cycle of the GTPase MP-GAP is crucial for RhoA patterning during
cytokinesis.
A) RhoA localizes to a narrow equatorial zone during anaphase in control cells. B)

RhoA activation is counteracted by the GTPase MP-GAP. Depletion of MP-GAP via
RNAI leads to formation of membrane protrusions (magenta arrows), a hallmark for
hyperactive RhoA. C) Depolymerization of astral microtubules leads an increase of
RhoA zone width. D) Simultaneous depletion of the GTPase MP-GAP and
depolymerization of astral microtubules leads to strong broadening of the equatorial
RhoA zone and membrane protrusion formation (magenta arrows). (Figure based on
Zanin et al., 2013)

1.10 The cell cycle as a therapeutic target

One hallmark of cancer is high and uncontrolled cell proliferation (Hanahan &
Weinberg, 2011). The cell cycle gained increasing interest as an anti-cancer target
since the high proliferative index of cancer cells compared to healthy tissue is due to
loss of cell cycle control. For example, CDK4/6 inhibitors are clinically approved anti-
cancer drugs, especially for certain types of breast cancer. Inhibiting CDK4/6 stops
the cell cycle in G1 phase and thereby successfully prevents tumour cell proliferation
(Finn et al., 2016; Hortobagyi et al., 2016; Sledge et al., 2017).

As mentioned in section 1.1, several checkpoints are anchored in the cell cycle which
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keep track of the integrity of the different cell cycle steps. The first one during G1 phase
depends on cyclin-dependent-kinase (CDK) activity, which promotes DNA replication
and initiates the transition from G1 to S-phase. Targeting this checkpoint has been
considered for cancer therapy because loss of this checkpoint is a common feature of
cancer cells: many cancer types carry a mutation of tumor suppressor protein p53,
which leads to increased CDK expression and therefore unimpeded progression of
cancer cells through G1 phase. Therefore, targeting CDKs was seen as a critical
strategy for cancer treatment and inhibition of expression of CDKs effectively
suppressed oncogenic cell function in several cancer types (Wang et al., 2023). Even
though this sounds like a promising and effective strategy for cancer treatment, it
harbours several side effects and disadvantages: The untamed activity of CDK
inhibitors does not only affect cancerous but also healthy tissue leading to high levels
of cytotoxicity. This leads in most of the cases to neutropenia and leukopenia, a clinical
picture describing low number of white blood cells resulting in a weakened immune
system of the patient and high vulnerability to infections (Hortobagyi et al., 2016;
Spring et al., 2017).

Another regulatory part of the cell cycle that gained increased interest during the last
years of research regarding putative cancer therapies is the ubiquitin proteasome
pathway (UPP). The UPP is a highly conserved pathway, which ubiquitinates
dysfunctional or misfolded proteins and destines them for degradation by the 26S
proteasome to regulate cellular processes (Fhu & Ali, 2021; Li et al., 2022). It has been
shown that cancerous tissue is more sensitive to dysregulation of the proteasome due
to several reasons. Cancer cells show higher levels of proteasome activity to facilitate
their rapid proliferation. Subsequently, these cells often have a perturbed balance
between proliferation and programmed cell-death, and defects in apoptotic pathways
allowing them to survive but make them also more reliant on proteasomal degradation
(Adams, 2003; Arlt et al., 2009; Delic et al., 1998; LeBlanc et al., 2002). This increased
sensitivity of cancer cells to proteasomal activity in comparison to healthy cells raised

the idea to use proteasome inhibition as a therapeutic treatment against cancer.
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1.10.1 The 26S proteasome

The 26S proteasome is a multi-catalytic ATP-dependent protease complex, which is
found in both the cytoplasm and the nucleus (Arrigo et al., 1988; Peters, 1994). It
consists of two distinct sub-complexes, the 20S core particle and the 19S regulatory
particle (Figure 8A). The 20S core forms a barrel-shaped complex consisting of four
stacked protein rings (Groll et al., 1997). The two outer rings contain seven alpha
subunits each, which serve as gateways for protein entry. The two inner rings contain
seven beta subunits each, which contain the proteolytic active sites for protein
degradation activity (Lowe et al., 1995). Thereby, the 20S subunit forms kind of a
central chamber in which targeted proteins are degraded. In contrast, the 19S particle
is responsible for recognition and translocation of the proteins into this narrow
chamber. Therefore, it consists of a base and a lid subcomplex (Glickman et al., 1998).
The base is composed of six ATPase proteins (Rpt1-6) and four non-ATPase subunits
(Rpn1,2,10, and 13). The lid contains non-ATPase proteins (Rpn3, 5-9, 11,12 and 15).
The base acts in recognizing and unfolding of ubiquitinated targets, while the lid mainly
regulates the entry into the 20S chamber (Bedford et al., 2010; Glickman et al., 1998;
Soave et al., 2017; Tomko et al., 2013).

The UPP consists of five major steps (Figure 8B): The first step is ubiquitination of
target proteins, where the small protein ubiquitin is attached to the protein. This is
carried out by several enzymes: The ubiquitin-activating enzyme E1 activates
ubiquitin, which is then transferred to the ubiquitin-conjugating enzyme E2, which
covalently attaches the ubiquitin to the target protein. The transfer is facilitated by the
ubiquitin ligase enzyme E3. Several cycles of ubiquitin activation lead to
polyubiquitinated proteins, that are now in the second step recoginized by the 19S
particle (Chaugule & Walden, 2016; Hanzelmann et al., 2012; Hershko et al., 1998).
The 19S recognises the ubiquitin chains on the protein, assists in its unfolding and
translocates it into the 20S chamber. In the third step, the protein gets degraded by
the proteolytic activity of the beta subunits in the two inner rings of the 20S core
particle. After degradation, in the fourth step, recycling of ubiquitin molecules takes
place. Therefore, the ubiquitin is released from the degraded protein by
deubiquitinating enzymes and can be reused in subsequent ubiquitination of other

proteins. In the last fifth step, the remnants of degraded proteins are released from the
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26S proteasome complex and are further degraded into amino acids by cytosolic
proteases (DeMartino & Gillette, 2007; Kisselev et al., 1999; Soave et al., 2017).
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Figure 8: The ubiquitin proteasome pathway.
A) lllustrative representation of the 26S proteasome in human cells. The proteasome

comprises a 20S core particle with two flanking 19S regulatory particles. The core
particle consists of four rings forming a tube-like structure harbouring the catalytical
sites. The access for target proteins is controlled by the 19S regulatory particle
consisting of a base and lid, which plays a crucial role in substrate recognition,
unfolding and translocation into the core tube. B) The ubiquitin proteasome pathway
consists of enzymatic reactions for degradation of target proteins. First step is the
ATP-dependent activation of ubiquitin (blue dot) by ubiquitin-activating enzyme 1
(UBE1). Second step is conjugation of activated ubiquitin via the ubiquitin-conjugating
enzyme 2 (UBEZ2). Last step is ligation of activated ubiquitin via the ubiquitin ligase 3
(UBE3), which transfers it to the target protein. These ubiquitination steps are repeated
several times, leading to targeting of multiple ubiquitin molecules to the target protein,
resulting in a polyubiquitin chain, which is later on recognized by the 19S regulatory
particle of the 26S proteasome. (Figure adapted from Soave et al., 2017)
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The 26S proteasome pathways plays several critical roles in cell cycle regulation and
progression. On the one hand, it degrades cell cycle regulators as cyclins and cyclin-
dependent kinase inhibitors once their function is no longer required. Furthermore, the
proteasome is involved in cell cycle checkpoints since it's degrading proteins, such as
p53, which are involved in checkpoint signaling (do Patrocinio et al., 2022). After
entering mitosis, the proteasome also plays a role in further progression of cell
division. The APC/C targets proteins such as securin and cyclin B for proteasomal
degradation to ensure progression during mitosis. Furthermore, transcription factors,
e.g. members of the E2F family, which regulate gene expression for DNA replication,
are targets of proteasomal degradation (Hateboer et al., 1996; Seeger et al., 2003). In
summary, the proteasome is coordinating several essential processes for progression
of the cell cycle by controlling protein levels. The 26S proteasome particularly takes a
key role in the transition from metaphase to anaphase. During metaphase,
chromosomes align at the metaphase plate. The SAC monitors if all kinetochores are
correctly attached to the microtubules of the opposite spindle and prevents
progression to anaphase before completion by inhibiting the APC/C (Pines, 2011). If
all kinetochores are properly attached, the SAC becomes inactivated, which allows the
APC/C to ubiquitinate the proteins securin and cyclin B. Ubiquitinated securin and
cyclin B are degraded by the 26S proteasome, which enables anaphase onset.
Degradation of securin leads to activation of separase, which cleaves the cohesion
subunit Scc1 and allows chromatid separation. Degradation of cyclin B leads to
inactivation of CDK1, which promotes mitotic exit. Therefore, degradation of securin
and cyclin B by the 26S proteasome drive the cells from metaphase to anaphase
(Musacchio, 2015; Pines, 2011; Sullivan & Morgan, 2007). The other way around,
inhibition of the 26S proteasome leads to mitotic arrest since sister chromatids do not
separate and CDK1 activity remains high (Clute & Pines, 1999; Genschik et al., 1998;
Glotzer et al., 1991; Mailhes et al., 2002; Zeng et al., 2010).

The first anti-cancer drug based on proteasome inhibition approved for clinical use is
Bortezomib (originally termed MG-341 in year 1995) (Kane et al., 2003; 2007). It is
primarily used in the treatment of multiple myeloma, cancer of plasma cells and mantle
cell lymphoma, a rare form of non-Hodgkin lymphoma. It works by binding reversibly
to the beta subunits of the 20S core, thereby inhibiting its proteolytic activity.
Therefore, cancer cells arrest in G2/M-phase and apoptosis is induced (Chen et al.,

2011). Even though Bortezomib showed promising results as an anticancer agent, it
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also carries severe disadvantages. Similar as CDK inhibition, it also leads to
neutropenia and leukopenia due to off-target effects. Even if proteasome inhibition is
more specific to cancerous cells, it shows cytotoxic effects on healthy tissues, which

highly limits dose and duration of the drug treatment (Mikhael et al., 2009).

1.10.2 Pim kinases as potential therapeutic target

Another therapeutic idea for cancer treatment is the inhibition of Pim kinases. Pim
kinases are a family of serine/threonine kinases involved in cell proliferation, survival
and apoptosis. The family consists of Pim1, Pim2, and Pim3 which share high
structural similarity, however, cancer research mostly focused on Pim1 due to its role
in tumorgenesis (Saurabh et al., 2014). Pim1 is mainly localized in the cytoplasm of
human cells and gets activated by various pathways including the IL7R (JKAT/STAT)
signaling pathway (De Smedt et al., 2020). Upon activation it phosphorylates a wide
range of substrates including transcriptional factors and other kinases. Additionally, it
also phosphorylates the apoptotic regulator Bad, a pro-apoptotic protein, which
subsequently binds and thereby inactivates anti-apoptotic proteins such as Bcl-2,
which normally promote apoptosis (Kumar et al., 2011). Therefore, Pim1
phosphorylation of Bad prevents pro-apoptotic activity and promotes cell survival.
Furthermore, Pim1 also regulates activity of the NF-kB pathway. The NF-kB pathway
regulates the expression of anti-apoptotic genes, which gets enhanced by Pim1,
leading to increased anti-apoptotic activity and suppression of apoptosis (Nihira et al.,
2010).

Pim1 is overexpressed in various types of cancer tissues and supports their survival
by increasing their resistance to apoptosis. High levels of Pim1 have been associated
with rapid tumor formation, growth, metastasis and an extraordinary high resistance
to chemotherapy due to their increased anti-apoptotic activity (Mou et al., 2016; Peltola
et al., 2009; Wang et al., 2017; Zhu et al., 2014). All these attributes have emerged a
role of Pim1 as a potential therapeutic target for cancer treatment. And indeed, usage
of a small molecule inhibitor for Pim1 (AZD1208) has already shown promising results
in preclinical studies, however, further research on cytotoxicity and off-target effects

are needed (Kirschner et al., 2015).
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1.10.3 Photopharmacology — an innovative approach

What almost all anti-cancer drugs have in common is that although they are effective,
their mostly toxic side effects pose a high risk for the patient. These side effects are
mostly due to their untamed reactivity, both spatially and temporally, which still limits
their usage in therapy (Figure 9A). At this point the research field of
photopharmacology steps in. This field involves the development of photosensitive
molecules that can be activated or deactivated by light — so called photocages (Figure
9B) or photoswitches (Figure 9C). The key principle behind this innovative approach
is to gain control over biological molecules to selectively activate or inhibit biological
processes with high spatial and temporal resolution (Fuchter, 2020; Hull et al., 2018).
Photocaging describes a strategy where the active compound of a drug is masked by
protecting group (“cage”), which gets cleaved upon light irradiation and releases
compound activity. Photocaging is a one-way-strategy meaning is the cage cleaved
once, the molecule remains active. In contrast, photoswitching is a reversible strategy.
Photoswitches are molecules that can change its shape and function upon light
irradiation. Thereby, compound activity can be masked by a photoswitch and released
by irradiation with light. Functionality wise, the main difference to photocages is that
this release of compound activity is reversible. Upon irradiation with light of a different
wavelength, the photoswitch can change back to its previous shape and again mask
compound activity. This reversible on/off switching offers great advantages in
biomedical applications where a specific local drug activity is required since it can be

turned off at undesired locations (Hull et al., 2018; Thapalya et al., 2021).
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Figure 9: Illlustration of drug activity controlled by photocages or

photoswichtes.
A) Conventional drug: A conventional drug is constitutively active. B) Photocaged

drug: A drug is rendered into an inactive drug by covalent attachment of a protecting
group (“cage”), which can be removed upon light exposure, thereby releasing the
active compound. C) Photoswitchable drug: A drug whose activity can be reversibly
controlled by light exposure of different wavelengths.

Since this provides big advantages over drugs that lack such specificity,
photopharmacology holds significant promise for biomedical research including the
improvement of already existing drugs as well as developing new therapeutic
strategies. It has already been shown that the idea of controlling cellular processes by
light is not chasing rainbows. Borowiak et al., 2015 introduced photostatins, which are
small light-responsive molecules that interfere with microtubule dynamics. They
achieved the control over mitosis in living organisms within subseconds and single-
cell spatial precision. Furthermore, the enzyme Caspase-3, which induces apoptosis,

was converted into a photoresponsive version allowing intracellular activation and
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thereby spatiotemporal induction of apoptosis in cells (Hentzen et al., 2020). However,
what both described studies have in common is that UV-light (100-400nm) is used for
photoconversion. Since UV-light is harmful to tissue, it is highly desirable to use non-
damaging visible light in biological applications. Therefore, fundamental research in
the development of such photocages and photoswitches is ongoing with high potential

in disease treatment.
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1.11 Aims of my thesis

Cell division is the source of all life on earth and even despite decades of research we
still lack important insights to fully understand this process. In particular cytokinesis,
probably one of the most important steps where the genetic material as well as other
contents gets equivalently divided between cells, is still unclear in many respects. The
core of cytokinesis relies on the precise activation of the small GTPase RhoA within a
narrow equatorial zone at the membrane during anaphase, which subsequently
triggers the formation of a contractile ring to physically divide the cell into two. Given
its critical role, this whole process demands precise regulation, which is mainly on the
GEF Ect2. Unfortunately, even though Ect2 has this immense role for life, its
functioning und regulation is just barely understood.

Therefore, the first aim of my thesis was to fill this lack of knowledge by investigating
the regulation of Ect2 during cytokinesis in human cells.

It is widely assumed that the BRCT domains of Ect2 act together in regulating its GEF
activity on the one hand by keeping it in an autoinhibited state due to their binding to
the catalytic GEF domain but on the other hand also in releasing its GEF activity by
binding to RacGAP1. However, this whole regulation model is based on the
assumption that the BRCT domains act together as a canonical tandem BRCT repeat.
Since Ect2 contains three domains, which is already unusual for a canonical BRCT
tandem repeat, the idea arose that each BRCT domain might act in a different way
and function. For now, only the role of the BRCT1 domain regarding its GEF activity
enhancing interaction with RacGAP1 has been identified. What about BRCTO and
BRCT2? What are the roles of each BRCT domain of Ect2 and how do they singly
contribute to cytokinesis in human cells?

To answer these questions, the approach was to use a previously established genetic
replacement system for Ect2 in HeLa cells, which enables us to either delete entire
domains or to introduce specific mutations. We analysed the dynamics of cell division
via live-cell imaging and the spatial patterning of RhoA via immunofluorescence
staining. Furthermore, biochemical studies were performed to identify self-interaction
of Ect2 as well as interaction with binding and phosphorylation partners. Results of
this aim can be found in section 2 - Chapter |I.

Despite Ect2 activating RhoA in a narrow equatorial zone, the question remains how
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activated RhoA is kept at this location and restricted from diffusing to the more polar
regions of the cell. A previous study of our lab has shown that there is an Aurora A
kinase dependent clearing mechanism of contractile ring components from the poles
in C. elegans.

Therefore, the second aim of my thesis was to investigate a putative role of Aurora A
in restricting cortical patterning of contractile ring components in human cells. Does
such a role for Aurora A kinase exist in human cells? If yes, what are the molecular
mechanisms behind this? Due to its role in mitotic progression, depletion of Aurora A
kinase via RNAI leads to mitotic arrest in human cells. Therefore, the strategy was to
inhibit Aurora A kinase specifically at beginning of cytokinesis using a small molecule
inhibitor. The dynamics of cell division were analysed via live-cell imaging and the
cortical patterning of RhoA via immunofluorescence staining. Biochemical assays as
in vitro kinase assays were used to identify putative phosphorylation targets of Aurora
A kinase to further elucidate the molecular mechanisms. Results of this aim can be
found in section 3 - Chapter II.

The major goal of our research is to understand the molecular mechanisms in our body
and thereby ensure a long and healthy life. To achieve this, the development of
therapies against diseases is a major milestone. One of the most harmful diseases is
cancer, which curation despite decades of research is still highly challenging. Although
there are effective treatments for cancer, the biggest problem lies in their untamed
reactivity and the subsequent side effects. This is where the field of
photopharmacology has made a huge leap forward by achieving the ability to
manipulate molecules with spatiotemporal precision using light as an external stimulus
while minimizing side effects. However, since photopharmacology represents a new
and innovative approach, its research and application are still very limited.

Therefore, the third aim of my thesis was to convert the commercially available
proteasome inhibitor MG-132 into a non-effective agent, which triggers full functionality
upon light irradiation in human HeLa cells. The success of this strategy was analysed
by live-cell imaging and immunofluorescence stainings. This project was fulfilled in
collaboration with the research group of Prof. Dr. Henry Dube und his PhD student Dr.
Edgar Uhl (Ludwig-Maximilians University Munich, Germany). Prof. Dr. Henry Dube
and Dr. Edgar Uhl designed and synthesized a light-responsive version of MG-132
and our group investigated functionality in a biological context. Results of this aim can

be found in section 4 - Chapter lll.
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The conversion of already existing drugs into a photoactivatable version is a very
promising option. Of course, it is just as important to find new targets that are
switchable with light in order to implement them in a potential application for medical
therapy. Pim kinases gained great potential for use in cancer therapy, as their
inhibition induces cell death.

Therefore, the fourth aim of my thesis was to convert PIM-1 kinase inhibitors into light-
controlled biomolecular tools, that are active/inactive after irradiation with light. The
success of this project was analysed by live-cell imaging and immunofluorescence
staining of human HelLa, HCT-116 and RPE-1 cells. This project was fulfilled in
collaboration with the research group of Prof. Dr. Henry Dube und his PhD student Dr.
Laura Koéttner (Friedrich-Alexander-University Erlangen-Nurnberg, Germany). Prof.
Dr. Dube and Dr. Kottner designed and synthesized light-controllable PIM-1 kinase
inhibitors and our group investigated their functionality in a biological context. Results

of this aim can be found in section 5 - Chapter IV.
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2 Chapterl - The BRCT domains of Ect2 have distinct functions

during cytokinesis

Schneid, S.*, Wolff, F.*, Buchner, K., Bertram, N., Baygun, S., Barbosa, P., Mangal,
S., & Zanin, E. (2021). The BRCT domains of ECT2 have distinct functions during
cytokinesis. Cell Reports, 34, 108805.
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SUMMARY

During cell division, the guanine nucleotide exchange factor (GEF) ECT2 activates RhoA in a narrow zone at
the cell equator in anaphase. ECT2 consists of three BRCT domains (BRCTO, 1, and 2), a catalytic GEF, and a
pleckstrin homology (PH) domain. How the conserved BRCT domains spatially and temporally control ECT2
activity remains unclear. We reveal that each BRCT domain makes distinct contributions to the ECT2 func-
tion. We find that BRCTO contributes to, and BRCT1 is essential for, ECT2 activation in anaphase. BRCT2 in-
tegrates two functions: GEF inhibition and RACGAP1 binding, which together limit ECT2 activity to a narrow
zone at the cell equator. BRCT2-dependent control of active RhoA zone dimension functions in addition to
the inhibitory signal of the astral microtubules. Our analysis provides detailed mechanistic insights into
how ECT2 activity is regulated and how that regulation ensures, together with other signaling pathways, suc-

cessful cell division.

INTRODUCTION

During cell division in animal cells, a contractile ring assembles
and constricts between the segregating chromosome masses
to form the two daughter cells. Contractile ring formation has to
be precisely controlled in time and space to ensure that it assem-
bles only after anaphase onset and only at the cell equator
(D’Avino et al., 2015; Mishima, 2016). Failure in the contractile
ring assembly or constriction results in tetraploid cells, which
can cause developmental defects and malignant transformations
(Lens and Medema, 2019). Ring assembly is induced by the
GTPase RhoA, which is activated by the guanine nucleotide ex-
change factor (GEF) epithelial cell transforming 2 (ECT2) during
anaphase (Basant and Glotzer, 2018). Once assembled, the con-
tractile ring constricts and pulls behind the plasma membrane of
the mother cell, and as a last step, the ESCRT complex abscises
the daughter cells from each other (Mierzwa and Gerlich, 2014;
Pollard and O’Shaughnessy, 2019).

Formation of the contractile ring is temporally and spatially
controlled by multiple signals. During metaphase, the contractile
ring assembly is blocked by high CDK1 activity (Holder et al.,
2019). With the decline in CDK1 activity during anaphase, the
cortical contractility increases and is spatially patterned by two
signals from the mitotic spindle. A stimulatory signal at the cell
equator promotes local RhoA activation, and an inhibitory signal
at the cell poles prevents contractility. The stimulatory and inhib-
itory signals together ensure that RhoA is active in a narrow re-
gion at the cell equator. The inhibitory signal depends on
the dynamic astral microtubules (von Dassow, 2009). Activation

of Aurora A kinase on astral microtubules promotes clearing of
the contractile ring components from the cell poles in Caeno-
rhabditis elegans (Mangal et al., 2018). The stimulatory signal
originates from the spindle midzone, which consists of antipar-
allel microtubules forming between the segregating chromo-
somes. A key component of the stimulatory signal is the GEF
ECT2, which activates RhoA at the equatorial membrane.

ECT2 is essential for RhoA activation and furrow formation in
animal cells (Dechant and Glotzer, 2003; Prokopenko et al.,
1999; Tatsumoto et al., 1999; Ylce et al., 2005). In vertebrate
cells, ECT2 is enriched at the spindle midzone and equatorial
plasma membrane during anaphase (Chalamalasetty et al.,
2006; Su et al., 2011; Zhao and Fang, 2005). ECT2 consists of
three N-terminal BRCT (BRCA1 C-terminal) domains (BRCTO,
BRCT1, and BRCT2), a central GEF, and two membrane-binding
domains: a pleckstrin homology (PH) domain and a poly-basic
sequence (PBS). With the PH domain, ECT2 also binds the con-
tractile ring component anillin (Frenette et al., 2012). Overexpres-
sion of ECT2 mutant proteins in cells and interaction
studies suggest that the BRCT domains bind the GEF domain
and thereby inhibit GEF activity (Bement et al., 2015; Chan and
Nance, 2013; Chen et al., 2020; Hara et al., 2006; Kim et al.,
2005; Saito et al., 2004; Su et al., 2014). ECT2 autoinhibition is
released by the binding of the BRCT domains to RACGAP1
(also named Cyk4 or MgcRacGAP) (Burkard et al., 2007; Somers
and Saint, 2003; Wolfe et al., 2009; Yuce et al., 2005). RACGAP1
and its binding partner, the kinesin MKLP1, form the centralspin-
dlin complex (Mishima et al., 2002), which targets ECT2 to the
spindle midzone and the equatorial membrane (Su et al., 2011;
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Yuce et al., 2005; Zhao and Fang, 2005). In addition, ECT2 binds
RACGAP1 via the GEF-PH domains, which was speculated to
stimulate GEF activity (Zhang and Glotzer, 2015). During
anaphase, RACGAP1 is phosphorylated by Polo-like kinase 1
(PIk1) at the spindle midzone, which generates a binding site for
the BRCT domains of ECT2 (Burkard et al., 2009; Wolfe et al.,
2009; Yuce et al., 2005). Initially, it was suggested that the
BRCT1 and BRCT2 domains represent a canonical tandem
BRCT repeat, and binding assays showed that RACGAP1 bind-
ing to ECT2 depends on T153 and K195 in the BRCT1 domain
(Wolfe et al., 2009; Zou et al., 2014). Surprisingly, when T153
and K195 were mutated, RhoA activation was normal and cytoki-
nesis was successful (Kotynkova et al., 2016). A recent study
contradicts that report by showing that T153 and K195 are not
required for RACGAP1 binding and identifies a different RAC-
GAP1 interaction surface on BRCT1 (Gomez-Cavazos et al.,
2020). The third BRCT domain, named BRCTO, was identified
by bioinformatics, and its presence was confirmed by structural
studies (Sheng et al., 2011; Zou et al., 2014). The structural anal-
ysis revealed that the linkers between the three BRCT domains
are shorter than in canonical tandem BRCT repeats, resulting in
a perpendicular orientation of BRCT1 relative to BRCT2, in
contrast to the parallel orientation typically found in canonical
tandem BRCT repeats (Zou et al., 2014). Therefore, the three
BRCT domains of ECT2 display a novel BRCT domain configura-
tion. If BRCT1 is the main RACGAP1 interaction site, the question
remains: what are the functions of BRCTO and BRCT2 in ECT2
activation during cytokinesis? Further, how autoinhibition by
the BRCT domains spatially and temporally controls ECT2 activ-
ity and contributes to RhoA zone formation and ring ingression
has, to our knowledge, not been addressed. Here, we employed
a genetic replacement system in HelLa cells to elucidate the indi-
vidual and combined functions of the BRCT domains in ECT2
activation and autoinhibition during cell division.

RESULTS

The BRCT domains inhibit GEF activity and are required
for cytokinesis

To investigate the functions of the BRCT domains of ECT2 during
cytokinesis, we determined whether removal of all three BRCT do-
mains increases ECT2 activity during mitosis. Previous GEF as-
says, ECT2 interaction studies, and structural data suggest that
the BRCT domains bind the GEF domain and thereby inhibit GEF
activity (Chen et al., 2020; Kim et al., 2005; Saito et al., 2004; Zou
etal., 2014). Autoinhibition by the BRCT domains is also supported
by artificial membrane targeting of the GEF domain and transient
overexpression of a C-terminal fragment (Bement et al., 2015;
Chan and Nance, 2013; Kim et al., 2005; Kotynkova et al., 2016;
Matthews et al., 2012; Saito et al., 2004; Su et al., 2011, 2014). In
addition, overexpression of a C-terminal ECT2 fragment does not
support cytokinesis if the endogenous ECT2 is depleted (Matthews
et al., 2012). In all these experiments, mutant forms of ECT2 were
either overexpressed, which might sequester ECT2 interaction
partners, or an artificial membrane tether was used, which could
cause synergistic effects with the deletion of the BRCT domains.
To analyze the function of the BRCT domains during cytokinesis,
we established a genetic replacement system for ECT2. We stably
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integrated a NeonGreen-tagged (NG-tagged) ECT2 wild-type
(ECT2"T) transgene into HeLa cells. After ECT2 RNAI, endogenous
ECT2 was undetectable even after long exposure of the immuno-
blot (Figures 1A and 1B), and ECT2"'" showed similar expression
levels to endogenous ECT2 (Figure S1A). To determine whether
the BRCT domains inhibit GEF activity, we deleted all
three BRCT domains (ECT2B%2: Figure 1A). We confirmed that
ECT228%2 was expressed similarly to endogenous ECT2 and
ECT2"T (Figures S1A and S1B). ECT2 depletion in the host cell
line resulted in high percentages of bi- and multinucleated cells
and expression of ECT2WT, but not ECT228%-2 rescued the pheno-
type (Figures 1C and 1D). This demonstrates that the three BRCT
domains are essential for cytokinesis.

During cytokinesis, small membrane blebs form at the cell
poles in anaphase (Hickson et al., 2006; Sedzinski et al., 2011;
Tokumitsu and Maramorosch, 1967; Figure 1E). Increased
RhoA activity results in the formation of large blebs, which are
typically much larger than the normally occurring anaphase
blebs (Zanin et al., 2013). Therefore, large bleb formation repre-
sents a good readout for increased ECT2 activity. To analyze
whether deletion of the BRCT domains results in increased
GEF activity, we acquired bright-field transmission videos during
mitosis. A high percentage of ECT228%2 cells formed large blebs
(>6 um) in comparison to the control and ECT2"T cells (Figures
1E and 1F). We also counted the number of large blebs per cell
and observed that the percentage of cells with more than five
large blebs was greater during anaphase than it was during
metaphase. If large blebs form in ECT22B%2 cells because of
increased RhoA activation, the addition of the RhoA inhibitor
C3 exoenzyme should suppress large bleb formation. Indeed,
the addition of C3 exoenzyme to ECT228%2 cells reduced large
bleb formation (Figures 1G and 1H), indicating that the deletion of
the three BRCT domains results in increased RhoA activation.

In accordance with prior transient overexpression studies (Be-
ment et al., 2015; Chan and Nance, 2013; Matthews et al., 2012;
Saito et al., 2004; Su et al., 2014), we find that expression of
ECT2 without the three BRCT domains causes the formation of
large blebs during mitosis, indicating that ECT2 activity is
increased. Further, our data demonstrate that expression of
ECT2 lacking the three BRCT domains at native levels is insuffi-
cient to support cytokinesis.

Each BRCT domain contributes to midzone targeting
and interacts with RACGAP1

Because we found that the three BRCT domains together are
required for cytokinesis and to inhibit GEF activity, we dissected
their individual functions during cytokinesis. We generated cell
lines with transgenes in which the BRCTO (ECT2*E%), BRCT1
(ECT22B"), or BRCT2 (ECT2%B%) domain was deleted (Fig-
ure S1C). We also included the T153A, K195M (ECT2™) (Kotyn-
kova et al., 2016), and W307 (ECT2V3°74) mutations. The W307
residue in the BRCT2 domains is in direct contact with the GEF
domain, and its mutation to alanine, similar to the removal of
all BRCT domains, increased GEF activity in vitro (Chen et al.,
2020). Expression levels of all ECT2 mutant proteins were similar
to that of endogenous ECT2 and ECT2"VT after ECT2 RNAI (Fig-
ures STA-S1H). We performed time-lapse imaging to determine
the localization of the ECT2 mutants. As published, ECT2VT is
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Figure 1. The BRCT domains inhibit ECT2 GEF activity and are required during cytokinesis
(A) Schematic representation of human NG-tagged ECT2"T and ECT2*8%2 proteins.
(B) Immunoblot of control (without transgene) and NG-tagged ECT2"" cells for the indicated RNAi conditions probed with anti-ECT2 and anti-z.-tubulin antibody.

The two blots on top are the same with short and long exposure times.

(C) Fluorescent images of control, ECT2"", and ECT2*8%2 cells for the indicated RNAI treatments stained for DNA (white) and a-tubulin (red).
(D) Mean percentages of mono-, bi-, and multinucleated cells are displayed for the indicated conditions.

(E) Merged live-cell transmission and DNA (red) images of control, ECT2"'",
highlighted by black arrows and large blebs by yellow arrowheads.

and ECT2%8%2 cell lines for the indicated RNAi conditions. Normal blebs are

(F) Mean percentages of cells with 1-2, 3-4, and >5 large blebs are plotted. p Values were determined by Kruskal-Wallis test for control and ECT2"" and by the

Student’s t test for ECT2"T and ECT25%2,

(G) Merged transmission and DNA (red) images of ECT2%B%2 cells treated with and without the Rho inhibitor C3 exoenzyme.
(H) Mean percentages of cells with large blebs are displayed. p Values were determined by Tukey’s test.
For all >2independent experiments, n = number of cells, and error bars denote SD. For all figures: p values are represented by n.s., p > 0.05; *p < 0.05; **p <0.01;

=*p < 0.001.

cytoplasmic during metaphase and is enriched at the spindle
midzone and the equatorial plasma membrane during anaphase
(Figures 2A and 2B; Chalamalasetty et al., 2006; Su et al., 2011;
Zhao and Fang, 2005). To quantitatively compare the localization
of the different ECT2 variants, we measured their fluorescence
intensities (Figure 2C). ECT2"T was ~2-fold enriched at the
cell equator in comparison to the cell poles (Figures 2D-2F; Ko-
tynkova et al., 2016). All ECT2 mutant proteins were still enriched
at the membrane, consistent with the fact that the two mem-
brane-binding motifs are still present (Su et al., 2011). However,
deletion of single BRCT domains resulted in a decrease at the

equatorial, and an increase at the polar, membranes (Figures
2D-2F). This change in localization was similar to the previously
reported ECT2™ mutation (Kotynkova et al., 2016). When
comparing the spindle midzone localization, we observed that
all BRCT deletion mutants were strongly reduced on the midzone
in comparison to ECT2"T. The midzone signals of the ECT2480-2
and ECT2%B" were completely absent (Figure 2E), possibly
because binding to RACGAP1 was lost. Interestingly, midzone
localization of ECT2252 and ECT2B° was stron<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>