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Summary

The faithful genome duplication and segregation of the entire genome to progeny cells are the
most fundamental elements of the continuity of life. Aberrant events promote genomic
instability, a characteristic of cancer development. One well-studied example for regulating key
mitotic events is a set of proteins called the chromosomal passenger complex (CPC), which
includes the Aurora B kinase, Survivin, Borealin and INCENP. All CPC members are
overexpressed in a multitude of cancers. They regulate key mitotic events, including correction
of chromosome-microtubule attachment errors, activation of the spindle assembly checkpoint
and construction and regulation of the contractile apparatus that drives cytokinesis. Besides its
nuclear function during mitosis, a cytoplasmic fraction of Survivin, without CPC association,
exhibits anti-apoptotic functions as a member of the inhibitor of apoptosis protein (IAP) family. In
addition, recent studies have also shown an involvement of the CPC in the DNA damage
response after irradiation. Overexpression of at least one CPC member is associated with high
rates of tumor recurrence, abbreviated patient survival and resistance to chemo- and
radiotherapy. Besides its function as a molecular marker for malignancies, this designates the
CPC as a potential target for cancer therapy. In contrast to the localization and according
functions of the CPC during mitosis, its function during interphase is still unknown. It is
important to understand the underlying mechanism to improve cancer therapies. Thus, the
present project aims to dissect the functional role of the CPC during interphase, especially
during replication and after damage response.

Survivin was already expressed in early S phase and formed nuclear foci. Some of these foci
were in close proximity or co-localized with PCNA, especially during late S phase. Similarly,
Aurora B also accumulated in nuclear foci during S phase, co-localizing with PCNA. In order to
track the formation of CPC foci, time-lapse studies were performed but need to be improved to
obtain further evidence regarding the spatial and temporal regulation of CPC foci formation
throughout the cell cycle. Since the CPC co-localized with PCNA especially during late S phase,
when the constitutive heterochromatin is replicated, the localization referring to heterochromatin
protein 1la (HP1la) was investigated in more detail. Both overexpressed and endogenous CPC
proteins co-localized with heterochromatin in interphase cells. The CPC co-localized at
replication sites defined by PCNA not only with HP1a, but also to centromeric chromatin defined
by a staining with a specific centromere antiserum (CREST).

In order to address the question if the CPC is bound to the replisome via PCNA or to
heterochromatin, an iPOND assay was performed. While Survivin seems to be bound to the
newly synthesized DNA strand in the vicinity of the replisome, it is still unknown whether this link
is provided through an interaction with chromatin or with replication proteins, respectively. PLA
analysis demonstrated a close proximity of all CPC members to PCNA, indicative for an
interaction. Indeed, also in co-IP experiments Aurora B-HA, Borealin-HA and myc-INCENP were
detected in immunoprecipitates of PCNA. A conserved PCNA-interacting protein (PIP)-box motif
was found in the human protein INCENP and comfirmed in PLA and co-IP experiments either
by blocking the interaction via inhibitor treatment or by mutation of the PIP box. A disruption of
the interaction by mutating the respective binding site did not result in localization changes of
INCENP, thus indicating that the PIP box motif in INCENP is necessary for interaction with
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PCNA but does not play a role in foci formation. Since the CPC proteins co-localized to the
heterochromatin marker HPla, co-IPs were conducted and revealed a potential binding of
HPla and Borealin, but still need to be confirmed by further studies.

To evaluate whether the CPC could be functionally implicated in processes during replication,
flow cytometry was performed and has demonstrated that cells in G,/M phase increased
dramatically while the amount of S and G; phase cells decreased upon depletion of Survivin.
However, in this case the mitotic and a potential replicative dysfunction can not be
unambiguously distinguished from one another. Further functional analysis of replication fork
velocities via fiber assay analysis revealed a reduced replication fork speed in Survivin-depleted
cells but not after Aurora B inhibition.

Since Survivin depletion decelerated the replication fork, thus causing replication stress, the
guestion arises whether induced replication stress reversely affects the CPC. After induction of
replication stress by different chemicals and irradiation, all CPC proteins showed similar
expression levels in all samples of whole cell lysates, indicating that the total protein quantity
remains the same. Aurora B and Survivin were slightly increased only in the cytoplasmic
fraction after CPT and APH treatment as well as after irradiation, which still needs to be
elucidated in more detail. Both soluble nuclear and chromatin bound fractions showed similar
levels independently of the type of treatment in contrast to previous results after irradiation.
Likewise, quantitative analysis of immunostaining revealed only slight or no alterations in
nuclear protein expression of Survivin and Aurora B after induction of replication stress. In
addition to replication fork stalling, replication stress can also lead to fork collapse. In this case,
replication stress leads to functional uncoupling of the helicase complex from the replicative
polymerase resulting in dissociation of elongating factors from the replication fork. While PCNA
dissociated from forks, CPC proteins still showed an accumulation after fork collapse. This
leads to the assumption that even if the CPC can bind to PCNA, this interaction seems not to be
sufficient for targeting the CPC to replication sites. Furthermore, recent studies have shown that
in cases of replication stress without checkpoint activation, DNA synthesis takes place even
during mitosis. However, INCENP was not detected on newly synthesized DNA in mitotic cells,
indicating that CPC members conduct their mitotic function without a relocation to replication
sites.

Taken together, these results indicate a novel role of the CPC in DNA replication or replication-
associated processes as well as after damage response. The CPC accumulates in nuclear foci,
especially during late S phase, and these proteins interact via a PIP box motif in INCENP with
PCNA. In addition, these foci are also located at heterochromatin, more precisely at
centromeres. Furthermore, Survivin-depletion affected replication fork velocities thus causing
replication stress. Overall, these results emphasize the concept of the multifunctional nature of
the CPC. This kind of multitasking accomplished by a single protein complex could be on the
one hand much more economical for a cell than producing many different proteins or protein
complexes to regulate different tasks during the cell cycle. On the other hand, this vast array of
tasks in maintaining genomic stability also support the CPC’s importance for cancer therapy as
treatment against one single protein complex can multiply its effect by targeting a multitude of
cellular processes.
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Zusammenfassung

Die gewissenhafte Genomverdoppelung und -verteilung des gesamten Genoms auf die
nachkommenden Zellen stellen die grundlegendsten Elemente fiir den Fortbestand des Lebens
dar. Das Auftreten von Fehlern in diesen Prozessen fordert die genomische Instabilitat und
damit auch die Krebsentwicklung. Ein gut untersuchtes Beispiel fiur die Regulation wichtiger
mitotischer Ereignisse ist der so genannte chromosomal passagenger complex (CPC), welcher
die Proteine Aurora B Kinase, Survivin, Borealin und INCENP beinhaltet. Alle CPC-Mitglieder
sind in einer Vielzahl von Krebsarten Uberexprimiert. Sie regulieren wichtige mitotische
Ereignisse, einschlie3lich der Korrektur von Anheftungsfehlern der Mikrotubuli an die
Chromosomen, der Aktivierung des Kontrollpunkts der Spindelanordnung und der Bildung und
Regulierung des kontraktilen Apparates, welcher schlie3lich die Zytokinese vorantreibt. Neben
seiner nukledren Funktion wahrend der Mitose existiert eine zytoplasmatische Fraktion von
Survivin, welche ohne CPC-Assoziation als Mitglied der Inhibitoren der Apoptose Protein (IAP,
inhibitor of apoptosis)-Familie anti-apoptotische Funktionen wahrnimmt. Dartber hinaus
konnten neuere Studien auch eine Beteiligung des CPCs an der DNA-Schadensantwort nach
Bestrahlung nachweisen. Die Uberexpression mindestens eines CPC-Mitglieds in Krebszellen
ist mit hohen Tumorrezidiven, verkurztem Uberleben des Patienten und einer Resistenz
gegenliber Chemo- und Strahlentherapie verbunden. Damit stellt der CPC, neben seiner
Funktion als molekularer Marker fur maligne Erkrankungen, auch ein potentielles Ziel fur die
Krebstherapie dar. Im Gegensatz zur Lokalisation und den entsprechenden Funktionen des
CPC wahrend der Mitose ist die Funktion des CPC wéahrend der Interphase noch unbekannt.
Um Krebstherapien zu verbessern, ist es wichtig, die zugrunde liegenden Mechanismen zu
verstehen. Ziel der vorliegenden Arbeit war daher, die funktionelle Rolle des CPC wéahrend der
Interphase, insbesondere wahrend der Replikation und nach der DNA-Schadensantwort,
aufzuklaren.

Survivin wird bereits in der frlhen S-Phase exprimiert und bildet nukledre Foci. Einige dieser
Foci befinden sich in unmittelbarer N&he von oder co-lokalisierten mit PCNA, insbesondere
wahrend der spaten S-Phase. In ahnlicher Weise akkumuliert Aurora B wahrend der S-Phase in
nukledren Foci, ebenfalls gemeinsam mit PCNA. Um die Bildung der CPC-Foci wahrend des
gesamten Zellzyklus zu verfolgen, wurden Studien im zeitlichen Verlauf durchgefiihrt, die
jedoch weiter verfeinert werden mussen, um deren réaumliche und zeitliche Entwicklung
zweifelsfrei darlegen zu kénnen. Da der CPC vor allem wéahrend der spaten S-Phase mit PCNA
co-lokalisiert, also zum Zeitpunkt der Replikation des konstitutiven Heterochromatins, wurde die
Lokalisation anhand des Heterochromatin-Proteins 1o (HPla) genauer untersucht. Sowohl
Uberexprimierte als auch endogene CPC-Proteine co-lokalisieren mit Heterochromatin in
Interphase-Zellen. Der CPC co-lokalisiert an Replikationsstellen, die durch PCNA definiert
wurden, nicht nur mit HP1lo sondern auch mit centromerischem Chromatin, das durch eine
Féarbung mit einem spezifischen Centromer-Antiserum (CREST) definiert wurde.

Mithilfe der Durchfiihrung eines iPOND-Assays sollte der Frage nachgegangen werden, ob der
CPC Uber PCNA an das Replisom oder an das Heterochromatin gebunden ist. Wahrend
Survivin vermutlich an den neu synthetisierten DNA-Strang in der Nahe des Replisoms bindet,
wurde noch nicht geklart, ob diese Verbindung durch eine Interaktion mit dem Chromatin oder
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mit Replikationsproteinen erfolgt. Die PLA-Analyse zeigte eine unmittelbare Nahe aller CPC-
Mitglieder zu PCNA, was auf eine Interaktion hindeutet. Tatsachlich wurden auch in Co-IP-
Experimenten Aurora B-HA, Borealin-HA und myc-INCENP in Immunoprazipitaten von PCNA
nachgewiesen. Ein konserviertes PIP (PCNA-interacting protein)-Box-Motiv wurde im humanen
Protein INCENP gefunden und in PLA- und Co-IP-Experimenten entweder durch Blockierung
der Interaktion durch Inhibitor-Behandlung oder mittels Mutation der PIP-Box bestatigt.

Eine Verhinderung der Interaktion durch Mutation der Interaktionsstelle fiihrte allerdings nicht zu
Lokalisationsdnderungen von INCENP, was darauf hindeutet, dass das PIP-Box-Motiv in
INCENP fur die Interaktion mit PCNA zwar notwendig ist, aber keine Rolle bei der Foci-Bildung
spielt. Aufgrund der Tatsache, dass die CPC-Proteine zusammen mit dem
Heterochromatinmarker HP1a lokalisieren, wurden co-IPs durchgefihrt und diese zeigten eine
potentielle Bindung von HP1a und Borealin, die aber noch weiter bestétigt werden muss.

Um zu klaren, ob der CPC eine funktionelle Rolle in Replikationsprozessen spielt, wurden
durchflusszytometrische Analysen durchgefiihrt. Hier zeigte sich, dass die Anzahl von Zellen in
der G,/M-Phase dramatisch anstieg, wéhrend die Menge an S- und G;-Phasenzellen nach
Survivin-Depletion abnahm. In diesem Fall kbnnen die mitotische und eine potentielle replikative
Dysfunktion jedoch nicht eindeutig voneinander unterschieden werden. Weitere funktionelle
Analysen mittels Fiber Assays zeigten eine reduzierte Geschwindigkeit der Replikationsgabel in
Survivin-depletierten Zellen, jedoch nicht nach Aurora B Kinase Inhibition.

Da die Survivin-Depletion die Replikationsgabel verlangsamte und somit Replikations-Stress
verursachte, stellte sich die Frage, ob induzierter Replikations-Stress umgekehrt auch den CPC
beeinflusst. Nach Induktion von Replikations-Stress durch verschiedene Chemikalien und
Bestrahlung zeigten alle CPC-Proteine ahnliche Expressionsniveaus in allen Proben von Zell-
Lysaten, was darauf hindeutet, dass die Gesamtproteinmenge konstant bleibt. Aurora B und
Survivin waren nur in der zytoplasmatischen Fraktion nach Camptothecin- und Aphidicolin-
Behandlung sowie nach Bestrahlung leicht erhdht, was allerdings noch genauer untersucht
werden muss. Sowohl I8sliche nukledre als auch Chromatin-gebundene Fraktionen zeigten
unabhangig von der Art der Behandlung ahnliche Werte, im Gegensatz zu friheren
Ergebnissen nach Bestrahlung. In &hnlicher Weise zeigte eine quantitative Analyse der
Immunfarbung nur geringe oder keine Veradnderungen in der nukleéren Proteinexpression von
Survivin und Aurora B nach Induktion von Replikationsstress. Zusatzlich zum Pausieren der
Replikationsgabel kann Replikations-Stress auch zum Zusammenbruch der Replikationsgabel
fuhren. In diesem Fall fuhrt der Stress zu einer funktionellen Abkopplung des Helikase-
Komplexes von der replikativen Polymerase, was zur Dissoziation der Elongationsfaktoren von
der Replikationsgabel fiihrt. Wahrend PCNA von den Gabeln dissoziierte, zeigten die CPC-
Proteine immer noch eine Akkumulation nach dem Zusammenbruch der Replikationsgabel.
Dies fuhrt zu der Annahme, dass, selbst wenn der CPC an PCNA binden kann, diese
Interaktion nicht ausreicht, um den CPC fest an Replikationsstellen zu adressieren. Daruber
hinaus haben neuere Studien gezeigt, dass in Fallen von Replikations-Stress ohne Aktivierung
des Kontrollpunktes die DNA-Synthese sogar noch wahrend der Mitose stattfinden kann.
Jedoch wurde INCENP nicht an neu synthetisierter DNA in mitotischen Zellen nachgewiesen,
was darauf hindeutet, dass CPC-Mitglieder ihre mitotische Funktion ohne eine Verlagerung zu
Replikationsstellen ausfuhren.

XV



Zusammengefasst zeigen diese Ergebnisse eine neue Rolle des CPC bei der DNA-Replikation
oder Replikations-assoziierten Prozessen sowie nach einer Schadensantwort. Der CPC
akkumuliert in nukledren Foci, insbesondere wahrend der spaten S-Phase, und diese Proteine
interagieren Uber ein PIP-Box Motiv in INCENP mit PCNA. AuRerdem befinden sich diese Foci
in heterochromatischen Bereichen, genauer gesagt an Zentromeren. Darlber hinaus
beeinflusste die Survivin-Depletion die Geschwindigkeit der Replikationsgabel und verursachte
auf diese Weise Replikations-Stress. Insgesamt unterstreichen diese Ergebnisse das Konzept
des multifunktionalen Charakters des CPC. Dias gleichzeitige Erfullen mehrerer Aufgaben
wahrend des Zellzyklus durch nur einen einzigen Proteinkomplex kdnnte einerseits fur die Zelle
viel wirtschaftlicher sein als die Herstellung vieler verschiedener Proteine oder
Proteinkomplexe. Auf der anderen Seite unterstreichen diese vielféaltigen Aufgaben bei der
Aufrechterhaltung der genomischen Stabilitat auch die Bedeutung des CPCs fur die
Krebstherapie, da die Behandlung gegen einen einzigen Proteinkomplex den
Behandlungseffekt multiplizieren kann, indem eine Vielzahl zellularer Prozesse beeinflusst wird.
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1 Introduction

1.1 Cancer

Cancer is a major public health problem around the world. According to WHO (World Health
Organization) and the latest global cancer statistics (2015), there were 14.1 million new cancer
cases in 2012 worldwide and the corresponding estimates for total cancer deaths were 8.2
million. Globally, nearly 1 in 6 deaths is due to cancer. According to the latest Worldwide
Cancer Statistics from Cancer Research UK, the top 5 most common cancer sites are lung,
breast, colorectum, prostate and stomach, with more than 6.9 million new cases reported in
2012 (Fehler! Verweisquelle konnte nicht gefunden werden. A). Correspondingly, the top 5
most common cancer deaths are lung, liver, stomach, colorectum and breast, accounting for
more than half of total cancer death (Figure 1 B; Ferlay et al., 2015).

A Most Common Cancers Worldwide
[Cases per year] Total: .1 million
° 1825K © Lung
® 1671K €) Breast
1361K €) Bowel (inc. anus)

112K ) Prostate

952K Stomach
182K Liver

928K
456 K

B Most Common Causes of Cancer Death
[Deaths per year] Total: 8.2 million
1590 K € Lung
5 146 K €) Liver
s 123 K—€) Stomach
694K L) Bowel (inc. anus)
522K Breast
400K Oesophagus
330K Pancreas

307K Prostate

Figure 1: 10 most common cancers and causes of cancer death.

A) Estimated global numbers of new cases (incidence) worldwide. B) Estimated numbers of cancer death
(mortality) worldwide. Adapted from "NJU-China", 2018.

In the GLOBOCAN 2008 report, the International Agency for Research on Cancer (IARC) and
the WHO predict that according to the forecasted country-specific changes in population growth
and aging future cancer incidence will increase by 69 % (2008: 12.7 million; 2030: 21.4 million
new cases) and mortality burden by 72 % (2008: 7.6 million, 2030: 13.2 million deaths from
cancer) until 2030. The probability to develop cancer rises with increasing age. Today, every
second man and 43 % of all women have to expect to develop cancer in the course of their life.
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1.1.1 Carcinogenesis

Cancer is a multi-step process in which cells undergo metabolic and behavioral changes,
leading to excessive proliferation to escape the surveillance by the immune system and
ultimately to distant tissues invasion (metastasis). The initial step of carcinogenesis is a
modification in the genomic DNA. Most common in tumor cells are point mutations, gene
amplifications, deletions or chromosomal translocations (Croce, 2008). The majority of genetic
changes can be divided into two categories: gain-of-function mutations in proto-oncogenes,
which stimulate cell growth, division, and survival, and loss-of-function mutations in tumor
suppressor genes that normally help prevent unrestrained cellular growth and promote DNA
repair and cell cycle checkpoint activation (Lee & Muller, 2010). Further changes during
carcinogenesis base on the accumulation of modifications in the genetic programs that for
example control cell proliferation and lifespan, relationships with neighboring cells and capacity
to escape the immune system. This process results at the end in the formation of a mass of
deregulated cells. These acquired capabilities of cancer cells were described by Hanahan and
Weinberg in 2000 as hallmarks of cancer (Figure 2). They include sustaining proliferative
signaling, evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and metastasis (Hanahan and Weinberg, 2000).
In 2011 they expanded their hallmarks to include the emerging hallmarks: deregulating cellular
energetics and avoiding immune destruction as well as the enabling characteristics: genome
instability and mutation and tumor-promoting inflammation (Figure 2) (Hanahan and Weinberg,
2011).

Sustaining Evading
proliferative growth
signaling suppressors

Resisting O SR 2 Enabling
cell P> | WSR2 )s replicative
death @ \hc ) immortality
-G N~
22,
Genome “@/7 Tumor-
instability & &y ~ promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 2: Hallmarks of cancer.

The illustration displays the acquired properties of cancer cells also known as hallmarks of cancer
according to Hanahan & Weinberg (2000), as well as enabling characteristics and emerging hallmarks of
cancer cells that were added a decade later (Hanahan and Weinberg, 2011).

1.1.2 Cancer treatment

In principle, cancer can develop in every tissue or organ and currently more than 200 cancer
types are described (Todd et al., 2018). Although 30-50 % of all human cancer cases are
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preventable according to estimations of the WHO by reducing exposure to cancer risk factors,
8.8 million people worldwide died from cancer in 2015. This shows that obviously no universal
remedy was developed so far. The main therapies are surgery, chemotherapy and radiotherapy,
but also hormone therapy, targeted cancer drugs and immunotherapy are often used. In
addition, combinational approaches are very common.

More than 80 % of all cancer cases will need surgery, some several times (Sullivan et al.,
2015), where surgery can be diagnostic, preventive, curative, supportive, palliative and
reconstructive. For example, surgical biopsies can confirm the diagnosis, preventive surgery is
performed to remove tissue that is likely to become cancerous, surgical resection is crucial for
palliative care, such as mastectomy for advanced breast cancers to improve the quality of life
and reconstructive surgery is used to improve cosmetics for example after mastectomy (Sullivan
et al., 2015).

Chemotherapy is a drug treatment involving chemicals that are cytotoxic. So far, there are
several different classes of anticancer drugs available based on their mechanisms of action.
They include the following: a) alkylating agents which damage DNA,; b) anti-metabolites that
replace the normal building blocks of RNA and DNA; c) antibiotics that interfere with the
enzymes involved in DNA replication; d) topoisomerase inhibitors that inhibit either
topoisomerase | or Il, which are the enzymes involved in unwinding DNA during replication and
transcription; e) mitotic inhibitors that inhibit mitosis and cell division; and f) corticosteroids,
which are used for the treatment of cancer and to relieve the side effects from other drugs
(Huang et al., 2017). However, chemotherapy works like a two-sided sword, on the one hand
annihilating cancerous cells and on the other hand destroying healthy fast-dividing cells like
bone-marrow cells, immune cells, hair follicle cells as well as cells from the digestive tract and
the reproductive system, leading to a high number of adverse side effects.

Radiotherapy is used in at least two-thirds of cancer treatment regimes in Western countries
(Chen and Kuo, 2017). During the last two decades the overall survival rates of cancer patients
treated with radiation therapy have improved from about 30 % to about 80 % for some
malignancies such as head and neck cancers (Baumann et al., 2016; Le et al., 2015).
Radiotherapy destroys cancer by depositing high-energy radiation on the cancer tissue.
Radiation can either indirectly or directly damage the genome of the cell. Indirect effects are
caused by free radicals, which are derived from the ionization or excitation of the water
component of the cells. Radiation acts also directly on the cellular components and induces
single strand breaks (SSB) or double strand breaks (DSB), representing the most lethal type of
DNA damage, leading to cell death if unrepaired (reviewed in Baskar, Dai, Wenlong, Yeo, &
Yeoh, 2014).

Despite advances in cancer treatment, overall survival of cancer patients remains limited and
relapses occur frequently, indicating that there are cancer cells that become therapy-resistant
(Oei et al.,, 2017). Therefore, it is necessary to improve existing therapies, to augment
radiosensitivity and to obtain a better understanding of resistance mechanism to develop novel
therapeutic strategies.



1.2 Chromatin

Chromatin is defined as a complex of macromolecules found in the nucleus of a cell, consisting
of DNA and associated proteins. The functions of chromatin comprise packaging of DNA into a
more compact and denser shape, reinforcing the DNA macromolecule to allow mitosis,
preventing DNA damage as well as controlling gene expression and DNA replication.

1.2.1 Chromatin architecture and modification

The genomic DNA double helix in the eukaryotic nucleus is hierarchically packed by histones
into chromatin (Figure 3). Thereby, 147 bp of DNA are wrapped around an octamer of histone
proteins, building the nucleosome (Luger et al., 1997; Richmond and Davey, 2003). The
octameric protein complex consists of two copies of the core histones H2A, H2B, H3 and H4.
The nucleosomal array, a “beads on a string” fiber with a diameter of 11 nm, represents the first
level of chromatin organization (Luger et al., 1997). Single nucleosomes are connected by 10—
90 bp long DNA linker (Richmond and Davey, 2003).The binding of the linker histone (H1 or H5)
organizes the nucleosome arrays into a more condensed 30 nm chromatin fiber (Robinson et
al., 2006). Higher order structures are reached finally in mitosis when chromatin is condensed to
form chromosomes in metaphase.

1400 nm
>

Chromosome

Chromatin fiber

Histones

“Beads on a string”
DNA wound on
) nucleosomes

DNA double
helix

Figure 3: Chromatin architecture.

The DNA double helix is wrapped around a histone octamer forming the primary organizing unit, the
nucleosome. Chromatin is further packed in a 30 nm fiber and reaches is maximal condensation as
metaphase chromosome. Modified from “NHGRI Image Gallery - National Human Genome Research
Institute (NHGRI),” 2018.
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Although the core histones form a highly conserved structure, nucleosome stability varies due to
the incorporation of non-canonical histone variants and a vast array of post-translational
modifications (PTMs). For example, the variant H3.3 replaces the core histones H3.1 and H3.2
predominantly in actively transcribed genes, at the transcription start site of both, active and
repressed genes, in regulatory regions such as enhancers, at telomeres and in pericentric
heterochromatin (reviewed in Zink & Hake, 2016). Instead of H3 the histone variant CENP-A
(also referred to as cenH3) is incorporated into nucleosomes and forms the foundation of
centromeric chromatin (Mendiburo et al., 2011). The H2A variants H2A.Z and H2A.B are
implicated in transcription initiation thus affecting gene expression (Adam et al., 2001; Soboleva
et al., 2012). An astonishing number of PTMs, including the most common like acetylation,
methylation, phosphorylation, ubiquitination and sumoylation, occur on histones. While the
majority are found in the flexible N- and C-terminal tail domains that protrude from the
nucleosome core particle, a significant number also occur in the histone fold or globular
domains that regulate histone-histone and histone-DNA interactions (Rothbart and Strahl,
2014). The so-called "histone-code" affects chromatin structure in three ways: either through
intrinsic effects on histone-histone interactions, through extrinsic effects on internucleosome
contacts, or by providing binding sites for effector molecules. Intrinsic effects alter nucleosome
stability by changing histone—histone or histone—DNA interactions, while extrinsic effects tend to
influence longer-range contacts between nucleosomes, altering higher-order chromatin
organization (Hauer and Gasser, 2017). As an example, the acetylation of histone tails,
neutralizes the lysine’s positive charge and this weakens the interaction between histones and
DNA resulting in a more relaxed chromatin (Bannister and Kouzarides, 2011; Shogren-Knaak et
al., 2006). In contrast, methylation of histone lysines (H3K9me3, H3K27me3 and H4K20me3)
causes a more compact DNA restricting the accessibility of regulatory factors to genes which
can lead to changes in transcription, replication and DNA repair (Jenuwein and Allis, 2001;
Rothbart and Strahl, 2014). Finally, chromatin-modifying proteins that recognize histone PTMs
often trigger changes enzymatically (Hauer and Gasser, 2017).

According to its compaction level, chromatin is classified into two categories: less condensed,
gene-rich euchromatin and highly condensed, gene-poor heterochromatin. In general,
euchromatin tends to reside closer to the nuclear interior, whereas heterochromatin localizes at
the nuclear periphery, where specific interactions with the envelope may occur, and often forms
blocks surrounding the nucleolus (Bartova et al.,, 2008; Woodcock and Ghosh, 2010).
Heterochromatin can be further categorized into facultative and constitutive heterochromatin.
Facultative heterochromatin is developmentally regulated and acts as a key regulator of cellular
differentiation and morphogenesis (Nikolov and Taddei, 2016). It can reversibly undergo
transitions from a compact, transcriptionally inactive state to become more open and
transcriptionally competent (Woodcock and Ghosh, 2010). In contrast, constitutive
heterochromatin is always compact and is formed at telomeres, centromeres and repetitive
elements, where it plays a major role in genome stability (Nikolov and Taddei, 2016; Woodcock
and Ghosh, 2010). But all in all during each cell cycle, there are, inherently, two periods when
chromatin organization undergoes global changes: DNA replication in S phase and when
chromosomes condense in mitosis (Li and Reinberg, 2011).



1.2.2 Chromatin binding proteins

Histone variants and PTMs can alter the chromatin structure either directly or through
recruitment of chromatin-binding proteins that influence the chromatin state and various
processes. A key chromatin-binding protein significant for heterochromatin is the
heterochromatin protein 1 (HP1). Three isoforms, HPla, HP1f, and HP1ly, have been
characterized in humans (Saunders et al.,, 1993; Singh et al., 1991; Wreggett et al., 1994),
which possess a characteristic domain organization but differ in their functions, expression
profiles and its chromosomal localization (Bosch-Presegué et al., 2017; Kwon and Workman,
2011). HP1o and HP1p are predominantly bound within heterochromatic regions, while HP1y
shows an euchromatic distribution (Minc et al., 2000). The enrichment of the HP1a isoform at
pericentric domains is critical for centromeric function otherwise leading to mitotic defects in
mammals (Gilbert et al., 2003; De Koning et al., 2009; Obuse et al., 2004; Peters et al., 2001).
HP1 consist of an N-terminal chromodomain (CD), followed by a hinge domain and a C-terminal
chromoshadow domain (CSD) (Maison and Almouzni, 2004). The HP1 chromodomain
specifically recognizes methylated H3K9 (Bannister et al., 2001; Jacobs and Khorasanizadeh,
2002) and is important for the recruitment to heterochromatin regions of the genome (Lachner
et al., 2001; Peters et al., 2001). The HP1 chromoshadow domain can dimerize (Brasher et al.,
2000; Cowieson et al., 2000), which allows interactions with proteins that contain a PxVxL motif
(Murzina et al., 1999; Smothers and Henikoff, 2000; Thiru et al., 2004). Initially discovered to be
a major constituent of heterochromatin important for gene silencing, HP1 is now known to be a
dynamic protein that also functions in transcriptional elongation, centromeric sister chromatid
cohesion, telomere maintenance and DNA repair and replication (Ayoub et al., 2008; Goodarzi
et al., 2008; Kwon and Workman, 2011; Zeng et al., 2010).

One protein, which is associated with HP1 during DNA replication and repair is the chromatin
assembly factor 1 (CAF1) (Kwon and Workman, 2011; Murzina et al., 1999; Quivy et al., 2008).
HP1 binds to the PxVxL motif in CAF1 (Thiru et al., 2004). CAF1 mediates histone H3 and H4
deposition onto newly replicated DNA strands during replication and repair (Gaillard et al., 1996;
Kaufman et al.,, 1995). Additionally, an HP1-CAF1-PCNA complex, whereof PCNA is an
important replication protein, may function as a platform that contributes to both maintenance
and duplication of heterochromatin (Maison and Almouzni, 2004).



1.3 Cell Cycle

The cell cycle is a series of events leading to the production of two daughter cells that have the
same chromosomal set as the maternal cell. Chromosome segregation takes place during
M phase, also called mitosis (Figure 4). It comprises prophase, metaphase, anaphase,
telophase followed by cytokinesis, the cytoplasmic segregation. During Synthesis or S phase,
DNA replication occurs and each chromosome is duplicated, resulting in two sister chromatids.
Both of these crucial processes are separated by two Gap or Growth phases, G; and G,. These
are periods, where cells obtain mass and accumulate components needed for either DNA
synthesis or mitosis. G;, S and G, phase together are also called interphase. When cells have
left the cell cycle and have stopped dividing, they rest in the Gg phase, either transiently
(quiescent) or permanently (upon terminal differentiation or senescence) (Otto and Sicinski,
2017).

G2 phase

C nh=nen
S pDhase
J phase

Figure 4: The cell cycle.

The eukaryotic cell cycle is divided into four phases: G, S, G, and M phase. Cells can leave the cell cycle
from G, into Gy phase. Modified from “Overview of the Cell Cycle - University of Tokyo” (2018).

1.3.1 Cell cycle regulation

The cell cycle is a highly organized and regulated process. The central proteins that drive cell
cycle progression are cyclins and cyclin-dependent kinases (CDKs) (reviewed in Morgan,
1995). CDKs, serine/threonine protein kinases, are constitutively expressed, whereas cyclins
are tightly regulated throughout the cell cycle on two levels, systematic synthesis and ubiquitin-
dependent degradation. Once cyclins bind to CDKs, previously inactive CDKs alter their
conformation leading to an activated state. Once activated by their cyclins, CDKs can
phosphorylate key substrates to promote DNA synthesis or mitotic progression. The kinase
activity of CDK/cyclin complexes is tightly regulated by CDK inhibitors (CDKi), which can halt
the cell cycle progression under unfavorable conditions (Lim and Kaldis, 2013).

In more detail, cyclin D is produced in response to extracellular signals (e.g. growth factors).
Cyclin D binds to existing CDK4 or CDK®6, highly homologous kinases that are expressed in a



tissue-specific manner, forming the active cyclin D-CDK4/6 complex (Otto and Sicinski, 2017).
The cyclin D-CDK4/6 complex in turn phosphorylates its substrate protein Rb, leading to
activation of transcription factor E2F and finally resulting in the transcription of various genes
like cyclin E, cyclin A and DNA polymerase. Cyclin E thus produced, binds to CDK2, forming the
cyclin E-CDK2 complex, which promotes the progression from G; to S phase and
phosphorylates its inhibitor p27, thereby inducing its proteasome-dependent degradation. In
early S phase, cyclin E is replaced by cyclin A as binding partner of CDK2, which leads to the
progression of S phase. Later in S and G, phase, cyclin A binds to CDK1 (Otto and Sicinski,
2017; Vermeulen et al., 2003). G,/M transition is caused by Cyclin B-CDK1 complex activation,
resulting in nuclear envelope breakdown and initiation of prophase, while complex inactivation
causes mitotic exit (Asghar et al., 2015).

1.3.2 Cell cycle checkpoints

To ensure the proper progression of the cell cycle and to avoid transmission of an altered
genome to daughter cells, elaborate control mechanisms known as cell cycle checkpoints have
evolved. Cell cycle checkpoints are safeguard mechanisms that cells implement to arrest cell
cycle progression in order to either repair damage or eventually commit suicide in case of
unrepairable damage (Visconti et al., 2016). The source of DNA damage can be intrinsic, such
as intermediates of metabolism, shortening of telomeres, oncogene overexpression and DNA
replication errors, or otherwise extrinsic, such as sunlight, carcinogens or ionizing radiation
(Barnum and O’Connell, 2014). In response to DNA damage, cell cycle checkpoints can be
activated in G; and S phase as well as at the G,/M transition (Figure 5) (Bartek and Lukas,
2007; Kastan and Bartek, 2004). The main goal is to maintain CDKs in an active state until the
lesion is removed. If DNA damage induces DNA double strand breaks (DSB), the recognition by
the MRN (Mrell, Rad50 and Nbs1) complex and the subsequent recruitment and activation of
the ATM (ataxia telangiectasia mutated) kinase is essential (Lee and Paull, 2004).
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Figure 5: DNA damage induced cell cycle checkpoint pathways.

Interplay between the cell cycle machinery and the DNA damage response results in different signaling
pathways. For details, see text. Figure adapted from Shaltiei et. al. (2015).

If the G; checkpoint is activated, ATM phosphorylates and activates checkpoint kinase 2 (Chk2)
(Matsuoka et al., 1998). Both kinases are required for the stabilization of p53, which in turn
results in the induction of the CDK inhibitor p21 (Banin et al., 1998; Canman et al., 1998; Kastan
et al., 1991). Accumulated p21 binds to and inhibits cyclin-CDK complexes to block cell cycle
progression into S phase (Deng et al., 1995; Harper et al., 1995). S phase entry is also
prevented by ATM- and Chk2-dependent inhibition of Cdc25A phosphatase that reverses the
inhibitory phosphorylation of CDK2 (Agami and Bernards, 2000; Deckbar et al., 2010; Falck et
al., 2001; Hirao et al., 2002; Mailand et al., 2000) .

When single or double strand breaks occur in S phase, the intra S phase checkpoint is activated
to prevent further replication (Errico and Costanzo, 2012). DNA lesions can be repaired by
different repair pathways, whereby the cell cycle influences the choice of the repair system.
Homologous recombination (HR) repair only takes place when a sister chromatid as a template
is available in S or G, phase, whereas non-homologous end-joining (NHEJ) repair is possible
during the whole cell cycle (Rothkamm et al., 2003). To repair a DSB through HR, DNA end-
resection is necessary at the broken ends to produce sindle stranded DNA (ssDNA) overhangs
(Mimitou and Symington, 2011). The ssDNA generated by resection or by the DNA damage
itself, activates the ATR (ataxia telangiectasia and Rad3-related) kinase and in turn its effector
checkpoint kinase 1 (Chk1) (Zou and Elledge, 2003). Even though ATM, ATR, Chk2 and Chk1l
all contribute to the stabilization of p53 (Meek and Anderson, 2009), downstream p21
accumulation is prevented during DNA replication by the PCNA associated CRL4Cdt2 ubiquitin
ligase (Abbas et al., 2008; Havens and Walter, 2011) leading to a continuous degradation of
p21. The kinase Weel, which becomes expressed in S phase, inhibits CDK2 through
phosphorylation (Chow et al., 2003; Watanabe et al., 1995). In addition, Chk1l and Chk2 target
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the counteracting phosphatase Cdc25A for degradation to hamper further CDK activation, thus
blocking progression in S phase (Beck et al., 2012; Hughes et al., 2013; O’Connell et al., 1997).

Damages occurring in G, phase lead to an activation of the G,/M checkpoint. Comparable to
damages in S phase, ATM, ATR, Chkl and Chk2 are also important key players, and Weel-
dependent phosphorylation of CDKs remains crucial for checkpoint control in G,. In contrast to
the intra S checkpoint the induction of p21 transcription in G, is required for inhibition of CDK-
cyclin complexes (Bunz et al., 1998). In addition, ATM- and ATR-dependent activation of p38
contributes to the inhibition of Cdc25A, Cdc25B and Cdc25C (Reinhardt et al., 2007).

In mitosis, another safeguard mechanism grants the correct segregation of the genome
independently of DNA damages. If kinetochores are not occupied by mitotic microtubules, or are
attached but not under tension, the spindle assembly checkpoint (SAC) delays progression from
metaphase to anaphase. The mitotic checkpoint complex (MCC) inhibits the large E3 ubiquitin
ligase known as anaphase-promoting complex/cyclosome (APC/C) and delays degradation of
cyclin B and of the anaphase inhibitor securin (Musacchio and Salmon, 2007). The degradation
of securin normally allows separase to be released and to cleave cohesin complexes at the
kinetochore (Barnum and O’Connell, 2014). By inhibiting the APC/C, the MCC stabilizes these
substrates, effectively preventing mitotic exit (Musacchio, 2015).
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1.4 Replication

To maintain the integrity of the genome, duplication of the genetic information during replication
is a highly coordinated interplay of a plethora of proteins in order to preserve the correct
function of the cell and its progeny. The process of DNA replication is strictly controlled during
the cell cycle to ensure that genome duplication takes place only once per cycle. It begins with a
preliminary step already in G; phase when origins of replication are licensed, whereas firing of
origins starts at the beginning of S phase. After elongating the DNA strands, replication
terminates when converging replication forks meet.

1.4.1 Regulation and mechanism of DNA replication

To ensure genomic stability, DNA must be replicated once and only once during each cell cycle.
Re-replication of the whole genome or even parts of it would result in gene amplification,
polyploidy and other kinds of genome instability, which is a hallmark of cancer (section 1.1.1)
(Albertson, 2006; Truong and Wu, 2011). To ensure the complete and faithful transmission of
genetic information without re-replication, pre-recognition complexes (pre-RCs) assemble
during late mitosis and early G; phase at 30,000-50,000 replication origins, the replication start
sites (Leonard and Méchali, 2013). A process termed origin licensing (Figure 6 A). The first step
of pre-RC assembly is the binding of origin recognition complex (ORC) proteins to replication
origins in late mitosis (Bell and Stillman, 1992). Afterwards Cdc6 (cell division cycle 6) and Cdtl
(Cdcl10-dependent transcription factor 1) are recruited (Chen et al., 2007; Speck et al., 2005).
Furthermore, the ring-shaped head-to-head double hexamer MCMZ2-7 (minichromosome
maintenance complex) is loaded onto DNA (Coster and Diffley, 2017; Evrin et al., 2009; Frigola
et al., 2017; Remus et al., 2009).

A origin licensing B origin firing
<> [ GINS <> ( GINS
1L [ — —Cens ) ( \CDCAS _— / \:CDcdS
W77\ ccs “Toocas N (cocas) ), S </
: : coT1 "Treslin P 'Trgslin P
MCM complex ? ®/ T @ T
732/ *
C3 CDC7 cDC7
S CcDK2 CDK2
C elongation D termination
PCNA
A Pold ) . Pols )
f o= o 1( Pol \Pol { p |
CDC45 / ‘?qm . T \ ‘O.&\ NLL : L CDCQS’ ° >
A CDC45 CDC’!S
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Figure 6: Overview of DNA replication.

A) Origin licensing occurs during the late M or G, phase, when ORC, Cdc6 and Cdtl recruit the MCM2-7
helicase to chromatin. B) Origins are activated (origin firing) in S phase by Cdc7 and CDK2. This
promotes loading of Cdc45 and the GINS complex. C) The GINS complex maintains interactions within
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the replisome, containing the MCM2—7 and Cdc45 replicative helicase, the sliding clamp PCNA and DNA
polymerases (Pol) a and © as well as €, which replicate the lagging and leading strands respectively
(elongation). D) During termination, sister chromatids become intertwined (catenated), and these
structures are resolved by the DNA topoisomerase TOPII. Images modified from (Jones and Petermann,
2012).

After origin licensing, firing of origins (Figure 6 B) at the G4/S transition is induced by cyclin E-
CDK2 and Cdc7-Dbf4 (DDK) activity (Nougaréde et al., 2000; Sheu and Stillman, 2010). The
CMG complex forms, which is named after its components: Cdc45, the MCM proteins and the
GINS complex (“go-ichi-ni-san” means “5, 1, 2, 3” in Japanese and represents abbreviations for
proteins Sld5-Psfl-Psf2-Psf3) (llves et al., 2010; Moyer et al., 2006). Recruitment of MCM10,
Cdc45 and GINS to MCM is required to activate MCM2-7 and promote its DNA helicase activity
(Figure 6 C). During this activation process, MCM2-7 double hexamers are separated, each
CMG complex moves to the opposite direction and the helicase starts to unwind the DNA
moving from 3’ to 5’ direction. This process guarantees bi-directional DNA replication from the
replication origin (Kang et al., 2017). Because of the 5'to 3' polarity of DNA synthesis, one
strand is continuously synthesized, the leading strand, and the other strand is discontinuously
synthesized, the lagging strand. During lagging strand synthesis, replication protein A (RPA)
protects generated ssDNA from cellular nucleases and also prevents formation of hairpin
structures that might impede the progression of the replication fork (Wold, 1997). For lagging
strand synthesis, polymerase o is recruited to the MCM helicase. First, primase subunit of
polymerase a starts synthesis by generating short ribonucleotide primers (7—10 nt), where then
20-30 deoxyribonucleotides are incorporated by the DNA polymerase subunit of polymerase a
(Kang et al., 2017; Perera et al., 2013). Afterwards, polymerase & synthesizes the nascent
strand extending the primers until reaching the 5' terminus of the preceding Okazaki fragment.
The Okazaki fragments are then processed by flap endonuclease Fenl and Pol § and ligated by
DNA ligase | to form a continuous replicated DNA strand (Garg et al.,, 2004; Howes and
Tomkinson, 2012; Stodola and Burgers, 2016). DNA polymerase ¢ is required for DNA
synthesis on the leading strand (Ganai and Johansson, 2016). DNA polymerases have a semi-
closed hand structure, which allows them to load onto DNA and translocate. This structure
permits DNA polymerase to hold the single-stranded template, incorporate dNTPs at the active
site, and release the newly formed double strand. However, the conformation of DNA
polymerases does not allow for their stable interaction with the template DNA. To strengthen the
interaction between template and polymerase, DNA sliding clamps have evolved, promoting the
processivity of replicative polymerases. In eukaryotes, this sliding clamp is a homotrimeric, ring-
shaped protein known as proliferating cell nuclear antigen (PCNA), which enhances the
polymerase processivity up to 1,000-fold (Leman and Noguchi, 2013). PCNA is loaded onto the
DNA by the hetero-pentameric Replication Factor C (RFC) complexes (RFC1-RFC and Ctf18-
RFC). RFC binds PCNA and opens the PCNA ring in the presence of ATP. The RFC-PCNA
complex then binds to the 3" DNA template which triggers ATP hydrolysis by RFC, resulting in
RFC release and PCNA closure, thus finally encircling the DNA (Shiomi and Nishitani, 2017).

After replication elongation converging replication forks meet, a process that is called replication
termination (Figure 6 D). DNA synthesis is completed, topological stress must be resolved and
replisome proteins have to disassemble or be removed. Unwinding of the parental duplex by the
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MCM helicase leads to overwinding of the unreplicated DNA resulting in the formation of
positive supercoils ahead of the fork. In addition to relaxation of supercoils by type | or type Il
DNA topoisomerases, the entire fork can rotate clockwise relative to the direction of fork
movement to counteract the overwinding of unreplicated DNA. When termination occurs,
parental DNA between converging forks becomes too short to supercoil owing to the inherent
stiffness of DNA. At this stage, which occurs when 150 bp or less of parental DNA remains,
relief of topological stress becomes dependent on the formation of pre-catenanes, which can be
resolved by type Il but not by type | topoisomerases (Dewar and Walter, 2017). After genome
duplication, replisome proteins dissociate except the two ring-shaped molecules MCM and
PCNA, which remain encircling the double stranded DNA (dsDNA). How the CMG complex
recognizes that it has fulfilled its duty and can disassemble is still unknown (Kang et al., 2017).
MCM7 of the MCM2-7 complex is poly-ubiquitinated, but not degraded by the proteasome.
Instead it is extracted from chromatin by a p97/VCP/Cdc48 segregase (Maric et al., 2014,
Priego Moreno et al., 2014). The sliding clamp PCNA is removed by the Elg1l-RFC complex
(Elgl called ATADS in human) in an ATP-dependent manner (Kubota et al., 2013; Lee et al.,
2013; Shiomi and Nishitani, 2013).

1.4.2 Replication in the context of chromatin

Given the relatively large sizes of eukaryotic genomes, complete genome duplication requires
DNA replication to start at numerous replication origins at once, which results in many discrete
chromosomal loci replicating in parallel (Aladjem and Redon, 2017). In contrast to yeast and
prokaryotes, mammalian cells have no strong sequence specificity or consensus sequences at
origin start sites (Vashee et al., 2003). Furthermore, there are 30,000-50,000 potential origins
of replication in the human genome but only 10 % are used within a given adult somatic cell
cycle (Ma et al., 2015). The fundamental question of how replication initiation is regulated is still
under investigation. Analysis revealed different spatio-temporally regulated replication patterns
that are also related to the number of replication origins and to the chromatin state of the
genome.

The temporal organization is defined by alterations of the characteristic pattern of replicating
protein complexes associated with early, mid and late S phase. (Fox et al., 1991; Leonhardt et
al., 2000; Nakamura et al., 1986). For example, the sliding clamp PCNA shows a typical change
in its distribution pattern in S phase. It is distributed at replication sites throughout the
nucleoplasm during early S phase. As S phase continuous, PCNA foci are concentrated around
the nucleoli as well as in peripheral areas of the nucleus. In late S phase foci increase in size
but decrease in number and often take on characteristic ring or horseshoe-like structures
(Leonhardt et al., 2000; Nakamura et al., 1986; O’Keefe et al., 1992). In addition, origins are not
uniformly distributed with respect to replication timing. It has been shown that origin density is
significantly lower in late domains compared with early domains (Besnard et al., 2012).

The spatial order of replication reflects the higher organization of the genome. During early
S phase euchromatin is replicated, followed by facultative heterochromatin during mid S phase
and constitutive heterochromatin duplication mainly during late S phase (O’Keefe et al., 1992).
Moreover, transcriptionally active early replicating regions are commonly enriched in histone H4
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acetylation. H4 acetylation could promote origin firing by increasing the accessibility of DNA to
the helicase complexes needed for replication fork movement, or by facilitating histone octamer
eviction for DNA unwinding (Ma et al., 2015). In contrast, to H4 acetylation of early replicating
regions, methylation of H4 seems to play a role in late-firing origins. The conversion of
H4K20mel to higher H4K20me states are not sufficient to define a efficient origin per se, but
rather serve as an enhancer for MCM2-7 loading and replication activation (Brustel et al., 2017).
Furthermore, late-firing origins are usually associated with repressive, closed chromatin
structures. For example HP1-bound regions at centromeric heterochromatin repeats in
Drosophila replicate late, and a reduction of HP1 levels leads to earlier replication of these
specific DNA regions (Schwaiger et al., 2010).

In general, the chromatin architecture also influences the replication. Efficient replication fork
progression requires that the replisome gains access to the DNA. However, the ordered
chromatin structure, including dsDNA wrapped around nucleosomes and associated linker
histones, represents a barrier itself. Thus, phosphorylation of the C-terminal tail of linker histone
H1 by CDK2 leads to a relaxation of the chromatin structure at the G,/S transition (Alexandrow
and Hamlin, 2005; Contreras et al., 2003). DNA wrapped around core histones will still impede
replication. This implies that nucleosomes need to be removed in front of the replication fork
and to be loaded afterwards again combined with de novo deposition of newly synthesized
histones (Figure 7). Nucleosome disruption probably requires ATP-dependent chromatin-
remodeling enzymes, whereas histone chaperones sequester the released histones to facilitate
recycling (Groth et al., 2007). The FACT (facilitates chromatin transcription) complex may
disrupt 10-15 nucleosomes per minute ahead of the fork (Abe et al., 2011; Alabert and Groth,
2012) and the histone chaperone ASF1 (anti-silencing function 1) acts as acceptor of parental
nucleosomes (Groth et al., 2005). In addition, ASF1 is a donor for the histone loader CAF1
(chromatin assembly factor 1). CAF1 binds to the replication clamp PCNA, travels with the
replisome (Shibahara and Stillman, 1999) and deposits parental and newly synthesized
histones behind the replication fork (Tagami et al., 2004; Takami et al., 2007).

histone recycling

(D ~ ] Cohesin complex
- CA(;;) \ A
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histone de novo synthesis sister chromatid cohesion

Figure 7: Replication coupled assembly and cohesion of chromatin.

Nucleosomes are removed by FACT ahead of the replication fork and recycled onto daughter strands,
together with newly synthesized histones. The histone chaperone ASF1 binds parental and new histones
and transfers them to the histone loader CAF1. Sister chromatids are tethered together by cohesin
complex proteins. Images modified from Jones & Petermann (2012).
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In addition to the replication-coupled process of nucleosome assembly, newly replicated sister
chromatids need to be tethered together to promote the proper segregation of chromatids
during mitosis. This replication-associated process is called sister chromatid cohesion and
requires a ring-shaped protein complex termed cohesin (Figure 7). Cohesin consists of four
SMC (Structural maintenance of chromosome) subunits (Losada et al., 1998; Michaelis et al.,
1997). The complex is loaded onto chromatin already during G; phase in a Cdc7-dependent
manner (Takahashi et al., 2008). The replisome slides through this ring and the two daughter
strands are embraced by the cohesin complex (Alabert and Groth, 2012). Acetylation of SMC3,
a subunit of the SMC complex, by ESCO1/2 (establishment of sister chromatid cohesion 1/2),
which is bound to PCNA, is required for replication fork progression (Terret et al., 2009).

1.4.3 Replication stress and its resulting damage response

The faithful duplication and distribution of DNA to daughter cells is a fundamental biological
process for maintaining genome stability and suppressing cancer. Presumably, DNA is
constantly subjected to 50,000-100,000 DNA lesions per cell per day caused by intrinsic and
extrinsic factors (Hubscher and Maga, 2011). Virtually all forms of DNA damage can influence
DNA replication (Allen et al., 2011) by slowing or stalling of replication fork progression and/or
DNA synthesis, a process defined as replication stress (Zeman and Cimprich, 2014).

Intrinsic factors include reactive oxygen species (ROS) generated as a by-product of cellular
metabolism, which can cause oxidative damage to DNA (Burcham, 1999). Replication stress
can also be caused by intrinsically difficult to replicate sequences in the genome, such as
G-quadruplexes and repeat sequences (Pearson et al., 2005; Valton and Prioleau, 2016).
Additionally, collisions between replication and transcription machinery can be a problem for
proper DNA synthesis, because it can lead to fork stalling, R-loop formation and topological
stress (Bermejo et al., 2012; Helmrich et al.,, 2013), causing transcription-associated
recombination and chromosomal rearrangements (reviewed by Aguilera & Gaillard, 2014).
Extrinsic damage sources can be UV-light, ionizing radiation (section 1.1.2) or chemicals
(section 2.2.2.3). Also heavy metals and acrylamide may contribute to genomic instability by
interfering with DNA replication and repair (Langie et al., 2015).

When the replication machinery encounters DNA replication disturbances at the lagging strand,
DNA lesions are well tolerated because of the discontinuous nature of Okazaki-fragment
synthesis and maturation (Berti and Vindigni, 2016). Forks can bypass the lesions and reinitiate
DNA synthesis at a downstream paosition, leaving behind a ssDNA gap (Elvers et al., 2011;
Lopes et al., 2006). These gaps can then be filled using specialized lesion bypass pathways in
which the replicative polymerase is changed by a translesion synthesis (TLS) polymerase, for
example PrimPol (Figure 8 A) (Prakash et al., 2005). TLS pols such as Revl, Pol n, Pol 1, Pol
and Pol ¢ can also directly participate at the replication fork by replacing the replicative
polymerases & and ¢ (Figure 8 B) (Mufioz and Méndez, 2017), whereby mono-ubiquitination at
Lys164 of PCNA is necessary for this so called polymerase switching (Ulrich and Takahashi,
2013; Yang et al., 2013). However, this TLS pathway is error-prone and a major source of
mutagenesis (Hoeijmakers, 2001).
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In contrast to the error-prone TLS, an error-free mechanism has evolved, which involves a
template switch (TS) (Figure 8 C). In TS, a stalled nascent DNA strand invades the sister
chromatid in a RAD51-dependent fashion and uses the newly synthesized undamaged strand
as a template (reviewed by Mufioz & Méndez, 2017).

If DNA synthesis is impaired at the leading strand, the lesions are a major obstacle. DNA
synthesis is uncoupled from DNA unwinding by helicases (Byun et al., 2005), which means that
the replicative helicase continues to unwind the DNA duplex but the polymerase stalls. This
leads to the generation of stretches of ssDNA that is covered by RPA (Zou and Elledge, 2003),
whereby the strength of the cellular response correlates with the amount of RPA-coated ssDNA
(MacDougall et al., 2007). Afterwards the ATR-ATRIP complex is recruited and activates the
intra S checkpoint as described in section 1.3.2, resulting in an inhibition of the cell cycle
progression. In addition, ATR prevents new origin firing by inhibiting replication initiation
(Karnani and Dutta, 2011), but it also promotes firing of dormant origins within pre-existing
replication factories (Ge and Blow, 2010; McIntosh and Blow, 2012).

In addition to the ATR-Chkl pathway, the replication fork is also stabilized and protected by
another repair-independent mechanism involving HR components. BRCA1/2 and FANCD2
promote the formation of RAD51 nucleofilaments on ssDNA stretches that are present at stalled
replication forks, preventing their resection by Mrell (Hashimoto et al., 2010; Petermann et al.,
2010; Schlacher et al., 2011, 2012).

Stalled replication forks can reverse their course to form four-way “chicken foot” structures
resembling Holliday junctions (Figure 8 D) (Higgins et al., 1976; Lopes et al., 2001; Sogo et al.,
2002). Fork reversal is a physiological response to protect fork integrity (Zellweger et al. 2015)
occurring in two steps: first, reversed forks form through coordinated annealing of the two newly
synthesized strands, and second, the reversed fork structures restart (Berti and Vindigni, 2016).
Here, the ssDNA binding protein RAD51 is also required in the first step, where it stabilizes the
reversed fork (Bugreev et al., 2011) or might promote the initial step by invading the
complementary parental strand (Berti and Vindigni, 2016). Several factors mediate fork reversal
and/or stabilize reversed intermediates, including PARP1, SMARCAL and FBH1 (Mufioz and
Méndez, 2017), but the current understanding of the mechanism of reversed fork formation is
very limited (Berti and Vindigni, 2016). To resume DNA synthesis in the second step, reversed
forks need to be remodeled again into forks that move in the forward direction (Berti and
Vindigni, 2016). This remodeling may be mediated by RECQ1 helicase, which is regulated by
PARP1 (Berti et al., 2013) or by WRN helicase in cooperation with DNA2 nuclease, catalyzing
the nucleolytic degradation of reversed DNA arms (Thangavel et al., 2015). A third protein
composition involved in replication fork remodeling consists of BLM helicase and ZRANB3
(Mufioz and Méndez, 2017).
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Figure 8: Cellular mechanisms at replication forks in response to DNA damage.

A) Replisomes can bypass damage by re-priming downstream of the stalled fork. B) A stalled fork can
bypass damage by recruiting translesion polymerases C) A stalled fork can bypass DNA damage by
template switching, using the lagging strand as a template instead of the damaged parental strand.
D) Fork reversal in response to damage, wherein the leading strand anneals with the lagging strand to
form a four-way structure.

Prolonged fork stalling or failure to resume DNA synthesis by the mechanisms described above
lead to fork collapse and formation of one-ended DSBs (Berti and Vindigni, 2016). The
replication machinery is no longer stabilized and its components dissociate from the stalled fork
or the replisome is still present but not functional or properly positioned (Zeman and Cimprich,
2014). Afterwards other repair mechanism can take place.

Cells have evolved several damage response and repair mechanisms to maintain genomic
stability. Double strand breaks (DSB) are repaired by non-homologous end-joining (NHEJ) and
HR pathways. Interstrand crosslinks are repaired using interstrand crosslink repair pathway,
which involves a combination of repair pathways consisting of NER, homologous recombination
(HR), TLS (translesion synthesis), and Fanconi anemia (FA) repair pathways (lyer and Rhind,
2017; Mufioz and Méndez, 2017). Finally, a repair pathway termed base excision repair (BER)
targets modified bases, while pyrimidine dimers are replaced by the nucleotide excision repair
(NER) pathway (reviewd in lyer & Rhind, 2017).
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1.5 The chromosomal passenger complex

Genomic instability is a major driving force for carcinogenesis. The two major mechanisms to
maintain the cellular integrity are the complete and precise duplication of the genome during
replication in S phase and the equal segregation of chromosomes during mitosis. In the latter
process, the chromosomal passenger complex (CPC) plays a pivotal role. It regulates key
mitotic events, including correction of chromosome-microtubule attachment errors, activation of
the spindle assembly checkpoint and construction and regulation of the contractile apparatus
that drives cytokinesis (Carmena et al., 2012).

1.5.1 Structural organization of the chromosomal passenger complex

The CPC consists of a catalytic and a localization module (Figure 9 A). The latter comprises the
proteins Survivin, Borealin and INCENP and targets the CPC to centromeres, the mitotic spindle
and to the midbody during cell division. The C-terminal part of Survivin, Borealin and the
N-terminus of INCENP are connected via a three-helix-bundle (Jeyaprakash et al., 2007).
INCENP (inner centromere protein) is a rather large protein, connecting both modules. In
addition the involvement of its N-terminus in the localization module, it also contains a large
disordered region, enriched in phosphorylation sites (Krenn and Musacchio, 2015), followed by
a putative coiled-coil domain (Jeyaprakash et al., 2007) or a single alpha helix (SAH) (Figure
9 B) (Samejima et al., 2015). In contrast to the previous assumption, computational analysis
have shown that it lacks the regular sequence pattern typical for coiled—coils (Krenn and
Musacchio, 2015), favoring recent studies of avian INCENP regarding a SAH fold. Furthermore,
this SAH could act as a "dog leash”, allowing a dynamic function of the catalytic module while at
the same time being stably anchored, thereby avoiding the need of CPC dimerization (as
required for coiled coil formation), which is necessary for catalytic module activation (Samejima
et al., 2015). The C-terminal end of INCENP, the so-called IN-Box, forms the catalytic module
with the kinase Aurora B (Adams et al., 2000; Kaitna et al., 2000).
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Figure 9: Architecture of the CPC.

A) Structural organization of the localization and catalytic module linked by INCENP. B) Schematic
representation of human CPC members with main structural features. Figure modified from (Krenn and
Musacchio, 2015).

Aurora B belongs to a family of highly conserved serine/threonine kinases together with the
other mammalian Aurora kinases A and C. They have a conserved catalytic domain-containing
C-terminus and a divergent N-terminus, indicating that latter is important for their spatiotemporal
localization and function (Li et al., 2015a). Aurora B is functionally active in different stages of
mitosis and described in detail in section 1.5.2.1. Aurora A associates with the spindle poles to
regulate entry into mitosis, centrosome maturation and spindle assembly (Carmena et al.,
2009). In contrast, Aurora B, in complex with the other CPC members, is mainly located on the
centromere in early mitosis, and on the midbody during cytokinesis (Carmena et al., 2012),
where it mainly regulates spindle assembly checkpoint, kinetochore attachment and cytokinesis
(Carmena et al., 2012; Li et al., 2015a). Whereas recent findings also show that Aurora A and B
can assume their respective functions, for example Aurora A can phosphorylate substrates of
Aurora B and substitutes its function in spindle checkpoint and vice versa centrosome targeting
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of Aurora B substitutes the function of Aurora A in mitotic entry (Li et al., 2015a). Aurora C is
also able to replace Aurora B’s function. Aurora C is primarily active during early embryonic
development (Sasai et al., 2004, 2016). Borealin is also called Dasra B or CDCAS8 (cell division
cycle associated 8) and its phosphorylation by CDK1 is essential for localization to centromeres
during mitosis (Tsukahara et al., 2010). Survivin is with 16.5 kDa the smallest member of the
CPC. It interacts via its C-terminal a-helical domain with the other CPC members Borealin and
INCENP as described above. Survivin is additionally a member of the inhibitor of apoptosis
protein (IAP) family, characterized by its N-terminal BIR (baculoviral IAP repeat) domain
(section 1.5.2) (Figure 9 B) (Ambrosini et al., 1997). Between both domains, Survivin has a
conserved leucine-rich nuclear export sequence (NES) allowing interaction with the export
receptor chromosomal region maintenance 1 (Crm1l), also known as Exportin-1, which mediates
targeting of the CPC to centromeres during early stages of mitosis (Knauer et al., 2006).
Besides its interaction with the other CPC members as a monomer, Survivin can also form bow
tie-shaped homodimers in solution via a dimer interface (aa 6—10 and 89-102, not depicted)
(Chantalat et al., 2000).

1.5.2 Localization and function of chromosomal passenger complex

proteins

The periodical expression of the CPC members, for example Survivin, is tightly regulated in a
cell cycle-dependent manner (Li et al., 1998). Expression is induced by transcriptional control of
the human Survivin gene, named birc5. It consists of 4 exons and 3 introns on chromosome
17925 (Ambrosini et al., 1997). The protein expression peaks in G,/M phase (Li et al., 1998)
and its stability and function depends on PTMs (reviewed by Zhang, Yang, & Li, 2006). After
abscission of the two daughter cells, Survivin is proteasomally degraded (Zhao et al., 2000).
The cell cycle-regulated expression and localization is related to multiple functions of the CPC.

1.5.2.1 Localization and function of the CPC during mitosis

To fulfill its kinase activity during mitosis, Aurora B needs to be activated. Aurora B is bound to
INCENP, which activates Aurora B initially to a minor extent. This enables AuroraB to
phosphorylate a TSS (Thr-Ser-Ser)-motif in INCENP (Bishop and Schumacher, 2002; Honda et
al., 2003), which in combination with the trans autophosphorylation of Thr232 in the kinase
domain concludes Aurora B’s activation mechanism, thus needing a high local protein
concentration (Sessa et al., 2005). Additionally, other kinases such as Chk1, a kinase known for
its role in the DNA damage checkpoint (section 1.3.2 and 1.4.3), can phosphorylate Aurora B at
Ser311, thus activating it (Petsalaki et al., 2011).

The CPC is located at chromosome arms when cells enter mitosis. Aurora B phosphorylates
histone H3S10 (Hsu et al., 2000) and induces the dissociation of HP1 from H3K9me3 (Fischle
et al., 2005; Hirota et al., 2005), which facilitates the relocation of the CPC from chromosome
arms to centromeres (Nozawa et al., 2010).

In prometa- and metaphase is the complex located at centromeres. Centromeric enrichment of
the CPC depends further on two histone modifications overlapping at the centromere. Survivin’'s
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BIR domain binds to by haspin kinase phosphorylated H3T3 (Kelly et al., 2010; Wang et al.,
2010) at chromosome arms between paired sister chromatids, but most prominent at the
centromere (Dai et al., 2005; Wang et al., 2010). Phosphorylation by haspin is mediated by Plk1
(Polo-like kinase-1) in a CDK1-phosphorylation-dependent manner (Zhou et al., 2014). The
second histone mark is pH2AT120 near the kinetochore, introduced by Bubl kinase.
Shugoshins Sgol and Sgo2 are recruited to pH2AT120 and they can interact with Survivin
(Kawashima et al., 2007) or Borealin, which in turn is phosphorylated by CDK1 (Tsukahara et
al., 2010). In addition, an interaction between the export receptor Crml and Survivin is
important for tethering the CPC to centromeres (Knauer et al., 2006).

The CPC at centromeres is responsible for the control of proper chromosome-microtubule-
attachment. Centromeres are enriched in histone variant CENP-A, which acts as a recruitment
platform for inner kinetochore proteins, also known as constitutive centromere-associated
network (CCAN) (Perpelescu and Fukagawa, 2011). Upon mitotic entry, outer kinetochore
proteins, also called KMN (KNL1/Mis12/Ndc80) network (Cheeseman and Desai, 2008), are
recruited and interact during metaphase directly with the spindle microtubules emanating from
opposite poles of the mitotic spindle.

The CPC is necessary to destabilize and repair erroneous kinetochore-microtubule
attachments. Aurora B phosphorylates several KMN network components to weaken the
distance of the KMN network to microtubules (Alushin et al., 2010; Cheeseman et al., 2006;
DelLuca et al., 2006; Welburn et al., 2010).

If metaphase chromosomes are not correctly attached to microtubules and the lack of tension is
sensed, the spindle assembly checkpoint (SAC) is activated by the CPC (Krenn and Musacchio,
2015; Santaguida et al., 2011; Shandilya et al., 2016). The mitotic checkpoint complex (MCC) is
recruited to kinetochores, which inhibits the anaphase-promoting complex or cyclosome
(APC/C) resulting in a delay of cell cycle progression and sister chromatid separation until all
kinetochores are bipolarly attached by microtubules (Alfieri et al., 2016; Krenn and Musacchio,
2015). When all chromosomes have obtained the correct bi-orientation, the SAC is switched off
by PP1 or PP2A, counteracting phosphatases that reverse Aurora B-dependent
phosphorylations (Foley et al., 2011; Shrestha et al., 2017; Trinkle-Mulcahy et al., 2006). APC/C
is activated and ubiquitinates cyclin B and Securin, which further undergo proteasomal
degradation. This activates separase, resulting in cohesin cleavage to allow sister chromatid
separation, and inactivates CDK1, triggering the progression to anaphase (Himmer and Mayer,
2009; Krenn and Musacchio, 2015).

During the meta- to anaphase transition, the CPC leaves the inner centromere and localizes to
central spindle microtubules. Re-localization is initiated by the decrease in Cdkl activity and
dephosphorylation of INCENP (Himmer and Mayer, 2009). PP1 dephosphorylates H3T3 (Qian
et al., 2011; Vagnarelli et al., 2011), thus regulating CPC binding. In addition, the CPC is
actively removed from chromosomes in a p97-dependent manner (Dobrynin et al.,, 2011;
Ramadan et al., 2007).

The new central spindle targeting of the CPC requires Plkl and Mklp2 (mitotic kinesin-like
protein 2), a kinesin 6 family member that binds microtubules at the central spindle (Gruneberg
et al., 2004; Himmer and Mayer, 2009; Kitagawa et al., 2014). Aurora B phosphorylates Mkip1
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and Kif2A, promotes centralspindlin clustering at the spindle midzone and controls microtubule
length, thereby stabilizing the central spindle (Douglas et al., 2010; Uehara et al., 2013).

Finally, during telophase and cytokineses the CPC can be found at the midbody. The timing of
abscission is tightly controlled by Aurora kinase activity, which delays abscission if chromatin
persists in the intercellular bridge, whereas declining activity promotes abscission (reviewed by
Nahse, Christ, Stenmark, & Campsteijn, 2017). CPC-dependent recruitment of centralspindlin to
the spindle midzone at anaphase activates RhoA in telophase and induces contractile ring
assembly at the membrane (Basant et al., 2015). In addition, the CPC and centralspindlin
coordinate the regulation of a ESCRT-III component for abscission of the two daughter cells
(Capalbo et al., 2016).

A Prophase

Metaphase Anaphase Telophase

low tension high tension

Figure 10: CPC localization during mitosis.

A) Immunofluorescence staining (Aa-Da) for Aurora B (green), kinetochores/centromeres (pink), tubulin
(red) and DNA (blue) and schematic representations (Ab-Db) of CPC localizations during mitotic stages.
The CPC is bound to chromosome arms and at the centromere in prophase. During metaphase,
chromosomes align at the metaphase plate and the CPC is located only at centromeres. In anaphase, the
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CPC is detectable at the spindle midzone and later in telophase at the midbody. Figure adapted from
(Ruchaud et al., 2007). B) Model of CPC localization at kinetochores during metaphase. The localization
module (red, green and white boxes, representing the three-helix bundle of Survivin, Borealin and part of
INCENP) is bound to H3T3p and linked by INCENP (black curved line) to Aurora B (blue head on curved
line) that can reach KMT targets for phosphorylation (P) when there is low tension between kinetochore
and microtubules. Under high tension, the substrates become unreachable. Figure adapted from Krenn &
Musacchio (2015).

1.5.2.2 Localization and function during interphase

In contrast to a large number of publications dealing with the localization and function of the
CPC members during mitosis (section 1.5.2.1), the knowledge regarding the subcellular
localization and role during interphase is rather limited. Beardmore et al. (2004) could show a
localization change of Survivin-GFP from diffusely distributed in the cytosol in G, phase, later to
centromeres and in G, phase to kinetochores. Aurora B was only detectable during mitosis.
Cooke et al. (1987) detected INCENP in the midbody in early G, phase, which remained from
the previous mitosis and a speckled nuclear distribution in interphase cells. Furthermore,
Rodriguez et al. (2006) showed that Survivin and Aurora B undergo continuous shuttling
between nucleus and cytoplasm in interphase, whereas INCENP resides soleyly in the nucleus
and Borealin was detected in the nucleolus and the cytoplasm. They concluded that in contrast
to their closely related localization during mitosis, the nucleocytoplasmic localization during
interphase is largely unrelated. In contrast, Monier et. al. (2007) detected Aurora B together with
Survivin and INCENP at pericentric heterochromatin in late S and G, phase. Ainsztein et. al.
(1998) detected INCENP first on chromosome arms and only during promethaphase/metaphase
at centromeres. Centromeric localization occurs via binding of a PxVxL motif in INCENP to
HPla (Ainsztein et al., 1998; Kang et al., 2011). Ruppert et al. (2018) suggested that HP1 might
concentrate and activate the CPC at centromeric heterochromatin in G,. Afterwards HP1 is
released from chromatin by Aurora B-mediated phosphorylation of H3S10, which allows H3T3p
and Sgol to redirect the CPC to mitotic centromeres (section 1.5.2.1).

The CPC is supposed to interact in its inactive state with nucleophosmin/nucleoplasmin (NPM)
family components. These have multiple functions as histone chaperones and they shuttle other
proteins from the nucleus to the cytoplasm (Hanley et al., 2017).

Borealin co-localizes during interphase with SENP3, a SUMO specific protease that processes
a precursor form to the mature or active SUMO. But SUMOylation of Borealin was only detected
during mitosis (Klein et al., 2009).

Aurora B can indirectly bind and phosphorylate p53 (Wu et al.,, 2011), thus leading to an
impaired transcriptional activity. In addition, Aurora B inhibits CDK inhibitor p21, a p53 target,
thus preventing delayed replication and premature mitotic exit (Gonzélez-Loyola et al., 2015;
Trakala et al., 2013). A complex consisting of Aurora B, Suvivin and mTOR (mammalian target
of rapamycin) promote cell cycle progression from G; to S phase in lymphocytes (Song et al.,
2007). Aurora B, CDK1 and PIk1 are bound by Tim during G, and at the beginning of M phase.
Tim is also bound to replication proteins during S phase and is required for the recruitment of
PIk1 to centromeric DNA and formation of catenated DNA structures at human centromeres.
PIk1 and Tim are both implicated in the DNA damage response after checkpoint activation, thus
are two proteins linking mitotic kinase activity with DNA replication termination (Dheekollu et al.,
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2011). Additionally, DNA damage sensing by ATR and Chk1 at the intra S checkpoint (section
1.3.2) delays abscission, indicating that Aurora B is not only responsible for genomic stability by
coordinating chromosome segregation, but also sensitive of damage resulting from previous
events (Mackay and Ullman, 2015). Chkl phosphorylates Aurora B at Ser331 in unperturbed
cells which is essential for Aurora B activity at the entry of mitosis (Petsalaki et al., 2011) and
needed to prevent the formation of lagging chromosomes in metaphase (Kabeche et al., 2017).
In contrast, Zuazua-Villar et. al. (2014) have shown that activated Chkl suppresses Aurora B
phosphorylation and prevents mitotic entry. Moreover, a member of the GINS complex, which is
bound to active replisomes, indirectly affects localization and function of Survivin and INCENP
in chromosome segregation, possibly through a task in centromere replication in S phase
(Huang et al., 2005). Overall, these findings hint towards an additional role during replication or
after replication stress, that linking mitosis and replication to maintain genomic integrity.

1.5.2.3 Other functions of CPC members

CPC member Survivin is a multifunctional protein. Besides its nuclear function during mitosis, in
association with the other CPC members, a cytoplasmic fraction of Survivin, without CPC
association, is involved in apoptosis. It binds to pro-caspase 9 via the mediator HBXIP (hepatitis
B X-interacting protein) to inhibit apoptosis (Marusawa et al., 2003). Recent findings further hint
to an involvement of Survivin in immune responses and autoimmune diseases such as
rheumatoid arthritis (reviewed by Ebrahimiyan, Aslani, Rezaei, Jamshidi, & Mahmoudi, 2018;
Gravina et al., 2017). In addition, Survivin overexpression leads to resistance of tumor cells to
both, chemotherapy and ionizing radiation (Capalbo et al., 2007). Reichert et al. (2011) could
show an accumulation of Survivin at nuclear damage sites after irradiation and elucidated
interactions between Survivin and yH2AX, Ku70, 53BP1 and DNA-PKcs. In contrast, results of
our working group point to a nuclear enrichment of Survivin after irradiation in distinct foci not
directly at damage sites, where above-mentioned damage response proteins are located, but
rather at centromeric heterochromatin in association with the other CPC members (Schrdder,
2014, doctoral thesis). These findings might indicate an additional role of all CPC members in
DNA damage response. However, this has to be investigated in more detail.

1.5.3 Deregulation of the CPC in cancer

The CPC member Survivin is highly expressed during embryonic and fetal development (Boidot
et al., 2014), and deletion of the Survivin gene birc5 in mouse embryos causes early embryonic
lethality (Uren et al., 2000). In contrast, Survivin is weakly expressed in some normal tissues,
such as colon basal endothelial cells, thymocytes, CD34+ stem cells and vascular endothelial
cells (reviewed by Liu & Mitchell, 2010), or entirely absent in terminally differentiated adult
tissues (Ambrosini et al., 1997). Thus, a participation of Survivin in the renewal especially of fast
proliferating cells can be suggested (Athanasoula et al., 2014).

In contrast to normal cells, cancer cells undergo metabolic and behavioral changes, leading
them to proliferate excessively. All CPC members are overexpressed in a multitude of cancers.
For example, Borealin is overexpressed in colorectal (Wang et al., 2014) and lung cancer
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(Hayama et al., 2007) and a high expression was related to poor prognosis in gastric cancer
(Chang et al., 2006). INCENP was also increased in colorectal cancer (Kabisch et al., 2015),
whereas Survivin (Adida et al., 2000; Ambrosini et al., 1997) and Aurora B (Tanaka et al., 1999;
Tatsuka et al., 1998) have been found to be overexpressed in various cancer types.
Furthermore, Survivin overexpression promotes tumor progression by an upregulated VEGF
expression leading to angiogenesis of cancer cells (Fernandez et al., 2014; Sanhueza et al.,
2015). Protein overexpression of at least one CPC member is associated with high rates of
tumor recurrence, abbreviated patient survival and resistance to chemo- and radiotherapy
(Athanasoula et al., 2014; Capalbo et al., 2007; Chen et al., 2014). Thus designating the CPC,
besides having a function as a molecular marker for malignancies, as a potential target for
cancer therapy.

Therapeutic inhibition of Survivin in tumor cells may possibly yield cumulative benefits due to its
involvement in cell division, apoptosis as well as chemo- and radioresistance. Several
approaches comprising mRNA inhibitors, immunotherapeutic agents and small molecule
inhibitor treatments targeting Survivin’s functions are under investigation (reviewed in
Athanasoula et al., 2014; Garg et al., 2016). In addition, several Aurora B kinase inhibitors are
used in clinical trials (reviewed in Tang et al., 2017).
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1.6 Aims of this thesis

The faithful duplication and segregation of the entire genome requires close coordination of an
elegant network of many different protein factors in the cell. One example of a protein
complex,ensuring the proper segregaton of the genome to progeny cells, is the chromosomal
passenger complex (CPC). It consists of a catalytic module, the kinase AuroraB and a
localization module. The latter comprises the proteins Survivin, Borealin and INCENP and
targets the CPC to the respective structures for precise and equal segregation of the genome
during mitosis. All CPC members are overexpressed in a multitude of cancers. The protein
overexpression of at least one CPC member is associated with high rates of tumor recurrence,
abbreviated patient survival and resistance to chemo- and radiotherapy (Athanasoula et al.,
2014; Capalbo et al., 2007; Chen et al., 2014). Thus designating the CPC, besides having a
function as a molecular marker for malignancies, as a potential target for cancer therapy. While
its role in maintaining the genomic stability during mitosis is well characterized, the functional
role of the CPC during interphase is still unknown.

To gain further insights into the role of the CPC during interphase, first of all the localization of
the CPC should be analyzed in a cell cycle dependent manner as well as with respect to key
replication- or chromatin-associated proteins via immunofluorescence. Furthermore, potential
interactions of the CPC members with characteristic replisome and chromatin-binding proteins
should also be a matter of investigation by iPOND, PLA and co-immunoprecipitations. Further
insights into the interaction of the CPC should also be confirmed by defining interaction sites
between the respective proteins. In addition, a potential functional involvement of the CPC
during replication should be investigated by flow cytometry analysis and a combination of
siRNA-mediated depletion of Survivin or inhibition of Aurora B kinase with replication fork
velocity analysis. In order to determine whether the CPC could also be implicated in processes
after induction of replication stress, the expression of CPC proteins and their localization to
different cell compartments should be analyzed either via western blotting or
immunofluorescence. In addition, the question what happens with the CPC after helicase-
polymerase uncoupling after replication stress induction should be addressed. Finally, it should
also be determined by immunofluerescence whether the CPC is involved in DNA synthesis
during mitosis.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and consumables

Unless stated otherwise, all chemicals used were obtained from the companies AppliChem
(Darmstadt), Roth (Karlsruhe) and Sigma-Aldrich (Deisenhofen). For the cultivation of
eukaryotic cells, disposables from Sarstedt (Nimbrecht) and Greiner (Frickenhausen) were
used. For confocal microscopy p-Slide 8-well chamber slides were bought from Ibidi GmbH
(Minchen) and glass bottom dishes from MatTek (Ashland, MA, USA). Restriction enzymes
were purchased from New England Biolabs (Frankfurt am Main), oligo nucleotides (primer) from
Eurofins Genomics (Ebersberg) and DNA and protein marker from MBI Fermentas (St. Leon-
Rot). Further notes concerning materials used can be found in the corresponding sections
dealing with their application.

2.1.2 Buffer and solutions

Frequently used buffers and solutions are listed in Table 1. They were usually prepared with
double-distilled water (ddH,O) and pH values were adjusted at room temperature. Further
buffers or solutions, not listed here, can be found in the corresponding section.

Table 1. Composition of buffers and solutions.

buffer or solution

composition

PBS 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4
PBST PBS + 0.1 % (v/v) Tween-20

TBS 50 mM Tris-HCI, 150 mM NacCl, pH 7.4

TBST TBS + 0.1 % (v/v) Tween-20

4x SDS stacking gel
buffer

500 mM Tris-HCI pH 6.8, 0.8 % (w/v) SDS

4x SDS resolving gel
buffer

1.5 M Tris-HCI pH 8.8, 0.8 % (w/v) SDS

5x SDS sample buffer

60 mM Tris-HCI pH 6.8, 5 mM EDTA, 30 % (v/v) glycerin, 15 % (w/v)
SDS, 7.5 % (v/v) 2-mercaptoethanol, 0.1 % (w/v) bromophenole blue

SDS running buffer

25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS

Transfer buffer

25 mM Tris pH 8.3, 192 mM glycine, 0.01 % (w/v) SDS,
20 % (v/v) methanol

RIPA buffer 50 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, 1 % (v/v) NP-40, 1 %
(v/v) sodium deoxycholat, 1 mM DTT, 1 x protease inhibitor , 1 mM
PMSF

TAE-buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH adjusted

to 8.3 with acetic acid
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buffer or solution composition

Jiang IP buffer 0.5 % NP-40, 5 mM EDTA, 2 mM EGTA, 20 mM MOPS, 1 mM PMSF,
20 mM Nay4P,07, 30 mM NaF, 40 mM b-glycerophosphate, 1 mM
Nas;VOs3

IP lysis buffer 50 mM Hepes pH 7.5, 150 mM NacCl, 0.5 % NP-40, 1x protease
inhibitor, 1x phosStop

IP wash buffer 50 mM HEPES pH7.5, 150 mM NaCl

PTEMF buffer 20 mM PIPES pH 6.8, 10 mM EGTA, 0.2 % Triton X-100, 1 mM
MgCl,, 4 % formaldehyde

CSK buffer 100 mM NacCl, 3 mM MgCl,, 10 mM HEPES pH7.4, 300 mM sucrose,

0.3 % (v/v) Triton X-100, protease inhibitor,

phosphatase inhibitor

2.1.3 Laboratory devices

All laboratory devices used are listed in Table 2 or can be found in the correspondent section
dealing with the application.

Table 2: Laboratory devices with manufacturer.

device manufacturer

Allegra X-22 Series Centrifuges Beckman Coulter GmbH, Krefeld
BioPhotometer Plus Eppendorf AG, Hamburg

Centrifuge 5417C/R Eppendorf AG, Hamburg

Centrifuge ROTINA 380/Rotina 380 R Andreas Hettich GmbH & Co. KG, Tuttlingen
Centrifuge ROTOFIX 32 A Andreas Hettich GmbH & Co. KG,Tuttlingen

Chemistry pumping unit (model PC 500 VACUUBRAND GMBH + CO KG, Wertheim
LAN NT)

CO, incubator Binder GmbH, Tuttlingen

CO; incubator model INC153 Memmert GmbH & Co. KG, Schwabach
Eppendorf Research Plus Eppendorf AG, Hamburg

Exchangeable Thermoblocks Eppendorf AG, Hamburg

Film processor CAWOMAT 2000 IR CAWO GmbH, Schrobenhausen

Forma Orbital Shaker (420 Series) Thermo Fisher Scientific, Waltham, USA
GrantBio orbital shaking platform POS- Grant Instruments (Cambridge) Ltd, Roystock, UK
300

Heated table MEDAX GmbH & Co. KG, Neumunster
Heating immersion circulator ED JULABO GmbH,Seelbach

Heating plate RCT Standard IKA-Werke GmbH & Co.KG, Staufen
Heating plate RH basic 2 /,KT/C, RH IKA-Werke GmbH & Co.KG, Staufen
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device

manufacturer

Magnetic stirrer, different models

IKA-Werke GmbH & Co.KG, Staufen

Microbiological safety cabinet NU-437-
300E/400E/500E/600E

INTEGRA Biosciences GmbH, Fernwald

Microbiological safety cabinet
HERAsafe® KS/KSP

Thermo Fisher Scientific, Waltham, USA

Mikroliterrotor 24x2ml und PCR-Rotor

Thermo Electron Corporation, Langenselbold

Mini-Protean Tetra Cell System

Bio-Rad Laboratories GmbH, Miinchen

Mini-Transfer-Blot® Electrophoretic
Transfer Cell

Bio-Rad Laboratories GmbH, Miinchen

Multipipette® Stream

Eppendorf AG, Hamburg

Nalgene "Mr. Frosty" Freezing Container

Thermo Fisher Scientific, USA

neolLab rotor with vortex mixer

neolLab Migge Laborbedarf- Vertriebs GmbH,
Heidelberg

PerfectBlue™ horizontal mini gel system

Peglab Biotechnologie GmbH, Erlangen

PerfectBlue™ Tank Electro Blotter Web S

Peglab Biotechnologie GmbH, Erlangen

pH/mV/°C meter with microprocessor

HANNA Instruments Deutschland GmbH, Kehl

PIPETMAN® P/Neo

Gilson International B.V., Limburg-Offheim

pipetus®

Hirschmann Laborgerédte GmbH & Co. KG,
Eberstadt

power supply peqPOWER 300

Peglab Biotechnologie GmbH, Erlangen

power supply PowerPac™Basic

Bio-Rad Laboratories GmbH, Miinchen

precision balance

Kern & Sohn GmbH, Balingen

Spectrafuge™ Mini Centrifuge

Labnet International Inc, Edison, NJ, USA

thermal printer DPU-414

Seiko Instruments GmbH, Neu-lsenburg

thermocycler TPersonal 48

Biometra GmbH, Géttingen

thermocycler TProfessional standard

gradient 96

Biometra GmbH, Géttingen

thermomixer Comfort with

exchangeable thermoblocks

Eppendorf AG, Hamburg

tube roller RS-TR 5

Phoenix Instrument GmbH, Garbsen

tube roller SRT9

Stuart Bibby Scientific Ltd, Stone, UK

tube rotator SB2

Stuart Bibby Scientific Ltd, Stone, UK

ultrasonic device Sonopuls mini20

BANDELIN electronic GmbH& Co.KG, Berlin

UV Sterilizing PCR Workstation

Peglab Biotechnologie GmbH, Erlangen

vortex mixer PV-1

Grant Instruments (Cambridge) Ltd, Royston, UK
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device

manufacturer

vortex mixer Vortex-Genie® 2

Scientific Industries, Bohemia, NY, USA

Vortex-Genie 2

Scientific Industries, USA

water bath 1002-1013

Gesellschaft fur Labortechnik mbH, Burgwedel

2.1.4 Software and computer-based analysis
The software used in this thesis is listed in Table 3.

Table 3: Used software and manufacturer.

Software manufacturer

Adobe Photoshop CS5 Adobe Systems GmbH, Munich
BioEdit Ibis Therapeutics, Carlsbad, CA, USA
Canvas 11 Canvas GFX, Inc., Plantation, FL, USA

CellProfiler 3.0

Carpenter Lab at the Broad Institute of Harvard and MIT,
Cambridge, MA, USA

Gene Construction Kit

Textco BioSoftware, Inc, Raleigh, NC, USA

GraphPad Prism 5.04

GraphPad Software, La Jolla, CA, USA

Image Studio Lite 4.0

LI-COR Biosciences Inc., Lincoln, NE, USA

ImageJ, Image Processing and
Analysis in Java

Fuji

National Institute of Health, Bethesda, MD, USA

Kaluza Analysis 1.3

Beckman Coulter, Brea, CA, USA

Leica Application Suite AF
Leica Application Suite X

Leica Microsystems GmbH, Mannheim

PyMOL

Schrédinger LCC, Portland, OR; USA

SnapGene Viewer 3.3.4

GSL Biotech, Chicago, IL, USA

2.1.5 Eukaryotic cell lines

The cell lines used in this thesis are listed in Table 4.

Table 4: Characterization of cell lines.

cell line tissue/organism/characteristics ATCC- medium
number/reference

A431 epidermoid carzinoma, Homo sapiens CRL-1555 DMEM

A431 Surv- A431 cells stably expressing Survivin- DMEM 800

GFP GFP

HelLa cervical adenocarzinoma, Homo sapiens  CCL-2 DMEM

WI-38 lung fibroblasts, Homo sapiens CCL-75 WI-38
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cell line tissue/organism/characteristics ATCC- medium

number/reference
293T Embryonic kidney, Homo sapiens CRL-11268 DMEM
u20Ss Bone, osteosarcoma, Homo sapiens HTB-96 DMEM
NIH 3T3 fibroblasts, Mus musculus CRL-1658 DMEM

2.1.6 Media and additives

Media und additives used for cell culturing are listed in Table 5. Composition of the appropriate
culture medium is listed in Table 6.

Table 5: Culture media and additives.

medium, additive manufacturer

DMEM (1x) Dulbecco’s Modified Eagle Medium Life technologies, Carlsbad, CA USA
FCS Life technologies, Carlsbad, CA USA
Antibiotic-Antimycotic (100x) (AA) Life technologies, Carlsbad, CA USA
L-Glutamine 200mM (100x) Life technologies, Carlsbad, CA USA
MEM Non-Essential Amino Acids Solution (100x) Life technologies, Carlsbad, CA USA
(NEAA)

Sodium bicarbonate, 7.5 % solution PAA, Pasching, A

Sodium pyruvate AppliChem, Darmstadt

Geniticin (G418) Biochrom AG, Berlin

Table 6: Composition of cell culture media.

medium Additives with final concentration
DMEM DMEM, 10% (v/v) FCS, AA (1x)
WI-38 MEM, 10% FCS, AA (1x), L-Glutamine (2 mM), NEAA (1x), sodium

bicarbonate (1.5 g/l), sodium pyruvate (1 mM)

DMEM 800 DMEM, 800 pg/ml Geniticin

2.1.7 Antibodies

The listed specific primary (Table 7) and secondary antibodies (Table 8) were used for protein
detection in western blotting (WB, section 2.2.3.7) and in immunofluorescence (IF, section
2.2.2.8). Secondary antibodies are conjugated either with Alexa Fluor (AF) or horesradisch
peroxidase (HRP). Further antibodies can be found in the corresponding section dealing with
the application.
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Table 7: Primary antibodies.

antigen origin dilution manufacturer
WB IF (order number)

ATR rabbit 1:1000 GeneTex Inc., Irvine, CA, USA
(GTX 128146)

Aurora B rabbit 1:2000 1:2000 Sigma, Munich (A5102)

Aurora B mouse 1:500 BD Transduction Laboratories,
Heidelberg (611082)

Aurora B 1:500 courtesy of Prof. H. Meyer

pT232 (University of Duisburg-Essen);
Rockland Immunochemicals,
Limerick, PA, USA(600-401-677)

Borealin mouse 1:200 MBL International, Woburn, MA,
USA (M147-3)

Borealin rabbit 1:500 Novus Biologicals, Littleton, CO,
USA (NBP1-77330)

CAF1 rabbit 1:200 NEB/ Cell Signalling (5480)

CREST human 1:200 Antibodies Incorporated, Davis,

(Centromere, serum CA, USA (15-234)

Kinetochore)

DNA Ligase| mouse 1:100 MBL International, Woburn, MA,
USA (K0190-3)

GFP-tag rabbit 1:2000 Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA (sc-8334)

HA-tag mouse 1:1000 Covance (MMS-101R)

histone H3 mouse 1:1000 Abcam, Cambridge, UK
(ab195277)

HP1la rabbit 1:400 NEB/Cell Signaling (2616)

INCENP mouse 1:150 Life Technologies GmbH,
Darmstadt
(39-2800)

INCENP rabbit 1:1000 NEB/Cell Signaling (2807)

(5% BSA/TBST)

Lamin A/C rabbit 1:1000 NEB/Cell Signaling (2032)

Mcm2 goat 1:100 Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA (Sc-9839)

Myc-tag mouse 1:1000 1:1500 NEB/Cell Signaling

(2276)
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antigen origin dilution manufacturer

WB IF (order number)

pATM mouse 1:300 1:500 Santa Cruz Biotechnology Inc.,

(pSer1981) Santa Cruz, CA, USA (sc-47739)

PCNA mouse 1:2000 1:3200 NEB/Cell Signaling

(MetOH)  (2586)
PCNA rabbit 1:200 Abcam, Cambridge, UK (Ab92552)
(MetOH)

pH3S10 mouse 1:100 NEB/Cell Signaling (9706)

pRPA32 rabbit 1:500 Novus Biologicals, Littleton, CO,

Ser33 USA (NB100-544)

RPA32 mouse 1:20 1:50 Merck Millipore, Burlington, CA,
USA (NA18)

Survivin rabbit 1:1000 1:400 Novus Biologicals, Littleton, CO,
USA (NB500-201)

Survivin mouse 1:1000 Novus Biologicals, Littleton, CO,
USA (NB500-205)

a-Tubulin mouse 1:8000 Sigma, Munich (T5168)

a-Tubulin mouse 1:8000 Sigma, Munich (T6074)

YH2AX mouse 1:5000 1:10,000 BioLegend, San Diego, CA, USA

(pSer139) (613402)

Table 8: Secondary antibodies.

antibody origin dilution manufacturer
WB IF (order number)

anti-mouse goat 1:1,000 Life Technologies GmbH,
lgG-AF488 Darmstadt (A11001)
anti-mouse goat 1:1,000 Life Technologies GmbH,
IgG-AF568 Darmstadt (A11004)
anti-mouse goat 1:1,000 Life Technologies GmbH,
IgG-AF633 Darmstadt (A21050)
anti-rabbit goat 1:1,000 Life Technologies GmbH,
IgG-AF488 Darmstadt (A11008)
anti-rabbit goat 1:1,000 Life Technologies GmbH,
IgG-AF568 Darmstadt (A11011)
anti-rabbit goat 1:1,000 Life Technologies GmbH,
IgG-AF633 Darmstadt (A21070)
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antibody origin dilution manufacturer

WB IF (order number)
anti-goat donkey 1:1,000 Life Technologies GmbH,
IgG-AF488 Darmstadt (A11055)
anti-rat goat 1:1,000 Life Technologies GmbH,
IgG-AF568 Darmstadt (A11077)
anti-human goat 1:1,000 Life Technologies GmbH,
IgG-AF568 Darmstadt (A21090)
anti-mouse sheep 1:10,000 GE Healthcare Life Sciences,
I9G-HRP Freiburg (NXA931)
anti-rabbit donkey 1:10,000 GE Healthcare Life Sciences,
IgG-HRP Freiburg (NA934)

2.1.8 Oligonucleotides

2.1.8.1 DNA oligonucleotides
DNA oligonucletides used for PCR were purchased from Eurofins Genomics (Ebersberg). DNA
nucleotides for sequencing were provided by LGC Genomics (Berlin).

Table 9: DNA oligonucleotides.

name

sequence

application

PIP-

5-CACCAGGCTGCTCACCCACCGAACCTTCTGGAG-3’ PCR

substitution_fw

PIP-

5-AGCGATAGCAGCGCTGAGCGGGGTGCCTCG-3 PCR

substitution_rv

CMV_fw 5-GCAAATGGGCGGTAGGCGT-3 sequencing
pcDNA3.1 rv 5-TAGAAGGCACAGTCGAGGCT-3 sequencing
2.1.8.2 siRNA

Synthetically generated siRNAs used for RNA interference (RNAI) were purchased in 20 nM
scale scale, resuspended in RNAse-free water and stored as 20 UM stock solutions at -20 °C.

Table 10: Sequences of siRNAs for RNA interference.

name target/ sense strand reference/ supplier

siCtr non human homology (Dobrynin et al., 2011),
5-UUCUCCGAACGUGUCACGUITAT-3’ microsynth AG, Balgach, CH

siSurvivin Human Survivin (3’-UTR) Invitrogen, Karlsruhe

(B02) 5'-AACAAGAGCACAGUUGAAACAUCUA-3'

siSurvivin 5-GCAUUCGUCCGGUUGCGCUTT-3' Qiagen, Hilden

(BIRC5.5)
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2.1.8.3 Plasmids

The plasmids used in this thesis are listed in Table 11. The pCCC plasmid differs from the
others, because it encodes not the corresponding protein PCNA itself but rather a so-called
chromobody. This chromobody is based on the antigen binding domain (V4H) of a camelid
antibody that specifically recognizes PCNA and which is fused to a RFP-tag. The advantage is
that the chromobody does not interfere with endogenous protein function and that the
endogenous protein can be visualized via the RFP-tag.

Table 11: Eukaryotic expression plasmids.

plasmid description Received from/

supplier/ reference

pc3-Survivin-GFP  Survivin fused C-terminal with GFP Courtesy of Prof. R. Stauber
(University of Mainz)/
(Knauer et al., 2006)

pCCC PCNA chromobody (VyH) fused with ChromoTek GmbH, Planegg-
RFP Martinsried

pc3-Survivin- Survivin  fused  C-terminal  with Courtesy of Prof. R. Stauber

tdTomato tdTomato (University of Mainz)

peGFP-N3-HP1la HPla fused N-terminal with GFP courtesy of Prof. H. Meyer
(University of Duisburg-
Essen)

pc3-Survivin-HA Survivin fused C-terminal with HA Knauer group

pc3-myc-Survivin Survivin fused N-terminal with myc Knauer group

pc3-Aurora B-HA Aurora B fused C-terminal with HA Knauer group

pc3-Borealin-HA Borealin fused C-terminal with HA Knauer group

pPcDNA3.1(+) used as empty vector in transfections Life Technologies GmbH,
Darmstadt

PENeGFP-PCNA PCNA fused N-terminal with GFP courtesy of Prof. C. Cardoso
(Technical University
Darmstadt)

pENenRFP-PCNA  PCNA fused N-terminal with RFP courtesy of Prof. C. Cardoso
(Technical University
Darmstadt)

pPcDNAS3.1-myc- INCENP fused N-terminal with myc courtesy of Prof. H. Meyer

INCENP (University of Duisburg-
Essen)

pcDNAS3.1-myc- INCENP with aa exchange of GIn853, this thesis

INCENP-PIPmut [le856, Thr859 and Thr860 to Ala fused

N-terminal with myc
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2.1.9 Bacterial strains

The respective bacteria were grown at 37 °C in LB medium (AppliChem, Darmstadt) or on
dishes containing LB agar (AppliChem, Darmstadt), both supplemented with the respective
antibiotics (section Fehler! Verweisquelle konnte nicht gefunden werden.).

Table 12: Bacterial strains.

strain genotype supplier

E. coli XL2-Blue™  endAl supE44 thi-1 hsdR17 recA1 gyrA96 relA1  Strategene
lac [F" proAB lacl® ZAM15 Tn10 (Tet") Amy Cam']  (Heidelberg)

NEB® 5-alpha E. coli fhuA2 A(argF-lacZ)U169 phoA ginV44 ¢80 New England
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 Biolabs (Ipswich,
hsdR17 MA, USA)

2.1.10 Kits

All kits used in this work are listed in (Table 13).

Table 13: Used kits, application and manufacturer

kit application manufacturer

Nucleo Bond® Xtra Midi isolation of plasmids from Machery-Nagel (Diren)
200ml bacterial culture

Nucleo Spin® Multi-8-Plasmid isolation of plasmids from 5ml Machery-Nagel (Diiren)
bacterial culture

NucleoSpin® Gel and PCR purification of DNA Machery-Nagel (Duren)
Clean- up (PCR/agarose gel)

Q5® Site-directed site directed mutagenesis of  New England BioLabs GmbH
mutagenesis plasmids to make specific (Frankfurt am Main)

DNA alterations (insertions,
deletions and substitutions)

Subcellular Protein segregation and enrichment ~ Thermo Fisher Scientific
Fractionation Kit for Cultured  of proteins from different (Waltham, MA, USA)
Cells cellular compartments

HMACS® isolation kit for isolation of tagged fusion Miltenyi Biotec (Bergisch-
tagged proteins proteins Gladbach)

Pierce™ ECL Plus Western substrate for the horseradish  Pierce Biotechnology, Inc.
Blotting Substrate peroxidase (HRP) (Rockford, IL, USA)
SuperSignal™ West Femto

Maximum Sensitivity

Substrate
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kit

application

manufacturer

Click-iT™ EdU Alexa Fluor™

488 Imaging Kit

Click-iT™ EdU Alexa Fluor™

594 Imaging Kit

fluorescent labeling of
proliferating cells for
microscopy

Thermo Fisher Scientific
(Waltham, MA, USA)

Duolink® In Situ Detection
Reagents Orange

detection of protein-protein-
interaction

Sigma-Aldrich, Steinheim
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2.2 Methods
2.2.1 Molecular Biology

2.2.1.1 Polymerase chain reaction (PCR)

For mutation of longer plasmid sequences, the Q5® Site-Directed mutagenesis kit (New England
BioLabs GmbH, Frankfurt am Main) was used according to the manufacturer’s instructions. The
PCR reaction was mixed according to Table 14. A plasmid was used as template DNA.
Lyophilized primers were dissolved in ddH,O to a final concentration of 100 uM and diluted in a
ration of 1:10 and than added to the eaction mix. Primer sequences and annealing temperature
were generated using the NEB online design software, NEBaseChanger™. The plasmid DNA
sequence should be mutated to substitute the respective aa to alanine, because it is the
smallest aa, has no reactive groups and therefore the secondary structure is not altered due to
sterical hindrances.

Table 14: Compositin of a PCR.

name volume (ul) final conc.
Q5 Hot start high-fidelity 2x Master Mix 12.5 1x
forward primer (10 uM) 1.25 0.5 uM
reverse primer (10 uM) 1.25 0.5 uM
template DNA (1-25 ng/ul) 1 1-25 ng
nuclease-free water 9

The mixtures were transferred to a thermocycler and the cycling condition described in Table 15
were performed for PCR.

Table 15: Cycling conditions of a PCR.

step temperature time
initial denaturation 98 °C 30s
denaturation 98 °C 10s
25 cycles annealing 71°C 30s
elongation 72 °C 5 min
final extension 72 °C 2 min
hold 4°C
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2.2.1.2 KLD treatment
After PCR, the amplified material is subjected to a KLD treatement according to the instructions
of the Q5® Site-Directed mutagenesis kit (New England BioLabs GmbH, Frankfurt am Main). It
contains a mix of kinase, ligase and Dpnl enzymes allowing phosphorylation, intramolecular
circularization and template removal. The reaction was mixed as shown in Table 16 and
incubated for 5 min at RT.

Table 16: Composition of a KLD reaction.

name volume (ul) final conc.
PCR product 1

2x KLD reaction buffer 5 1x

10x KLD enzyme mix 1 1x
nuclease-free water 3

2.2.1.3 Transformation of competent bacteria

After KLD treatment (section 2.2.1.2), 5 ul of the KLD mix were mixed with 50 pl of chemically-
competent NEB® 5-alpha E. coli and incubated on ice for 30 min. Afterwards heat shock was
performed at 42 °C for 30 seconds and sampes were further incubated on ice for 5 min. 950 pl
SOC medium, included in the Q5® Site-Directed mutagenesis kit (New England BioLabs GmbH,
Frankfurt am Main), was added and samples were indubated at 37 °C for 1 h. 80 ul of the
dilution of a ratio of 1:40 was spread onto the selection dish, containg LB Agar with carbinicillin
(final conc. 100 pg/ml; AppliChem GmbH, Darmstadt), and incubated over night at 37 °C.

Alternatively, if plasmids need to be reproduced, 50 pl of E. coli XL2-Blue™ were thawed on ice
and a volume containing approximately 10 ng plasmid DNA was added and incubated on ice for
30 min. Afterwards heat shock was performed at 42 °C for 45 seconds and sampes were placed
on ice for 1 min. Finally, the mixture was sprad onto the selection dish, containg LB Agar with
carbinicillin (final conc. 100 pg/ml; AppliChem GmbH, Darmstadt), and incubated over night at
37 °C. E.coli cells transformed with plasmids carrying a kanamycin resistance, were
resuspended in 500 pl antibiotic-free LB medium and incubated 1 h at 37 °C before spreaded
onto the selection dish, containing LB agar with kanamycin ( final conc. 50 pug/ml; AppliChem
GmbH, Darmstadt) and incubation over night at 37 °C.

2.2.1.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate nucleic acids according to their size. Gels
were used with a concentration ranging from 1 % to 2 % (w/v) agarose depending on the size of
the molecules. The agarose was boiled in 1 x TAE buffer and DNA intercalating agents such as
ethidium bromide or HDGreen Plus (INTAS Science Imaging Instruments GmbH, Géttingen)
were added. Gels were poured and placed in electrophoresis chamber after polymerization.
Samples were mixed with 6 x DNA loading dye (Thermo Fisher Scientific, Waltham, USA) and
loaded on the gel. Electrophoresis was performed with constant voltage of 100V for 1 in
1 x TAE. DNA bands were visualized with UV light (E-Box VX2, Vilber Lourmat, Eberhardzell)
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and band size was detected in comparison to appropriate size standards (GeneRuler™ 1 kb
DNA Ladder and GeneRuler™ 100 bp DNA Ladder; Thermo Fisher Scientific, Waltham, USA).

2.2.1.5 Extraction of DNA fragments from agarose gels and PCR samples

For extraction of DNA fragments from agarose gels or from PCR samples the NucleoSpin® Gel
and PCR Clean- up kit (Macherey-Nagel, Diren) was used according to the manufacturer’s
instructions. Elution was performed with 30 pl of the provided elution buffer.

2.2.1.6 Isolation of plasmids from bacterial cells

Depending on the required amount of DNA the Nucleo Bond® Xtra Midi or the Nucleo Spin®
Multi-8-Plasmid kit (section 2.1.10) was used for the isolation of plasmids from E.coli cells. For
both purposes a single E.coli colony from LB agar plates (section 2.2.1.3) or a sample from a
bacterial glycerol stock (section 2.2.1.7) is transferred either to 5ml LB medium for mini
preparation or to 200 ml LB medium for midi preparation of plasmids, both containing the
respective antibiotic and incubated overnight at 37 °C. For the mini preparation of plasmids,
4 ml of the bacterial culture were centrifuged for 10 min at 1,000 xg and the plasmids were
isolated according to the manufacturer’s instruction of the Nucleo Spin® Multi-8-Plasmid Kkit.
Plasmid DNA was eluted in 80 pl of the provided elution buffer. For the midi preparation of
plasmids, the bacterial culture was centrifuged for 15 min at 3,900 xg and 4 °C and the plasmids
were isolated according to the manufacturer’s instruction of the Nucleo Bond® Xtra Midi kit.
Plasmid DNA was precipitated with isopropanol and washed with ethanol and afterwards
dissolved in ddH,O.

2.2.1.7 Preparation of bacterial glycerol stocks

For long term storage of plasmid DNA-containg E.coli cells, bacterial clycerol stocks were
obtained by mixing 400 pl of sterile 86 % glycerol with 600 pl of an overnight bacterial culture in
a cryovial. Cryovials were shock frozen and stored at -80 °C.

2.2.1.8 Quantification of DNA concentration

The purity and the concentration of a plasmid DNA solution was determined via
NanoDrop2000c (Thermo Fisher Scientific Waltham, MA, USA) measurements of the absorption
of aromatic purine and pyrimidine bases at 260 nm. A ratio of approximately 1.8 for the
absorbance at 260 nm and 280 nm is accepted as ‘pure’ DNA as well as the range of 2.0 to 2.2
of the A260/A230 values.

2.2.1.9 DNA sequencing and sequence analysis

The concentration was adjusted to approximately 100 ng/ul prior to sending the samples to LGC
Genomics GmbH (Berlin), who performed the DNA sequencing. The resulting sequences were
analyzed with the BioEdit software (section 2.1.4).
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2.2.2 Cell Biology

2.2.2.1 Cultivation of mammalian cell lines

Adherent growing eukaryotic cells were routinely maintained under sterile conditions. They were
cultivated in T-75 cell culture flask in 10 ml of the respective medium in the incubator at 37 °C,
5 % CO, and approximately 90 % relative humidity. At a confluence level of 70-90 % the growth
medium was aspirated and cells were washed with 6 ml sterile DPBS (Life Technologies,
Carlsbad, CA, USA) to remove the remaining culture medium and cells were detached from cell
culture flask bottom by adding 2 ml TrypsinLE Express (Life Technologies, Carlsbad, CA, USA).
Cell culture flask were placed on a heating plate preheated to 37 °C. To stop the enzymatic
activity, 8 ml of the respective medium was added. Afterwards, cells were diluted depending on
their confluence in a ratio of 1.5 to 1:20 into a new cell culture flask.

2.2.2.2 Freezing and thawing of cell lines

Storage of cells over a prolonged period was carried out in 10 % (v/v) DMSO/FCS. Cells were
trypsinized and proteolytic activity was stopped as describe in section 2.2.2.1. Cells were
transferred to 15 ml reaction tubes and centrifuged for 5 min at 300 xg. After aspirating the
medium, the cell pellet was first resuspended in 5ml FCS and afterwards 5 ml
20% (v/v) DMSO/FCS was added. 1 ml each of the cell suspension was transferred into
cryotubes (Thermo Fisher Scientific, Waltham, MA, USA), placed in the Mr. Frosty freezing
container (Thermo Fisher Scientific, Waltham, MA USA) and chilled stepwise (1 C/min) to -
80 °C and stored afterwards in a liquid nitrogen tank (-130 °C).

For thawing, cells were heated in a water bath at 37 °C. 1 ml of the respective growth medium
was added and the solution was transferred into a 15 ml reaction tube containing additional 8 ml
growth medium. Cells were centrifuged for 5 min at 300 xg and the supernatant was aspirated
to remove the DMSO. Cells were resuspended in 10 ml of fresh growth medium and transferred
into the T-75 cell culture flask. After 24 h growth medium was replaced by new medium and
cells were further cultivated as described in section 2.2.2.1.

After one week of cultivation, an assay was performed for visual detection of potential
mycoplasma contamination. Mycoplasmas are the smallest bacteria and not visible in the
microscope. They can attach to the eukaryotic cells and can also entry the cell by fusing with
the cell membrane. Mycoplasmas compete with the eukaryotic host cells for nutrients, alter
DNA, RNA and protein synthesis and introduce chromosomal aberrations (Drexler and Uphoff,
2002). To detect mycoplasma contaminations, the Plasmo Test™ Mycoplasma Detection kit
(Invivogen, San Diego, CA USA) was performed according to the instructions of the
manufacturer. Only mycoplasma-free cell lines were subjected to any experimental procedure.

2.2.2.3 Inhibitor treatment of eukaryotic cells

To specifically inhibit the kinase activity of Aurora B, the inhibitor Hesperadin was used in a final
concentration of 100 nM (stock solution 1 mM in DMSO). Hesperadin is an indolinone
compound that interacts with both the ATP- and the adjacent hydrophobic binding pocket of
Aurora B (Hauf et al., 2003; Sessa et al., 2005).

41



PIP box inhibitor T2AA was used in a final concentration of 40 uM (stock: 100mM in DMSO)
(Sigma-Aldrich, Steinheim). T2AA is a T2 amino alcohol, a T3 derivate that lacks thyroid
hormone activity. It is a non-petide small molecule (Punchihewa et al., 2012) that binds to
PCNA at the PIP box cavity thus abolishing interaction of PCNA with PIP box-containing
proteins (Inoue et al., 2014).

RO-3306 (Sigma-Aldrich, Steinheim), a selective ATP-competetive inhibitor of CDK1, was used
in a final concentration of 0.9 uM to arrest cells in G,/M phase.

For the induction of replication stress several inhibitors were used. For example, camptothecin
(CPT) targets topoisomerase | (Topol). Topol binds under normal conditions to DNA and
generates a SSB to reduce the torsional stress of supercoiled DNA at replication forks
(Champoux, 1978; Hsiang et al., 1989). CPT binds to the Topol-DNA complex and inhibits the
re-ligation of the DNA, thereby sustaining the SSB. The collision with the subsequent replication
fork generates DSBs (Pommier, 2006). In contrast to the described mechanism caused by the
treatment with high CPT concentrations (1 uM), lower concentrations of CPT (25 nM) induce
replication fork slowing and fork reversal to prevent chromosomal breakage. CPT activates
both, the ATR-Chk1 and the ATM-Chk2 signaling (Ray Chaudhuri et al., 2012).

Aphidicolin (APH; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) binds to the active site
of DNA polymerases a, B and € and block the incorporation of nucleotides into the DNA strand,
leading to replication fork stalling (Cheng and Kuchta, 1993). While the polymerase is inhibited,
the helicase is still able to unwind the DNA (Sogo et al., 2002). This so-called uncoupling, leads
to long stretches of ssDNA and checkpoint activation by ATR-Chkl (Byun et al., 2005).
Hydroxyurea (HU) inhibits the ribonucleotide reductase so that the dNTP pool is depleted. This
results in stalled forks and uncoupling of helicase and polymerase function similar to APH
treatment (Jossen and Bermejo, 2013). After prolonged treatment it can further result in
collapsed forks and in DSBs (Petermann et al., 2010).

Cisplatin mainly forms intrastrand crosslinks. These structural DNA modifications block uncoiling
and separation of the DNA double helix (Fichtinger-Schepman et al., 1985). Damage response
is triggered by ATM-Chk2 and ATR-Chkl1 pathway, similar to Topol treatment. Cisplatin was
used in a final concentration of 0.2 uM.

The DNA topoisomerase inhibitor camptothecin is of great interest because it helpt to maintain
strand breaks generated by topoisomerases during replication.

2.2.2.4 X-ray irradiation

Cells were irradiated with the Philips Constant Potential X-ray System MG160. The device
operated at 130 kV and 16 mA and a dose rate of approximately 1.2 Gy/min. Cells were
irradiated with 6 Gy which leads to SSB or DSB and induces stress response via ATM-Chk2
and ATR-Chk1 signaling pathways (Maréchal and Zou, 2013). After the irradiation, the cells
were returned to the incubator for 1 h and afterwards processes as described in the respective
section.
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2.2.2.5 Transient transfection of eucaryotic cells

Transient transfection of eukraryotic cells with plasmid DNA was performed either with cationic
polymers as polyethylenimine (PEI; Sigma, Taufkirchen) for 293T cells or with Lipofectamine
2000 (Life technologies, Carlsbad, CA USA) used for all other cell lines. Thereby Lipofectamine
2000 forms cationic liposomes complexing with the negatively charged nucleic acid molecules.
These can then overcome the electrostatic repulsion of the cell membrane and liposomes can
fuse with the cell membrane effecting the entry of the nucleic acidl (Dalby et al., 2004). PEI
binds the nucleic acids and these enter the cell via endocytosis. Endosomes swell due to an
influx of ions and further burst and the polymer-DNA complex are released into the cytoplasm.

Cells were seeded in 10 cm dishes 24 h prior to transfection. For PEI transfection 240 ul DPBS
were mixed with 44 pl 10 mM PEI for each well. Additionally 240 ul DPBS were mixed with 8 pg
plasmid DNA. Both solutions were mixed together, vortexed and incubated at RT for 5 min.
Lipofectamine 2000 was used for transfections for microscopic analysis which were perfomed in
u-Slide 8-well chamber slides. Cells were seeded in avolume of 300 ul growth medium and
transfected after 24 h. Therefore, 12.5 pl OptiMEM and 150 ng plasmid DNA as well as 12.5 pl
OptiMEM with 1 ul Lipofectamine 2000 were mixed and both pooled and incubated for 5 min at
RT. In both cases, the mixed transfection agent was added dropwise to the cells and incubated
for 24 h. If cells were seeded in another item, volumes were adjusted accordingly.

2.2.2.6 RNA interference (RNAI)

For the RNA interference (RNAI) approach, siRNAs (small interfering RNAs) were complexed to
cationic and neutral lipids and added to the cells, where they could fuse with the cell membrane
and the siRNAs were released into the cytoplasm. The siRNAs bind complementary to the
corresponding mMRNA. The formation of the RNA-induced silencing complex (RISC) destroys the
MRNA-siRNA strand and prevents translation, thus reducing the protein amount of the
respective target. The cells were transfected fast-forward with HiPerFect (Quiagen, Hilden),
which means that the cells were seeded in a 6-well plate in 2 ml growth medium shortly before
transfection and in the meantime incubated at standard growth conditions. The appropriate
amount of the respective siRNA was pipetted to 100 pyl OptiMEM,( resulting in a final
concentration of 20 nM in the medium). Furthermore, 10 ul of HiPerFect transfection reagent
was added and after brief vortexing, the entire solution was incubated at RT for 5-10 min. The
transfection mixture was added dropwise to the cells and incubated for 72 h incubation at
standard growth conditions.

2.2.2.7 Cell cycle analysis via flow cytometry

Flow cytometry is a laser-based technology for cell counting by suspending cells in a stream of
fluid and passing them through an electronic detection apparatus. A flow cytometer allows
simultaneous analysis of physical and chemical characteristics of up to thousands of particles
per second. To monitor the cell cycle phase distribution of the cell population with or without
RNA interference, cells were labeled and stained with BrdU, combined with PI staining. This is
the most accurate measure of cells in the various stages of the cell cycle. It is the preferred
method because it combines the detection of active DNA synthesis, through antibody based
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staining of incorporated BrdU in the newly synthesized DNA strand, with total DNA content from
propidium iodide, a fluorescent DNA intercalating dye.

Exponentially growing cells were pulse labeled with 10 pM BrdU (courtesy of H. Meyer,
University Duisburg-Essen) for 30 min under standard growth conditions. Cells were then
collected by trypsinisation and centrifugation at 400 xg for 5 min at 4 °C and washed with PBS.
After centrifugation with 1000 xg for 5 min at 4 °C, pellet was resuspended in 30 yl PBS and
500 pl ico-cold methanol was added dropwise while vortexing very slowly. The samples were
incubated overnight at -20 °C. Next, cells were centrifuged at 900 xg for 1 min, reaction tube
was turned around and centrifuged again. These centrifugation steps were repeated between
the following steps. Cells were washed with 500 pl 0.1% (v/v) Triton X-100 in PBS, centrifuged
and resuspended in 500 yl 2 M HCI containing 0.5% (v/v) Triton X-100 for 30 min at RT to
denature the labeled, dsDNA. After centrifugation, the cells were washed twice with 0.01% (v/v)
Triton X-100 in PBS till pH was neutral (pH indication paper, Macherey Nagel, Géttingen). Cells
were centrifuged and resuspended in 50 pyl of FITC-conjugated anti-BrdU Antibody (Cat.
556028, BD Pharmingen, San Diego, CA, USA), which was diluted 1:5 with 1% BSA/0.01%
Triton X-100/PBS. After centrifugation and washing with 500 pl 0.01% (v/v) Triton X-100 in PBS,
cells were incubated for 1 h at 37°C with 250 pl of 25 pg/ml Propidium lodide (PI) (Abcam,
Cambridge, UK) in 0.01% (v/v) Triton X-100/PBS with 10 pg/ul RNaseA (Qiagen, Hilden).
Sample was centrifuged again and stained cells were resuspended in 500 ul 0.01% (v/v) Triton
X-100 in PBS. Flow cytometry analysis was then performed with FACS Calibur (BD, Franklin
Lakes, NJ, USA). 10.000 cells per sample were counted analyzed via Kaluza Analysis 1.3.

2.2.2.8 Immunofluorescence staining

Cellular proteins were visualized via indirect immunofluorescence staining by using a specific
primary antibody, recognizing the appropriate antigen, and a secondary antibody conjugated to
a fluorophore, which detects the primary antibody.

Therefore, cells were seeded and optionally transfected and/or treated and at appropriate time
points fixed with Roti®-Histofix (4 % phosphate buffered formaldehyde solution; Roth,
Karlsruhe) for 20 minutes at RT. After washing the cells 3x with PBS, the cellular membrane
was permeabilized with 0.3 % (v/v) Triton X-100/PBS for 10 min at RT to allow antibodies
access to intracellular antigens. For PCNA staining, permeabilization was performed with
methanol for 10 min at -20 °C. After washing 3x with PBS, unspecific binding sites were blocked
with 5 % (w/v) BSA/0.15 % (v/v) Triton X-100 in PBS for 30 min at RT. Afterwards, cells were
incubated with the appropriate primary antibody (Table 7) diluted in blocking buffer for 1 h at RT
or overnight at 4 °C. Cells were washed again 3x with PBS and the fluorophore-conjugated
secondary antibody (Table 8) diluted in blocking buffer containing 0.5 pug/ml of the DNA staining
dye Hoechst 33342 (Sigma-Aldrich, Steinheim) was added and incubated for 1 h at RT in the
dark. After washing 3x with PBS, the cells were stored in 0.1 % (w/v) sodium azide/PBS at 4 °C
until they were analyzed microscopically (section 2.2.2.12).

Optionally, an in situ protein extraction step prior to protein fixation can be conducted to remove
excess non-chromatin-bound protein. Therefore, cells were treated for 5 min at 4 °C with CSK
buffer (Table 1), washed with PBS and afterwards fixation was performed as mentioned above.
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2.2.2.9 EdU incorporation and staining

To identify cells actively engaged in DNA replication, the Click-iT™ EdU Alexa Fluor™ Imaging
Kits (section 2.1.10) were used according to the manufacturer’s instructions. In this assay the
thymidine analogue EdU (5-ethynyl-2’-deoxyuridine) is incorporated into the newly synthesized
DNA strand and fluorescently labeled with an Alexa Fluor dye via a click chemistry reaction.
Furthermore, the EdU labeling is compatible with antibody co-stainings or dyes that allows
single cell immunofluorescene analysis of defined cell cycle phases. In brief, the cells were
incubated with 10 uM EdU for 20 min before fixation and permeabilization (section 2.2.2.8).
Afterwards cells were washed twice with 3 %(w/v) BSA/PBS and the Click-iT reaction cocktalil
was prepared, added and incubated for 30 min at RT, protected from light. The reaction cocktall
was removed and the samples were washed once with 3 %(w/v) BSA/PBS. For co-staining the
samples were incubated with primary antibodies and further processed as described in
section 2.2.2.8.

2.2.2.10 DNA fiber assay

The DNA fiber assay can be employed to study the in vivo function of proteins in DNA
replication at a single molecule level. This approach directly visualizes the progression of
individual replication forks within living cells and hence provides quantitative information on
various aspects of DNA synthesis, such as replication fork speed by elongating/ongoing forks,
fork stalling or collapsing, new initiation events by origin firing and fork termination (Figure
11 A).
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Figure 11: The DNA fiber assay.

A) Asynchronously growing cell cultures are sequentially labeled by two consecutive pulses of CldU and
IdU. This allows recognition of elongating forks, initiation and termination events. Red and green arrows
represent newly synthesized DNA labeled with CldU or IdU, respectively. The labeling pattern differs
depending on when during the consecutive pulses the respective event occurs.(Schroder, 2014; doctoral
thesis) B) Schematic showing DNA fiber assay technique protocol (see text for details) (Nieminuszczy et
al., 2016).

Exponentially growing cells, seeded in a well of a 6-well plate were initially pulse-labeled with
the first thymidine analogue. Chlorodeoxyuridine (CldU) was added to the cell culture in a final
concentration of 25 uM and the cells were incubated 20 min under normal growth conditions.
Thereafter, iododeoxyuridine (IdU) was added in a final concentration of 250 uM (excess of 1dU
makes removal of CldU needless), and the cells were again incubated for 20 min under normal
growth conditions. After double labeling, cells were trypsinized, pelleted (300 xg, 5 min, 4 °C)
and washed twice with ice-cold PBS. The cell pellet was resuspended in a small volume of cold
PBS (0.25-0.5 ml), the cells were counted and diluted to a final concentration of 5x 10° cells/ml
in cold PBS and kept on ice. 2 ul of the cell suspension were spotted on the top of 5 uncoated
microscope slides and air—dried for 5-7 min until the drop was sticky but not completely dry.
Subsequently, 7 ul of spreading buffer (200 mM Tris-HCI pH 7.4, 50 mM EDTA, 0.5 % (w/v)
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SDS) are applied on top of the cell suspension, then mixed by gently stirring with a pipette tip
and incubated for 2 min. Following cell lysis, slides were tilted slightly (approximately to 15°)
and the drops were allowed to run down the length of the glass slide and to spread the DNA
fibers along the slide. Once dried, the DNA spreads were fixed by incubating the slides for
10 min in a 3:1 solution of methanol/acetic acid in a glass staining jar. The slides were dried and
stored at 4 °C. For the immunostaining of the incorporated halogenated thymidine analogs, the
slides were initially washed twice with H,O for 5 min in a glass staining jar. The dsDNA was
denatured by covering the glass slides with 2.5 M HCI for 75 min in a staining tray. Afterwards,
the slides were rinsed twice with PBS, washed twice with blocking solution (PBS, 1 % BSA,
0.1 % Tween 20) for 5-10 min each and then incubated in blocking solution for 30—-60 min.
Excess blocking solution was removed with a paper towel and slides placed horizontally in a
humidified chamber. Subsequently, 115 pl of an antibody mix of a rat a-BrDU (dilution: 1:1000;
Clone BU1/75 (ICR1); AbD Serotec, MCA2060GA) and a mouse a-BrdU (dilution: 1:500; Clone
B44; BD Bioscience, Franklin Lakes, NJ, USA (347580)) in blocking solution was added,
covered with a large coverslip and incubated for 1 h at RT. After coverslips are removed by
gently moving down the slide without applying force, slides were rinsed 3x with PBS and fixed
for 10 min in 4 % paraformaldehyde (PFA). Slides were rinsed again 3x with PBS and then
washed 3x with blocking solution for 1, 5 and 25 min. 115 pl of a mix of secondary antibodies
(a-rat coupled with AF568 and a-mouse with AF488) in blocking solution were added, covered
with large coverslip and incubated for 1.5-2 h protected from light. After removing the
coverslips, slides were rinsed twice with PBS, washed 3x with blocking solution for 1, 5 and
25 min and again rinsed twice with PBS. Finally, they were mounted by using FluorSave™
reagent (Calbiochem/Merck, Schwalbach) and stored at -20 °C. The stained DNA fibers were
visualized microscopically with a Leica SP5 confocal laser scanning microscope or a Nikon Ti
Eclipse Epi (section 2.2.2.12). The length of stained fibers was measured using ImageJ
software and with the help of the conversion factor of 2.59 kb/um of DNA fiber the replication
fork speed (kb/min) was determined.

2.2.2.11 Proximity ligation assay

The Duolink proximity ligation assay is an antibody-based assay that detects protein—protein
interactions occurring within 40 nm of each other (Figure 12). Protein targets in fixed cells were
recognized by primary antibodies. Secondary antibodies, called PLA probes PLUS and MINUS,
bind to the primary antibodies. Each of the PLA probes has a short DNA strand attached to it. If
the two target proteins are in close proximity, which means under 40 nm, or in a protein-protein
complex, the DNA strands are ligated with hybridized connector oligos to form a complete DNA
circle. Next, the oligonucleotide arm of the PLA probes acts as a primer for a rolling circle
amplification using the ligated circle as template. Fluorescent-labeled oligonucleotides hybridize
to the amplification product and the resulting fluorescent spot is visible in the fluorescence
microscope.
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Figure 12: Principle of the Proximity Ligation Assay.

Primary antibodies bind to specific protein targets. Secondary antibodies have nucleotide tails. Connector
oligos only hybridize if both proteins are closer than 40 nm. Ligation of the complex forms a circular
template. After rolling circle amplification, added fluorophore-coupled oligonucleotides are incorporated
resulting in a microscopically point-shaped signal. Modified from (Duolink In Situ-Fluorescence User
Manual 2018)

Proximity ligation assay was carried out using a Duolink in situ PLA kit (section Kits2.1.10),
following the manufacturers protocol. Briefly, cells were seeded in 3 cm microscopic glass
bottom dishes (MatTek Corporation, Ashland, MA, USA) and incubated for 24 hours in the
corresponding medium. Cells were washed 3 times with PBS, fixed with Roti®-Histofix (4 %
phosphate buffered formaldehyde solution; Roth, Karlsruhe) for 20 minutes at RT, washed
again 3x with PBS and permeabilized with ice-cold methanol for 20 min at -20 °C. After washing
3x with PBS, dishes were then blocked with 5 % (w/v) BSA/0.15 % (v/v) Triton X-100 in PBS for
30 min at 37 °C and incubated for 1 h in a humidified chamber at RT with primary antibodies
diluted in blocking buffer. Same dilutions of primary antibodies were used as in
immunofluorescence stainings (see section 2.1.7). Duolink® In Situ PLA probes Anti-Rabbit
PLUS and Anti-Mouse MINUS (Sigma-Aldrich, Steinheim) were added after 3x washing with
PBS and incubated for 1 hour at 37°C. Cells were washed again 3x with PBS and Ligation
solution was added, followed by incubation for 30 minutes at 37°C. Amplification was carried out
after washing 3x with PBS for 100 minutes at 37°C. DNA was stained with 10 pg/ml
Hoechst33342 dye in PBS for 10 min at RT. After washing with PBS, dishes were stored with
0.1 % (w/v) sodium azide/PBS at 4 °C over night. Cells were observed with a confocal laser
scanning microscope (section 2.2.2.12).

2.2.2.12 Fluorescence microscopy

For immunofluorescence imaging cellular proteins were visualized either indirectly by labeled
fluorophore-coupled secondary antibodies or directly by overexpressed proteins via their
fluorescence-tag. Imaging was performed either with an epifluorescence or a confocal
microscope. The former detects the overall fluorescence emitted by the specimen while the
latter uses point illumination by focused laser beams to excite the sample and out-of-focus light
is eliminated by a pinhole in front of the detector thereby increasing the optical resolution. The
epifluorescence microscope, Nikon Ti Eclipse Epi microscope (Nikon GmbH, Dusseldorf) was
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only used for DNA fiber assay analysis after hesperadin treatment. In all other cases, the Leica
TCS SP5 or SP8 confocal laser scanning microscopes (Leica Mikrosysteme Vertrieb GmbH,
Wetzlar) were used.

2.2.3 Biochemistry

2.2.3.1 Preparation of whole cell lysates from eukaryotic cells

Whole cell extracts were prepared with a RIPA buffer (Table 1) to lyse eukaryotic cells.
Detachment of cells from cell culture dish or flask were achieved by scraping the cells off or
trypsinizing. The cell suspension was centrifuged with 500 xg for 5 min at 4 °C and the cell
pellet was washed with ice-cold PBS and resuspendend in the appropriate amount of RIPA lysis
buffer (100-150 ul for 10 cm cell culture dish) and incubated for 30 min on ice. After incubation,
the cells lysate was sonicated (15 s at 95 % amplitude) using Sonoplus mini20 device. Cell
debris was removed by centrifugation 15000 xg for 20 min at 4 °C and the supernatant was
transferred into a new reaction tube. The protein concentration was determined as described in
section 2.2.3.3. Lysates were mixed with 5x SDS sample buffer (Table 1), denatured for 5min at
95 °C and stored at -20 °C before they were used in SDS-PAGE (section 2.2.3.6) and western
blotting (section 2.2.3.7).

2.2.3.2 Subcellular fractionation

For stepwise separation and preparation of cytoplasmic, membrane, nuclear soluble, chromatin-
bound and cytoskeletal protein extracts from mammalian cultured cells the Subcellular Protein
Fractionation Kit for Cultured Cell (Table 13) was used. It was conducted according to the
manufacturer’s protocol. The first reagent added to a cell pellet causes selective cell membrane
permeablization, releasing soluble cytoplasmic contents. The second reagent dissolves plasma,
mitochondria and ER/golgi membranes but does not solubilize nuclear membranes. After
recovering the intact nuclei by centrifugation, a third reagent yields the soluble nuclear extract.
A second nuclear extraction with micrococcal nuclease is performed to release chromatin-
bound nuclear proteins. The recovered insoluble pellet is then extracted with the final reagent to
isolate cytoskeletal proteins. The subcellular extracts can be further analyzed via SDS-PAGE
(section 2.2.3.6) and western blotting (section 2.2.3.7).

2.2.3.3 Determination of protein concentration

The protein concentration was determined using the colorimetric Bradford assay, a rapid and
sensitive method for the quantification of microgram quantities of protein (Bradford, 1976). It is
based on the binding of Coomassie brilliant blue dye to arginine, tryptophan, tyrosine, histidine
and phenylalanine residues of proteins. 800 pl PBS are mixed with 200 pyl of the 5x
concentrated Bio-Rad protein assay dye reagent (Bio-Rad, Munich) and 1-2 ul sample lysate in
a disposable cuvette by vortexing. After incubation of 5-60 min at RT, the absorption at a
wavelength of 595 nm was measured with a BioPhotometer Plus and compared to a standard
curve defined by concentrations of bovine serum albumin (BSA).
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2.2.3.4 Co-immunoprecipitation with u(MACS magnetic beads

The co-immunoprecipitation (co-IP) was used to investigate protein-protein-complexes.
Therefore, 293T cells were plated on a 10 cm culture dish and transfected one day later with
two plasmids coding for two differently tagged proteins. 16-24 h after transfection, the cells were
lysed in 1 ml Jiang IP buffer (section 2.1.2) on ice for 30 min and additionally sonificated 3x
15s. Afterwards the lysate was centrifuged for 20 min at 4 °C with 14.000 rpm. 50 pl
supernatant was mixed with 15 pl 5x SDS sample buffer and heated to 95 °C for 5 min and
serve as input sample. The remaining supernatant was mixed with 50 ul of antibody-coupled
magnetic beads from the PMACS isolation kit (section2.1.10) and incubated on ice for 30 min.
The mix was transferred to a yu column, which was prior to this placed in a magnetic uUMACS
separator and equilibrated with 200 pl Jiang IP buffer. After the sample flow through, the p
column was washed with 100 pl Jiang IP buffer, 300 pl wash buffer 1, 2x with 200 ul wash
buffer 1 and 100 pl wash buffer 2 (wash buffer 1 and 2 from the kit). For elution of proteins, first
20 pl, and after a 5 min incubation, further 50 pl of elution buffer heated to 95 °C were applied.
The eluted samples were collected and as well as the input samples subjected to SDS-PAGE
(section 2.2.3.6) and western blotting (section 2.2.3.7).

2.2.3.5 Co-immunoprecipitation with Protein A magnetic beads

The co-immunoprecipitation (co-IP) was used to investigate protein-protein-complexes.
Therefore, 293T cells were plated on a 10 cm culture dish and transfected one day later with
two plasmids coding for two differently tagged proteins. 16-24 h after transfection, the cells were
lysed in 500 pl IP lysis buffer (section 2.1.2) on ice for 10 min. Afterwards the lysate was
centrifuged for 15 min at 4 °C with 16.000 xg. 25 ul supernatant was mixed with 6.5 pl 5x SDS
sample buffer and heated to 95 °C for 5 min and serves as input sample. The remaining
supernatant was mixed with antibody-coupled magnetic beads and incubated for 1 h at 4 °C.
Prior to mixing the magnetic beads with the sample, 50 pl of Protein A magnetic Sure Beads™
(BioRad Laboratories Inc., Hercules CA, USA) were washed with 300 ul IP lysis buffer and
placed in the SureBeads™ magnetic rack (BioRad Laboratories Inc., Hercules CA, USA) and
the buffer was removed from magnetic beads. The washed magnetic beads were incubated
with 2.5 pl anti-GFP antibody (GTX 113617, GeneTex Inc., Irvine, CA, USA) in 300 pl IP lysis
buffer for 1.5 h at 4 °C followed by 2 washing steps with 300 pl IP lysis buffer. The antibody-
loaded beads, incubated with supernatant of the sample, were washed with 500 pl ice-cold IP
lysis buffer, for 3 min at 4 °C at 650 rpm. Afterwards beads were washed 2x with 500 pul ice-cold
IP wash buffer (section 2.1.2). Supernatant was removed and 45 pl of 2x SDS sample buffer
was added to the magnetic beads and heated to 95 °C for 5 min and subjected to SDS-PAGE
(section 2.2.3.6) and western blotting (section 2.2.3.7).

2.2.3.6 SDS-polyacrylamide gel electrophoresis

For analytical separation of proteins based on their molecular weight, SDS-PAGE (sodium
dodecylsulphate-polyacrylamide gel electrophoresis) was performed according to the standard
method of Laemmli (1970). The polyacrylamid gel was prepared as summmerized in Table 17.
First the resolving gel was cast and coated with isopropanol and after polymerization,
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isopropanol was removed and the stacking gel was poured over the resolving gel. A comb was
inserted to generate wells. Subsequently, 20-50 ug total protein of protein lysates
(section 2.2.3.1) was loaded into a well. The SDS-PAGE was carried out in SDS running buffer
first at 100 V and when samples had passed the stacking gel at 140 V. For molecular mass
determination, the Spectra Multicolor Broad Range Protein Ladder (Thermo Fisher Scientific,
Waltham, MA, USA) was used as the size standard.

Table 17: Composition of polyacrylamide gels of 1.5 mm thickness.

resolving gel 2 stacking gels (4 %)

7.5 % 10 % 12.5% 15%
ddH,O 4.3 ml 3.6 ml 2.9 ml 2.0 ml 2.5ml
4x SDS resolving 2.4 ml 2.4 ml 2.4 ml 2.4 ml -
gel buffer
4x SDS stacking - - - - 1.35ml
gel buffer
30 % (vIv) 2.3 ml 1.6 ml 2.1ml 2.5 ml 650 pl
acrylamide
10 % (w/v) APS 96 ul 96 ul 96 ul 96 ul 50 ul
TEMED 10 pl 10 pl 10 pl 10 pl 5ul

In contrast to single-concentration gels, gradient gels can resolve a much wider size range of
proteins on a single gel but are mostly more difficult to cast with a gradient forming apparatus.
Here, a simpler method was used based on pipetting and mixing of two concentrations of
resolving gels. Thus, gradient gels were cast with a higher concentration of acrylamide at the
bottom than the top. Therefore, the low concentrated (4 %) stacking gel solution (Table 18) was
soaked up into a pipette and afterwards the high concentrated (20 %) stacking gel solution
(Table 18) was absorbed. Then the pipette was hold in a 45° angle and the solutions were
mixed by inserting a single bubble into the pipette. The bubble went up in the pipette and then
the gel was poured very slowly.

Table 18: Composition of 4-20 % polyacrylamide gradient gels of 1.5 mm thickness.

resolving gel 2 stacking gels (4 %)
4% 20 %

ddH,O 3.0ml 345 ul 2.5 ml

4x SDS resolving gel buffer 1.3 ml 1.3 ml -

4x SDS stacking gel buffer - - 1.35 ml

30 % (v/v) acrylamide 0.7 ml 3.3 ml 650 ul

10 % (w/v) APS 50 ul 50 ul 50 ul
TEMED 5 ul 5 pl 5 ul
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2.2.3.7 Western blotting

After separation of protein mixtures by SDS-PAGE (section 2.2.3.6), the proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane. Before transfer, the Amersham
Hybond PVDF membrane (GE Healthcare Life Sciences, Freiburg) was briefly activated in
100% methanol and then equilibrated together with the gels and six slightly larger pieces of
Rotilabo®-blotting paper (Roth, Karlsruhe) in transfer buffer (section 2.1.2). All equilibrated
components were stacked in a semidry apparatus or in a wet-blot chamber. Electrophoresis
was run for 18 h at 120 mA and 4 °C or for 1,5 h at 400 mA at RT. Afterwards, the membrane
was placed into a blocking solution of 5 % (w/v) milk powder/TBST or 5 % (w/v) BSA/TBST for
30 min to block unspecific binding sites. Furthermore, the membrane was incubation with
primary antibodies (section 2.1.7) overnight at 4 °C or for 1 h at RT. After incubation with the
primaryantibodies, the membrane was washed three times with TBST for 5 minutes and then
incubated for 1 h at RT with HRP (horseradish peroxidase)-coupled secondary antibodies
(section 2.1.7). This was followed by washing the membrane twice for 5 min each with TBST
and once with TBS for additional 5 min. Detection of HRP activity was performed via
chemiluminescence with Pierce™ ECL Plus Western Blotting Substrate and SuperSignal™
West Femto Maximum Sensitivity Substrate (section 2.1.10) according to the manufacturer's
instructions. Signals were caught on X-ray fiim and developed using the film processor
CAWOMAT 2000 IR (section 2.1.3). For quantification of signal intensities the software ImageJ
(section 2.1.4) was used. To remove bound antibodies from membranes and allow further
immunodetection, ReBlot Plus strong antibody stripping solution from Millipore (Schwalbach)
was used according to the instructions of the manufacturer.

2.2.3.8 iPOND

To understand the process of replication, chromatin assembly and replication stress response
requires the ability to monitor protein dynamics at active replication forks. Here a procedure to
isolate proteins on nascent DNA (iPOND) that permits a spatiotemporal analysis of proteins at
replication forks or on chromatin following DNA replication in cultured cells was used.
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Figure 13: The iPOND.

A) Schematic overview of the iPOND procedure. Cells were pulse labeled with EdU, a nucleoside analog
of thymidine, to label nascent DNA in vivo. The cells are then fixed with formaldehyde, which stops DNA
replication and crosslinks protein-DNA complexes. A click reaction in the presence of copper to conjugate
biotin to EdU is completed in detergent permeabilized cells. Cells are then lysed in denaturing conditions
and sonication completes the DNA fragmentation producing solubilized DNA-protein complexes.
Streptavidin-coated beads purify the nascent, EdU-labeled DNA-protein complexes. Finally, the proteins
are eluted from the complexes for analysis by SDS-PAGE and immunoblotting or mass spectrometry.
B) Click chemistry addition of biotin tags to nascent DNA. EdU contains an alkyne functional group that
permits copper-catalyzed cycloaddition (click chemistry) to a biotin azide to yield a stable covalent
linkage. Orange color represents the functional groups involved in the click chemistry reaction. Figures A
and B adapted from Sirbu et al. (2012).

The iIPOND was performed as described in Sirbu et. al. (Sirbu et al., 2012). 293T cells were
labeled with 10 uM EdU (Thermo Fisher Scientific, Waltham, MA, USA) for 20 min. Next, the
cells were crosslinked with 1% formaldehyde for 20 min, permeabilized for 30 min in
permeabilization buffer and then incubated for 2h in click reaction buffer. Cells were
resuspended in lysis buffer and sonicated for 45 min consisting of 20 s pulse time with an
amplitude of 90 % and a pause duration of 30 s. Samples were centrifuged for 10 min at
16,000x g and an aliquot of supernatant was kept as loading control. Afterwards supernatants
were incubated 16 h at 4 °C with streptavidin coupled agarose beads (Merck Millipore,
Darmstadt)). The beads were washed in lysis buffer and 1 M NaCl and then incubated in
2x SDS sample buffer for 25 min at 95 °C. Alternatively, cells were incubated with thymidine for
20 or 40 min after EdU pulse labeling and the iPOND was performed as described above.
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2.2.4 Quantitative data analysis

2.2.4.1 Analysis of the Proximity Ligation Assay with ImageJ

For interaction analysis performed with Proximity Ligation Assays, images were processed with
ImageJ. PLA was performed as described in section 2.2.2.11 and images were taken with a
Leica TCS SP5 Confocal laser scanning microscope. Cell nuclei were identified with ImageJ as
described in Figure 14 using images of Hoechst-stained cells. Afterwards images of cells with
PLA signals were used to determine the number of PLA signals per nucleus (Figure 14) by
dividing the “raw integrated density” values by the “max grey value”.

macro: nuclei
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run("Median...”, “radius=4");

run("Gaussian Blur...", “sigma=4");

setOption("BlackBackground®, false);

run{"Make Binary");

run("Watershed");

run(’Analyze Particles...”, “size=0.2-Infinity circularity=0.30-1.00 show=Nothing display exclude clear add");

Hoechst

macro: foci

run(“8-bit”);
run(“Invert”);
run{“Smooth”);

run(“*Subtract Background...”, “rolling=50 light”);

N«

run(*Gamma...”, “value=1.30");

setOption("BlackBackground”, false);

run(*Make Binary");

run(*Find Maxima...”, “noise=0 output=[Single Points] light”);
roiManager(“Show Nong”);

roiManager{("Show All");

roiManager(“measure”);

PLA signal

Figure 14: Analysis of the PLA with ImageJ.

ImageJ was used to define nuclei with macro nuclei based on cells stained with Hoechst. PLA signals
were identified with the macro foci. The number of foci per nucleus was determined. Images were taken
with a Leica TCS SP5 Confocal laser scanning microscope.
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2.2.4.2 Analysis of the Proximity Ligation Assay with CellProfiler

Alternativley, PLA intensities were not only evaluated with ImageJ (section 2.2.4.1) but als with
CellProfiler. Microscopic images were taken with a Leica TCS SP8 Confocal laser scanning
microscope. Image evaluation was performed by Dr. Nina Schulze from the Imaging Centre
Campus Essen using CellProfiler. Nuclei visualized by Hoechst staining were defined as
primary objects and mean intensities of PLA signals for each EdU positive nuclei was
evaluated.

2.2.4.3 Analysis of other immunofluorescence images with CellProfiler

The cells were stained according to section 2.2.2.8 and microscopic images were taken with a
Leica TCS SP8 Confocal laser scanning microscope. Image evaluation was performed by Dr.
Nina Schulze from the Imaging Centre Campus Essen using CellProfiler. Nuclei visualized by
Hoechst staining were defined as primary objects and the standard deviation of mean intensities
was evaluated.
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3 Results

Cancer is one of the leading causes of death and emerges from genomic instabilities. Mitosis
and replication are the two major processes to maintain the genomic integrity by faithful
duplication of the genome followed by dividing the chromosomes equally to the progeny cells.
So far, a plethora of functions for the chromosomal passenger complex (CPC) has been
identified in mitosis (section 1.5.2.1). In contrast to the localization and according functions of
the CPC during mitosis, the function of the CPC during interphase is still poorly understood
(section 1.5.2.2). Thus, it is of utmost importance to understand the underlying mechanisms to
improve cancer therapies.

3.1 Characterization of CPC localization during the cell cycle

3.1.1 Co-localization of CPC members with PCNA throughout S phase

To analyse the localization of Survivin during interphase, exponentially growing WI-38 cells
were immunostained using antibodies specific for Survivin and PCNA. PCNA, a central
component of the replication machinery, shows a typical distribution pattern in S phase
(Leonhardt et al., 2000; Nakamura et al., 1986; O’Keefe et al., 1992). PCNA is distributed at
replication sites throughout the nucleoplasm during early S phase (Figure 15). As S phase
continues, PCNA foci are concentrated around the nucleoli as well as in peripheral areas of the
nucleus. In late S phase, these foci increase in size but decrease in number and often resemble
characteristic ring or horseshoe-like structures. In accordance with the typical distribution
pattern of PCNA, cells could be assigned to the specific cell cycle stage. Survivin was already
expressed in early S phase and formed nuclear foci. While some of these Survivin foci were in
close proximity or co-localized with PCNA, most of them seem not to be related to PCNA. Only
in late S phase, the majority of Survivin foci co-localized with PCNA, but there were still some
separate foci of either Survivin or PCNA. At the subsequent G, phase, Survivin expression and
localization was similar to the pattern observed in late S phase.
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Figure 15: Survivin is expressed during interphase and co-localizes with PCNA.

WI-38 cells were fixed, permeabilized and immunostained with Survivin- (AF488, green) and PCNA-
(AF568, red) specific antibodies. DNA was stained with Hoechst (blue). Images were taken with a Leica
SP5 confocal laser scanning microscope. Scale bar: 5 um. The insets show higher magnifications of the
areas outlined in the main panels. Left: Schematic representation of replication sites during S phase.

Survivin plays an essential role in apoptosis regulation as a monomer (Pavlyukov et al., 2011),
although it is known that Survivin monomers homodimerize in solution (Chantalat et al., 2000;
Muchmore et al., 2000). However, to fulfill its mitotic function Survivin acts in a complex with
Borealin, INCENP and Aurora B (Ruchaud et al., 2007). Thus, it should be investigated if other
CPC members, e.g. the kinase Aurora B, are also present in distinct replication foci like
Survivin.

WI-38, HeLa and A431 cells were immunostained with specific antibodies against Aurora B and
PCNA (Figure 16). In all tested cell types, Aurora B was located in the nucleus during S phase

and formed foci also mostly co-localized or in close proximity to PCNA. Since both, Survivin and
Aurora B co-localized with PCNA, it can be assumed that they indeed act as a complex.
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Figure 16: Aurora B also co-localizes with PCNA.

WI-38, HeLa and A431 cells were fixed, permeabilized and immunostained with Aurora B- (AF488, green)
and PCNA- (AF568, red) specific antibodies. DNA was stained with Hoechst (blue). Images were taken
with a Leica SP5 confocal laser scanning microscope. Scale bar: 5um. The insets show higher
magnifications of the areas outlined in the main panels.

Although it was demonstrated, that Survivin formed foci throughout S phase (Figure 15),
mechanistic insights on the spatio-temporal process of foci formation was still lacking.
Therefore, time-lapse studies should reveal if Survivin is firmly anchored in the nucleus and
persists throughout S phase or if its distribution changes by assembly and disassembly. In order
to track the formation of Survivin foci throughout the cell cycle and compare it to PCNA
expression and localization, a particular fluorescent chromobody, specifically recognizing
PCNA, was used. The advantage of this technique is that endogenous PCNA can be
fluorescently visualized without causing artificial effects in replication, as it can occur after
overexpression of proteins.

A431 cells stably expressing Survivin-GFP were transfected with a plasmid coding for the
PCNA chromobody (pCCC) and time-lapse microscopy was performed. Cells were imaged at
35 different positions every 9 min during a 20 h period. Images of one position spanning a
period of 9.5 h are depicted in Figure 17.

PCNA, visualized by the RFP-tagged chromobody, displayed the characteristic distribution
pattern throughout S phase and was otherwise diffusely distributed in the nucleus of G; and
G, phase cells or the cytoplasm during mitosis. In contrast, Survivin was only detectable during
mitosis and not during interphase. In all other positions examined, the cells either migrated too
fast to visualize the whole cell cycle, were not transfected with pCCC or died during the
examination (data not shown). Therefore, the experiment needs to be improved to obtain further
evidence regarding the spatial and temporal regulation of Survivin foci formation throughout the
cell cycle.
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Figure 17: Visualization of Survivin-GFP localization during the cell cycle.

A431 cells stably expressing Survivin-GFP (green) were transfected with pCCC (red). Time-lapse live cell
imaging was performed 24 h after transfection with a Leica TCS SP5 confocal laser scanning microscope.
Cells were imaged every 9 min during a period of 20 h. Scale bar: 10 pum.
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3.1.2 CPC localization during replication at heterochromatic regions
The replication of the genome is a spatio-temporally highly organized process. The temporal
organization is defined by the alteration of the characteristic pattern of replicating protein
complexes associated with early, mid and late S phase as described above for PCNA (Fox et
al., 1991; Leonhardt et al., 2000; Nakamura et al., 1986). The spatial order of replication reflects
the higher organization of the genome. During early S phase, euchromatin is replicated followed
by facultative heterochromatin during mid S phase, while constitutive heterochromatin is
replicated mainly during late S phase (O’'Keefe et al., 1992). Especially during late S phase,
when the constitutive heterochromatin is replicated, Survivin co-localized with PCNA. Thus, the
CPC should be analyzed relative to the chromatin status. A key property of heterochromatin is
its association with heterochromatin protein 1 (HP1). HP1 consists of two domains. The N-
terminal chromo domain (CD) binds to H3K9me2/3 and a C-terminal chromo shadow domain
(CSD) interacts with PxVxL motifs in a diverse set of proteins (Maison and Almouzni, 2004;
Nozawa et al., 2010; Smothers and Henikoff, 2000; Thiru et al., 2004). In interphase, HP1 CD
binds to H3K9me2/3, which mediates the binding of HP1a to centromeres (Hayakawa et al.,
2003). This interaction is disrupted during mitosis by Aurora B-mediated phosphorylation of
H3S10, which releases most HP1 from chromatin (Fischle et al., 2005; Hirota et al., 2005).
However, HP1o CSD can bind to a PxVxL motif in INCENP, maintaining a small pool of HP1la
at centromeres in mitosis (Ainsztein et al., 1998; Kang et al., 2011; Nozawa et al., 2010). In
addition, HP1 CSD binds to CAF1 (chromatin assembly factor 1), a factor that is implicated in
histone deposition during DNA replication, which in turn interacts with PCNA (Murzina et al.,
1999; Quivy et al., 2004).

In brief, the co-localization of PCNA and CPC members in late S phase, when heterochromatin
is replicated might suggest a possible link between HP1, PCNA and the CPC during replication.
To corroborate this hypothesis, A431 and HelLa cells were co-transfected with plasmids coding
for GFP-HP1la and Survivin-tdTomato and fixed 24 h later (Figure 18 A). Survivin-tdTomato was
located in the cytoplasm and formed nuclear foci. These Survivin foci co-localized with GFP-
HPla foci in interphase. As overexpression of exogenous proteins can be responsible for
alterations in protein localization and cell physiology, and to exclude that the protein tags had an
effect on protein localization and function, endogenous INCENP and HPla were
immunostained in parallel (Figure 18 B). Both proteins accumulated in nuclear foci in WI-38,
HelLa and U20S cells. In addition, INCENP foci also co-localized with HP1a-positive chromatin
regions.
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Figure 18: CPC members co-localize with HP1a.

A) A431 and Hela cells were co-transfected with plasmids coding for eGFP-HP1a (green) and Survivin-
tdTomato (red). The cells were fixed 24 h after transfection and DNA was stained with Hoechst (blue).
B) WI-38, HeLa and U20S cells were fixed, permeabilized and immunostained with HP1a- (AF568, red)
and INCENP- (AF488, green) specific antibodies. DNA was stained with Hoechst (blue). A, B) Images
were taken with a Leica TCS SP5 confocal laser scanning microscope. Scale bar: 5 um. The insets show
higher magnifications of the areas outlined in the main panels.

Both overexpressed and endogenous CPC proteins co-localized with heterochromatin in
interphase cells. To identify whether this also holds true specifically for S phase cells, U20S
cells were transfected with GFP-HPla and 24 h later immunostained for Aurora B and the
replication protein PCNA (Figure 19).

PCNA accumulated at replication sites, surrounding one nucleolus (magnifications in Figure 19),
and several foci were distributed throughout the nucleus indicating that the cells resided in mid
S phase. GFP-HP1a and Aurora B were similarly localized surrounding the nucleolus like PCNA
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but both proteins accumulated in additional foci in the nucleus that did not coincide with PCNA
foci.

merge
PCNA GFP-HP1a Aurora B Hoechst merge PCNA

Figure 19: Aurora B and HP1a co-localize in S phase cells.

U20S cells were transfected with plasmids coding for eGFP-HPla (green). The cells were fixed 24 h
after transfection, permeabilized and immunostained with PCNA- (AF633, white) and Aurora B- (AF568,
red) specific antibodies. DNA was stained with Hoechst (blue). Images were taken with a Leica TCS SP5
confocal laser scanning microscope. Scale bar: 5 um. The insets show higher magnifications of the areas
outlined in the main panels.

As mentioned above, the different subtypes of heterochromatin, constitutive and facultative
heterochromatin, are replicated at different stages throughout S phase. Although both are
replicated in the second half of S phase, the facultative heterochromatin is replicated earlier
than the constitutive. The latter is formed at telomeres, centromeres and repetitive elements. In
order to gain more insight whether the CPC accumulates in distinct heterochromatic regions,
the CREST anti-centromere autoimmune serum was used to visualize specifically centromeric
regions (Figure 20).

Immunofluorescence staining of A431, HeLa and U20S cells revealed that Aurora B
accumulated in foci where CREST-positive signals were present. Particularly for HeLa and
U20S cells Aurora B foci not only co-localized with CREST signals but also protruded from
CREST signals.
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Figure 20: Aurora B foci are located at centromeric heterochromatin.

A431, HeLa and U20S cells were fixed, permeabilized and immunostained with CREST immunserum
(AF568, red) specific for centromeres and Aurora B- (AF488 or AF633, green) specific antibody. DNA
was stained with Hoechst (blue). Images were taken with a Leica TCS SP8 confocal laser scanning
microscope. Scale bar: 5 um. The insets show higher magnifications of the areas outlined in the main
panels.

To confirm the localization of Aurora B at centromeres during replication, cells were co-stained
with replication markers. A431 cells incorporated EdU for 20 min into nascent DNA, which was
later visualized by EdU-specific staining combined with CREST and Aurora B staining (Figure
21 A). Replication sites were detected at the nuclear periphery and some larger accumulations
distributed through the nucleus, corresponding to a cell in transition from mid to late S phase.
Aurora B was detectable in three types of nuclear localizations, first at each CREST signal,
second, at some replication sites and third in solitary foci without EdU or CREST staining.

Additionally, mouse NIH3T3 cells were immunostained for PCNA, CREST and Aurora B (Figure
21 B). Characteristic for this cell type are clusters of chromatin, called chromocenters, which
can be identified as Hoechst-dense domains. Centromeres comprise two adjacent chromatin
domains. The centric domain serves as the site of kinetochore formation and the surrounding
pericentric heterochromatin (PHC) domain contributes to the cohesion of sister chromatids
(Alonso et al., 2010; Bernard et al., 2001; Guenatri et al., 2004). In NIH3T3 interphase cells,
pericentric heterochromatin forms large spots, which co-localize with the Hoechst-dense
clusters and the centric chromatin appears at the periphery of the clusters as several individual
spots (Guenatri et al., 2004). CREST immunserum detects centromere proteins (CENP), which
are mainly located at the kinetochore thus the centric domain.

As expected, Hoechst staining allowed to detect chromocenters as large spots and CREST
signals appeared at their periphery. Replication sites, visualized by PCNA staining, were
determined at the chromocenters. Aurora B was also located at the chromocenters. On closer
inspection of the magnifications, PCNA, CREST and Aurora B could be detected in close
proximity to each other, and mostly PCNA and Aurora B co-localized at chromocenters. Taken
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together, these observations reinforce the hypothesis that the CPC is located at centromeric
heterochromatin during replication.

A CREST Aurora B Hoechst
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Hoechst Hoechst Aurora B CREST
PCNA CREST CREST PCNA

Figure 21: Aurora B foci are located at centromeric heterochromatin during replication.

A) 10 uM EdU was incorporated for 20 min before fixation to visualize replicating A431 cells via Click-iT™
Kit (AF-488, white) and cells were co-stained for Aurora B (AF633, green) and centromeres (CREST,
AF568, red). DNA was stained with Hoechst (blue). B) NIH3T3 cells were co-stained with PCNA (AF633,
white)-, Aurora B (AF488, green)- and centromere (CREST, AF568, red)-specific antibodies. Images were
taken with a Leica TCS SP8 Confocal laser scanning microscope. Scale bar: 5 um. The insets show
higher magnifications of the areas outlined in the main panels.
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3.2 Interactions of CPC proteins

So far, it was demonstrated here, that the chromosomal passenger complex is already
expressed in S phase and accumulates in foci, which partially co-localize with replication protein
PCNA. This co-localization takes place preferentially during late S phase when constitutive
heterochromatin is replicated. The CPC could also be located to heterochromatic structures
during replication, more precisely to centromeres via HP1la and centromeric co-localization.

3.2.1 Isolation of CPC on nascent DNA

In order to address the question if the CPC is bound to the replisome via PCNA or to
heterochromatin, an iPOND assay (section 2.2.3.8) was established in collaboration with the
bachelor student Sarah Maurer. This method permits a high-resolution spatiotemporal analysis
of proteins at replication forks or on chromatin following DNA replication in cultured cells (Sirbu
et al., 2012). The spatial and temporal resolution achieved with iPOND depends on EdU
incubation time, the rate of DNA synthesis, and chromatin fragment size. Therefore, the DNA
fragment size before and after sonication was determined (section 2.2.3.8). 293T cells were
resuspended in lysis buffer, sonicated and the DNA was separated via agarose gel
electrophoresis (Figure 22 B).

The DNA of the non-sonicated sample was nearly completely retained in the loading pocket of
the agarose gel, only little amounts of DNA were separated by gel electrophoresis as a smear.
In contrast, sonication lead to a DNA fragment size smaller than 300 bp.

To perform the iPOND, 293T cells were incubated with EdU for 20 min (Figure 22 A). After
cross-linking and labelling of EdU with Biotin using click chemistry, the samples were lysed and
sonicated. Samples of 293T cells were taken before incubation with (Input) and after elution
from (Eluate) streptavidin coated beads and were run on a 4-20 % gradient gel and
immunoblotted. Membranes were probed with antibodies specific for histone H3, PCNA,
Survivin and Aurora B (Figure 22 C).

To exclude unspecific protein binding to streptavidin beads, a control sample was treated with
DMSO instead of Biotin-Azide (Click). Histone H3 serves as control for chromatin proteins and
was indeed detected only in the Click eluate, but not in the DMSO control. PCNA, as a control
for replication-associated proteins bound to the DNA, was observed similarly although it was not
detectable in both input samples. Survivin appeared to be bound to nascent DNA, apparent by a
faint band in the Click eluate. The other CPC member Aurora B was detected as faint bands in
both input samples but could not be detected in the eluate. This could stem from an insufficient
protein amount, as in comparison to the input-eluate ratio of Survivin, the amount of Aurora B in
the input samples was considerably lower.
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Figure 22: Survivin is bound to nascent DNA.

A) Schematic overview of the experimental procedure of the iPOND. 293T cells were treated with EdU for
20 min (yellow tracks), to label the nascent DNA in vivo prior to performing iPOND. After cross-linking and
labelling of EAU with Biotin using click chemistry, the samples were lysed and sonicated. Figure adapted
from (Sirbu et al., 2012). B) The DNA fragment size of 293T cells before and after sonication with an
amplitude of 90% for 45 min, alternating between 20 s pulse time and no pulse for 40 s was detected via
agarose geleletrophoresis. The Fragment size can be determined based on the sizes of the DNA ladder
(M1: 100 bp gene ruler and M2: 1 kb plus gene ruler). C) iPOND samples of 293T cells were taken before
incubation with (Input) and after elution from (Eluate) streptavidin coated beads and were run on a 4-20%
gradient gel and immunoblotted. Membranes were probed with antibodies specific for histone H3, PCNA,
Survivin and Aurora B. Histone H3 serves as control for chromatin- and PCNA as control for replication-
associated proteins. To exclude unspecific protein binding to streptavidin beads a control sample was
treated with DMSO instead of Biotin-Azide (Click)

With this, it could be shown, that Survivin is bound to the newly synthesized DNA strand in the
vicinity of the replisome, but whether this link is provided through an interaction with the
chromatin or with replication proteins remains to be elucidated. To address this, the iPOND was
performed in combination with a subsequent thymidine chase (Figure 23 A). The continuous
presence of EdU labels the fork itself and a growing area behind the fork as incubation time
continues. The following thymidine pulse chase initially labels only the fork, but with continuing
chase time the EdU labeled region will be located at further away from the fork as it progresses
on the DNA helix. The advantage of this additional pulse-chase technique is that the changing
patterns of proteins present during replication itself, and then later as chromatin is reconstructed
around the newly synthesized DNA can be examined. The iPOND was performed in 293T cells
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as described previously but with an additional pulse chase of thymidine for 20 or 40 min after
EdU labelling (Figure 23 B).

In the absence of click chemistry (DMSO), no proteins were isolated from nascent DNA.
Chromatin bound histone H3 was detectable in all eluate samples similarly, independent of the
duration of the thymidine chase. PCNA was enriched specifically at the replication fork (0 min
chase), but not on nascent DNA further away from the replication fork (20 min or 40 min chase),
representative for a replisome associated protein. However, none of the CPC members could
be detected in any of the eluate samples. In consequence, this experiment so far allows no
definite conclusion whether the CPC members are associated with chromatin or replication
proteins.
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Figure 23: Analysis of CPC members by iPOND with thymidine chase.

A) Schematic overview of the experimental procedure of the iPOND followed by a subsequent thymidine
chase. 293T cells were treated with EdU for 20 min (yellow tracks), to label the nascent DNA in vivo prior
to performing iPOND followed by thymidine chase with different durations. Figure adapted from (Sirbu et
al., 2012). B) 293T cells were treated with EdU for 20 min followed by a thymidine chase for 20 or 40 min.
iPOND samples were taken before incubation with (Input) and after elution from (Eluate) streptavidin
coated beads and were run on a 4-20% gradient gel and immunoblotted. Membranes were probed with
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antibodies specific for histone H3, PCNA, Survivin, Aurora B and INCENP. Histone H3 served as control
for chromatin- and PCNA as control for replication-associated proteins. To exclude unspecific protein
binding to streptavidin beads, a control sample was treated with DMSO instead of Biotin-Azide.

3.2.2 Interactions of the CPC with PCNA

The iPOND revealed that the CPC is bound to replication sites, supporting the data from the
localization studies, but whether the CPC is bound to the replisome member PCNA or to
heterochromatin proteins still needs to be clarified. In initial experiments to determine the
potential interaction of CPC proteins with PCNA, the in situ PLA technology was applied
(section 2.2.2.11). Initially, HeLa cells were fixed, permeabilized and unspecific binding sites
were blocked. Incubation with primary antibodies was carried out under the same conditions as
usual immunofluorescence staining. Secondary antibodies, which have a nucleotide tail, were
incubated with the samples. During a ligation step, two circle-forming DNA oligonucleotides and
the nucleotide tails were ligated, and the DNA circle was amplified. Fluorescently labeled
complementary oligonucleotide probes bound to the DNA can then be visualized
microscopically as fluorescent dots. The number of PLA signals per nucleus was determined
using ImageJ as detailed in section 2.2.2.11 (Figure 24).

The number of PLA signals per nucleus of PCNA together with DNA Ligase |, a known
interaction partner of PCNA, served as positive control (dark blue bars). Here, significantly more
PLA signals were detected than in the negative control samples (light blue bars), which were
only incubated with a single primary antibody and both PLA probes. In each interaction analysis
of the respective CPC member together with PCNA, a significant number of PLA signals per
nucleus was detected (yellow bars), indicating an interaction.
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Figure 24: CPC proteins interact with PCNA analyzed by Proximity Ligation Assay.

A) Hela cells were fixed, and a Proximity Ligation Assay was performed as described in section 2.2.2.11.
Images were taken with a Leica TCS SP5 confocal laser scanning microscope. Scale bar: 5 pum.
Representative images are shown. Each red spot represents a single PLA interaction signal. DNA was
stained with Hoechst (blue). B) Number of PLA signals per nucleus from 165 cells were quantified with
ImageJ. Bar graphs represent means + SEM of a positive control (dark blue), negative controls (light
blue) and interaction samples (yellow). Two-tailed unpaired t-test was performed, **** p < 0.0001.

Next, the interaction between PCNA and the CPC should be confirmed by co-
immunoprecipitation. 293T cells were co-transfected with GFP-PCNA or an empty vector,
together with Survivin-HA, Aurora B-HA, Borealin-HA or myc-INCENP, respectively (Figure 25).
Lysates were immunoprecipitated (section 2.2.3.4) with UMACS magnetic beads coupled to a
GFP-specific antibody and immunoblotted. Membranes were probed with antibodies specific for
HA-, GFP- or myc-tag (Figure 25).

Indeed, binding of Aurora B-HA, Borealin-HA and myc-INCENP to GFP-PCNA could be
detected. Of note, a faint unspecific binding of myc-INCENP to GFP-coupled pMACS beads
could also be detected. However, it was less intense than the interaction signal between myc-
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INCENP and GFP-PCNA. In contrast, no binding between GFP-PCNA and Survivin-HA was
observed although the amount of Survivin-HA in the input sample was higher than for the other
CPC members.
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Figure 25: CPC proteins interact with PCNA analyzed by co-immunoprecipitation.

293T cells were co-transfected with GFP-PCNA or an empty vector, together with Survivin-HA, Aurora B-
HA, Borealin-HA or myc-INCENP. Lysates were immunoprecipitated (IP) with magnetic beads coupled to
a GFP-specific antibody and immunoblotted. Membranes were probed with antibodies specific for HA,
GFP or myc.

These results show that PCNA interacts with members of the CPC, but it still needs to be
elucidated which CPC protein is directly bound to PCNA. Most interactions with PCNA are
mediated by an APIM (AIkB homolog 2 PCNA-interacting motif) or a PIP (PCNA-interacting
protein) box motif in the interacting protein (Figure 26 A) (Gilljam et al., 2009; Warbrick, 2000).
To investigate which CPC member mediates the direct interaction with PCNA, the amino acid
sequences of each CPC member were searched for the consensus sequence of the APIM or
the PIP box motif, respectively. A putative PIP box motif was found in the human protein
INCENP, reaching from aa 853 to aa 860 (Figure 26 B) and thus located at its C-terminal part
known to interact with Aurora B (Figure 26 D). This binding motif is also conserved in several
INCENP homologs including chimpanzee (P.troglodytes), mouse (M. musculus) chicken
(G. gallus) and frog (X. tropicalis and X. laevis) (Figure 26 C). This suggests that the recruitment
of the CPC to replication sites might be mediated by direct interaction of INCENP with PCNA.
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Figure 26: Sequence analysis revealed a conserved PIP box motif in INCENP.

A) Consensus sequences of APIM (AIkB homolog 2 PCNA-bind)- and PIP (PCNA-interacting protein)-
binding motif. B) Amino acid sequence of human INCENP with the putative PIP box motif highlighted in
yellow. C) Sequence alignments of the PIP box motif in INCENP homologs. Highly conserved residues
are marked in yellow. Protein Accesssion nhumbers: Homo sapiens: NP_001035784.1; Pan troglodytes:
XP_001151913.1; Mus musculus: NP_057901.2; Gallus gallus: NP_990661.1; Xenopus tropicalis:
NP_001121150.1; Xenopus laevis: NP_001081890.1. D) Crystal structure of Aurora B (aa 55—-344; blue)
in complex with INCENP (aa 835-903; dark yellow) and its PIP box motif (aa 853—-860; highlighted in light
yellow). Protein Data Bank (PDB) code: 4AF3.
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To verify the binding of INCENP to PCNA via its putative PIP box motif, the interaction should
be inhibited by treatment with T2AA. T2AA is a small molecule that binds to a deep cavity of
PCNA, which usually interacts with the PIP box in binding partners thereby inhibiting the
interaction (Inoue et al., 2014; Punchihewa et al., 2012). A PLA was conducted as described in
section 2.2.2.11, in combination with EdU incorporation into newly synthesized DNA visualized
by the Click-iT™ Kit (section 2.1.10) to detect replicating cells. HeLa cells were treated with
40 uM of PIP box inhibitor T2AA or as a control with DMSO for 4 h. During the last 30 min of
inhibitor treatment, 10 uM EdU was added (Figure 27 A). Cells were fixed and permeabilized,
EdU visualization was performed as well as PLA staining, using primary antibodies specific for
INCENP and PCNA. Following secondary antibody incubation and amplification of ligated
oligonucleotide templates, punctate fluorescent signals were detected by confocal microscopy
and counted using CellProfiler only in EdU positive cells (Figure 27 B, C).

In negative controls, using single primary antibodies for PCNA or INCENP, fluorescent foci were
rarely observed and the mean PLA signal intensity was low in replicating HelLa cells (Figure
27 B, C). When cells were incubated with both antibodies, mean PLA signal intensities per
nuclei were 1.5-fold higher than in negative control samples. The decreased mean PLA signal
intensities correlate also with lower EdU intensities (Figure 27 B) resulting from less EdU
incorporation due to replication inhibition.
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Figure 27: PIP box inhibitor T2AA inhibits interaction between PCNA and INCENP.

A) Schematic overview of cell treatment. HelLa cells were treated with 40 uM T2AA for 4 h. During the last
30 min of inhibitor treatment, EdU (10 uM) was to be incorporated in nascent DNA of replicating cells. B)
After treatment as described in A, EdU (AF 488, green) was visualized via Click-iT"™ Kit and PLA was
performed using primary antibodies against PCNA and INCENP. For negative controls, only a single
primary antibody was used, together with both PLA probes. Each yellow spot represents a single PLA
interaction signal. DNA was stained with Hoechst (blue). Images were taken with a Leica TCS SP8
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confocal laser scanning microscope. Scale bar: 5 um. C) Mean intensity per nuclei of replicating cell was
determined via Cell Profiler. Bar graphs represent means + SEM of negative controls (light blue) and
interaction samples (yellow).

To confirm the PIP box motif in INCENP as interaction site for PCNA binding, an INCENP-PIP
mutant was designed and used in co-immunoprecipitation experiments. To generate the
INCENP-PIP mutant, the pcDNA3.1-myc-INCENP plasmid was used as a template for site
directed mutagenesis (section 2.2.1.1) with PCR primers bearing the mutations of glutamine
853, isoleucine 856, tyrosine 859 and tyrosine 860 to alanine (Figure 28 A). 293T cells were co-
transfected with plasmids coding for GFP-PCNA and myc-INCENP wt or myc-INCENP PIPmut,
as indicated. Lysates were immunoprecipitated (section 2.2.3.5) with Protein A magnetic beads
coupled to a GFP-specific antibody (+ Ab) or with uncoupled beads (- Ab) and immunoblotted.
Membranes were probed with antibodies specific for myc or PCNA (Figure 28 B).

Single transfection of GFP-PCNA, myc-INCENP wt or myc-INCENP PIPmut served as controls.
As expected, GFP-PCNA was immunoprecipitated by GFP-coupled magnetic beads but not the
two myc-INCENP variants. Co-transfection of GFP-PCNA either with myc-INCENP wt or with
myc-INCENP PIPmut and precipitation with non-antibody coupled magnetic beads also served
as negative controls. The negative controls showed unspecific binding of both INCENP variants
to the beads. In the actual samples with anti-GFP coupled beads, myc-INCENP wt but not myc-
INCENP PIPmut was detected in the GFP-PCNA immunoprecipitate.

The decrease of binding between GFP-PCNA and myc-INCENP due to the mutation of the PIP
box motif is more prominent for the actual samples with GFP-coupled beads (6.6-fold)
compared to the non-coupled beads (1.7-fold decrease), indicating a loss of the interaction due
to the mutation of the PIP box motif.
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Figure 28: INCENP binds to PCNA via a PIP box motif.

A) Overview of the consensus sequence of a PIP box motif, the same motif in INCENP wildtype (wt) and
the mutated (PIPmut) PIP box motif. The amino acids of the PIP box that have been mutated to Alanine
(A in blue) are indicated in blue boxes. B) 293T cells were co-transfected with GFP-PCNA, myc-INCENP
wt or myc-INCENP PIPmut as indicated. Single transfections are highlighted in dark blue. Lysates were
immunoprecipitated (IP) with magnetic beads coupled to a GFP-specific antibody (yellow) or with
uncoupled beads (light blue) and immunoblotted. Membranes were probed with antibodies specific for

myc and PCNA. C) Quantification of relative band intensities of the immunoblot shown in B normalized to
eluted PCNA signals.
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Next, it should be elucidated staining if the interaction of PCNA is disrupted when the PIP box
motif is mutated as depicted in Figure 28 A. U20S cells were transfected with myc-INCENP wt
or myc-INCENP PIPmut plasmids. After 24 h cells were fixed, permeabilized and
immunostained with anti-PCNA and anti-myc specific antibodies.

As shown in Figure 29, PCNA formed typical replication foci as described in section 3.1.1.
INCENP, visualized by its N-terminal myc tag, located in foci that mostly still co-localized with
PCNA. A disruption of the interaction by mutating the interaction site did not lead to localization
changes of INCENP. This suggests that the PIP box motif in INCENP does not play a role in
foci formation.

PCNA myc Hoechst merge

wt

PIPmut

Figure 29: Mutation of the PIP box motif in INCENP does not disrupt its co-localization with PCNA.
U20S cells were immunostained with myc (AF488, green)- as well as PCNA (AF 568, red)-specific
antibodies. DNA was stained with Hoechst (blue). Images were taken with a Leica TCS SP8 confocal
laser scanning microscope. Scale bar: 5 um. The insets show higher magnifications of the areas outlined
in the main panels.
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3.2.3 Interactions of the CPC with heterochromatin during replication
Heterochromatin protein 1 (HP1) and the epigenetic histone mark histone H3 Lys9
trimethylation (H3K9me3) are highly conserved hallmarks of heterochromatin. The
chromodomain (CD) of HP1 binds to chromatin via di- or tri-methylated histone H3
(H3K9me2/3), whereas the chromoshadow domain (CSD) mediates HP1 dimerization and binds
ligands that contain PxVxL motifs (Nielsen et al., 2002; Smothers and Henikoff, 2000; Thiru et
al., 2004). It was shown that INCENP contains a PxVxL motif, interacting with the CSD of HP1
during late G, and mitosis (Kang et al., 2011; Mackay et al., 1998). Borealin is also able to bind
to HP1la, mediated by a PxVxL motif in the C-terminal part of Borealin (Liu et al., 2014).
Likewise, we could detect a co-localization between HP1o and CPC members already during
replication (Figure 18 and Figure 19), but so far it is unknown if the proteins directly interact with
each other. To address this question, a co-immunoprecipitation was conducted. 293T cells were
co-transfected with eGFP-HPla together with Survivin-HA, Borealin-HA, Aurora B-HA or myc-
INCENP, respectively, or one plasmid was replaced by an empty vector. 24 h after transfection
cells were lysed with Jiang IP buffer, and immunoprecipitation with HA- and myc-specific beads
or anti-GFP coupled beads was performed as described in section 2.2.3.4. Lysates were
immunoblotted and Membranes were probed with antibodies specific for GFP-, myc- and HA-
tags (Figure 30).

As controls, Survivin-HA,  Aurora B-HA, Borealin-HA and myc-INCENP  were
immunoprecipitated, and no unspecific binding occured when CPC members were co-
transfected with empty vectors (Figure 30 A). The same holds true for GFP-HP1a when co-
transfected with an empty vector and immunoprecipitated with anti-HA coupled beads. Western
blot analysis with anti-GFP antibodies showed no co-immunoprecipitation when CPC members
were immunoprecipitated with anti-myc or anti-HA coupled beads.

In a reciprocal setting (Figure 30 B), GFP-HPla was immunoprecipitated via magnetic beads
coupled with a GFP-specific antibody. Although Survivin-HA and Aurora B-HA were
immunoprecipitated, this might be due to unspecific binding of these proteins to antibody-
coupled beads, as indicated by the negative controls. Myc-INCENP also unspecifically bound to
antibody-coupled beads, while it was not detectable after immunoprecipitation of GFP-HP1a.
However, Borealin-HA was indeed co-immunoprecipitated, suggesting that Borealin may
interact with HP1a. Here, no unspecific binding of Borealin-HA to the anti-GFP beads was
detected.
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Figure 30: Co-immunoprecipitation analyses of CPC members and HP1a.

293T cells were co-transfected with eGFP-HP1a together with Survivin-HA, Aurora B-HA, Borealin-HA or
myc-INCENP, respectivel, or one replaced by an empty vector. A) Lysates were immunoprecipitated (IP)
with magnetic beads coupled to a HA- (light blue) or myc- (dark blue) specific antibodies and
immunoblotted. Membranes were probed with antibodies specific for GFP, myc and HA. B) Lysates were
immunoprecipitated (IP) with magnetic beads coupled to an anti-GFP antibody and immunoblotted.
Membranes were probed with antibodies specific for GFP, myc and HA. Protein signal of Borealin was
marked with a yellow asterisk.

Of note, supporting experiments, using different magnetic or sepharose beads, several
IP lysis buffers or additional treatment with micrococcal nuclease for chromosomal DNA
fragmentation, were not successful in abolishing unspecific protein binding (data not
shown).
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3.3 Function of the CPC during S phase

The expression of Survivin is cell cycle-regulated and peaks in G,/M phase. During mitosis and
cytokinesis changes the localization of the CPC dynamically accompanied by its various
functions. In this work, a centromeric localization of the chromosomal passenger proteins could
be observed during S phase, leading to the assumption that the CPC might have an additional,
so far unknown, functional role during replication.

3.3.1 Effect of Survivin depletion on cell cycle distribution

In initial experiments to determine whether the CPC could be functionally implicated in
processes during replication, the cell cycle distribution of Survivin-depleted cells was analyzed
and compared to control cells. U20S cells were transfected with Survivin-specific and non-
targeting siRNA as a control, and 48 h later partly transfected with myc-Survivin. 48 h after
transfection, cells were pulse-labeled with BrdU. Cells were harvested and used for western blot
analysis (Figure 31 B) and flow cytometric analysis. Flow cytometry was conducted as
described in section 2.2.2.7. 10.000 cells were counted and further gated and analyzed with
Kaluza Analysis (Figure 31 C, D).

Immunoblot analysis of extracts from the cells used for flow cytometric analysis revealed a
decrease of Survivin expression in lysates from Survivin-depleted cells (Figure 31 B). Survivin
protein levels were increased after transfection with myc-Survivin compared to cells which were
treated with siRNA. Quantification of the cell cycle distribution in U20S cells measured by flow
cytometry revealed a reduced amount of S and G; phase cells while the percentage of
G,/M phase cells increased after Survivin depletion compared to siCtrl treated cells (Figure 31
C, D). In addition to the cell cycle arrest in G,/M phase, an additional 8N population could be
observed in Survivin knockdown cells. This was potentially caused by finished mitosis in the
absence of cytokinesis, which leads to one cell with 4N and not two daughter cells with each
2N, and a further re-replication resulting in an 8N population. Transfection of myc-Survivin in
Survivin-depleted cells could not completely rescue the observed effect. The amount of S phase
cells in the rescue experiment was the same as in Survivin-depleted cells, and with 16 % only
half of the amount of S phase cells in the control sample. The amount of G; phase cells in the
sample where Survivin depletion was rescued by ectopic expression of myc-Survivin increased
from 12 % to 21 % but was still decreases compares to the siControl (around 40 %).
Percentage of G,/M phase cells increased to 47 % after Survivin depletion in comparison to
siControl-treated cells (19 %) and further increased to 63 % in Survivin-depleted cells after
Survivin rescue. The 8N peak was no longer detectable in Survivin-depleted cells after ectopic
Survivin expression.
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Figure 31: Survivin depletion alters cell cycle distribution.
A) Schematic overview of cell treatment. U20S cells were seeded and transfected with sSiRNAs, targeting
Survivin or with a non-targeting control. 48 h after transfection of siRNA the cells were additionally
transfected with myc-Survivin (rescue). After 72 h cells were pulse labeled with 10 uM BrdU for 30 min
and stained for flow cytometry analysis. B) Immunoblotting was used to assess the expression of Survivin
after knockdown. Membranes were probed with antibodies specific for Survivin and Tubulin a as a
loading control. C) Cell cycle profiles of U20S cells treated as described in A. The dot plot represents
BrdU incorporation versus DNA content, as determined by PI staining. Cell cycle phases are gated; G;:
dark blue, S: orange, G,/M: light blue, 8N peak: purple. D) Numerical analysis of the percentage of cells
in the different cell cycle phases as analyzed by flow cytometry and shown in C.
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3.3.2 Effect of Survivin depletion on replication fork speed

To understand the impact of the chromosomal passenger complex on DNA replication, the DNA
fiber assay technique was used to visualize fork velocities at the single molecule level. A431
cells were transfected with Survivin-specific and non-targeting siRNA as well a mock control.
72 h after transfection, cells were sequentially pulse-labeled with thymidine analogues CldU and
IdU for 20 min each. Cells were harvested, and DNA was spreaded as described in
section 2.2.2.10. Following fixation and denaturation of dsDNA, fibers were stainend with two
different antibodies, specific for either CldU or IdU. DNA fibers were visualized microscopically,
and fiber lengths from elongating forks (red-green tracks) were measured with ImageJ. Linear
measures in um were converted into kb to calculate fork velocities.

Microscopic images revealed a shorter tract length for Survivin-depleted cells compared to
mock-or siControl-transfected cells (Figure 32 B). Quantification of the replication fork speed
revealed a distribution between 0.2—4 kb/min, with the majority of forks exhibiting a fork velocity
of 0.6—1.2 kb/min (Figure 32 C). The mean incorporation rate was significantly decreased in
Survivin-depleted cells (0.70 = 0.01 kb/min) compared to mock- (0.92 = 0.02 kb/min) or
siControl-treated (0.88 + 0.02 kb/min) cells (Figure 32 D).

81



20min 20min

mock
Cldu IdU
siCtrl
siSurv
C
40+
30-
: i
=
—
el
= 20+ ﬁ]{] [ | mock
x = siCitrl
{ 1 siSurv
104
0- T T T T lfl il? s p— T T 1 T
V> PN LN TG - B S 2 TIPS T TS -
I—Q I—Q L L L l—\ I»\ l»\ l»\ L L’L L L L L L‘b L
kb/min
D
2.5+ dedk sk
' *kkk '
2.0- . . '
£15{ .
g' vvvv" """'r" ——
Q "Emaggunnt
= 1.0- 092 088 I=..I....I
0.70
0.5- ""'"",:v:" eLLL ) T
00 T ] I
¥ &
© O N
<°° 9‘0 ,‘_,9

Figure 32: Survivin knockdown leads to a reduced replication fork speed.

A) Schematic overview of cell treatment. A431 cells were transfected with siRNA specific for Survivin and
non-targeting siRNA or without siRNA (mock) as a control, respectively. 72 h after transfection, cells were
sequentially pulse-labeled with CldU and IdU for 20 min each. Cells were harvested, and the DNA fiber
assay was performed. B) Representative images of replication tracks in mock-, non-targeting siRNA

82



(siCtrl)- and siSurvivin (siSurv)-transfected cells are shown. Images were taken with a Leica TCS SP5
confocal laser scanning microscope. Scale bar: 5 um. C) Length of stained fibers from elongating forks
(red-green tracks) were measured with ImageJ and um values were converted into kb to calculate the
replication fork speed in kb/min. Data derived from three independent experiments with 300 fibers
analyzed per experiment. Results are depicted as a frequency distribution. Means + SD are shown. D)
Dot plot of the mean replication fork speed of one representative data set out of three independent
experiments as shown in C. Bar graphs represent means * SD (n=300 fibers of each group);
*+%n<(0.0001; t test.

3.3.3 Effect of Aurora B inhibition on replication fork velocities

The results presented above demonstrated that the absence of CPC members results in a
reduced replication fork speed. To elucidate if the DNA replication depends on the kinase
activity of AuroraB, a DNA fiber assay was performed, where AuroraB’s ability to
phosphorylate target proteins was inhibited. Therefore, cells were treated with the specific
Aurora B inhibitor Hesperadin for in a final concentration of 200 nM. During the last 40 min, cells
were sequentially pulse-labeled with thymidine analogues CldU and IdU for 20 min each. Cells
were harvested and DNA was spreaded as described in section 2.2.2.10. After fixation and
denaturation of dsDNA, fibers were stained with two different antibodies, specific for either CldU
or IdU. DNA fibers were visualized microscopically, and fiber lengths from elongating forks (red-
green tracks) were measured with ImageJ. Linear measures in um were converted into kb to
calculate fork velocities. Efficiency of Aurora B inhibition via Hesperadin treatment was
monitored by western blotting.

Western blot analysis revealed a phosphorylation of H3S10 in DMSO-treated and untreated
cells, whereas no phosphorylation could be detected in cells treated with Hesperadin for 2 h or
4 h, while histone H3 levels remained constant (Figure 33 B). For Aurora B pT232, faint bands
were visible in each sample regardless of cell treatment with Hesperadin or DMSO. Microscopic
images indicated a similar tract length for Hesperadin-treated cells compared to negative control
cells, treated with DMSO (Figure 33 C). Quantification of the replication fork speed again
revealed a distribution between 0.2—4 kb/min, with the majority of forks exhibiting a fork velocity
of 0.6-1.4 kb/min (Figure 33 D). The mean incorporation rate in Hesperadin-treated cells
(0.88 + 0.02 kb/min) is similar to DMSO-treated control cells (0.91 + 0.02 kb/min) (Figure 33 E).
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Figure 33: Aurora B inhibition does not influence replication fork speed.

A) Schematic overview of cell treatment. A431 cells were treated with 100 nM Hesperadin for 2 h or with
DMSO as a control. During the last 40 min, cells were sequentially pulse-labeled with CldU and IdU for
20 min each. Cells were harvested, and the DNA fiber assay was performed.B) Phosphorylation status of
Aurora B and histone H3 following Hesperadin treatment was assess by immunoblotting with antibodies
specific for Aurora B and histone H3 and their phosphorylated forms (Aurora B Thr 323, H3 Ser 10).
Tubulin o served as loading control. C) Representative images of replication tracks in Hesperadin- or
DMSO-treated cells are shown. Images were taken with Nikon Ti Eclipse Epi microscope. D) Length of
stained fibers from elongating forks (red-green tracks) were measured with ImageJ. Linear measures in
pm were converted into kb to calculate the replication fork speed in kb/min. Data were derived from two
independent experiments with 300 fibers analyzed per experiment. Results are depicted as a frequency
distribution. Means = SD are shown. E) Dot plot of the mean replication fork speed of one representative
data set out of two independent experiments as shown in C. Bar graphs represent means = SD (n = 300
fibers of each group); ns: non-significant; t test.
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3.4 Impact of replication stress on the CPC

DNA replication forks are frequently challenged and arrested by DNA lesions induced by
endogenous or exogenous agents. The replication fork might thus stall at damaged regions,
leading to ssDNA stretches or DSBs that could trigger genome instability. Both events result in
the activation of the checkpoint kinases and start the subsequent activation of the respective
signaling cascade.

3.4.1 Protein expression and localization of the CPC after induction of

replication stress
In initial experiments to determine whether Survivin and the CPC could also be implicated in
processes initiated by replication stress, the expression of CPC proteins and their localization to
different cell compartments was analyzed.

In exponentially growing U20S cells, replication stress was induced by treatment with 1 uM and
25 nM camptothecin (CPT), 100 mM aphidicolin (APH), 0.5 mM hydroxyurea (HU) and 0.2 uM
cisplatin or cells were irradiated with X-rays (6 Gy). 1 uM CPT treatment was used to induce a
complete DNA damage response activation as a control. After 1 h of treatment or 1 h after
irradiation, one quarter of the cells was used to prepare whole cell lysates (section 2.2.3.1),
while the rest was subjected to subcellular fractionation (section 2.2.3.2). All lysates were
analyzed via SDS-PAGE on a gradient gel and immunoblotting.

Lamin A/C, a protein of the nuclear membrane, was used to confirm the purity of the nuclear
fractions and as a loading control for whole cell lysates. Indeed, all whole cell lysates contained
similar amounts of Lamin A/C. A Lamin A/C was also detectable in the cytoplasmic fraction of
the irradiated sample, indicating that this sample was contaminated with nuclei. Soluble nuclear
fractions contained similar amounts of Lamin A/C in all samples, whereas chromatin-bound
fractions showed only the upper band detected by the Lamin A/C-specific antibody. The
markers for DSB recognition and repair, YH2AX and pATM, were increased in whole cell lysates
after treatment with 1 pM CPT, 0.5 mM HU and irradiation with 6 Gy in comparison to the
untreated sample. H2AX was equally phosphorylated in the chromatin-bound fraction,
Additionally low amounts could also be detected in the irradiated sample in the cytoplasmic
fraction, maybe due to low purity of the fractionation, similar to Lamin A/C. In the cytoplasmic as
well as the chromatin-bound fractions, comparable levels of ATM phosphorylation (pATM) were
detectable, while in the soluble nuclear fractions pATM was only increased in cells treated with
1 uM as well as 25 nM CPT and 6 Gy but not in 0.5 mM HU-treated cells. In all whole cell
lysates, unspecific bands at a molecular weight of 40 kDa were visible when the antibody
specific for RPA32 phosphorylated at Ser33 (pRPA32) was used. However, specific pRPA32
signals were detectable in whole cell lysates from cells treated with 1 uM CPT as well as
reduced signals for cells treated with 0.5 mM HU and after irradiation with 6 Gy. In samples
treated with 1 uM CPT, phosphorylation was increased in all subcellular fractions. ATR protein
levels were constant or decreased in whole cell lysates of treated cells compared to the
untreated control samples. In the cytoplasmic and the soluble nuclear fraction, CPT- (1 uM and
25 nM) and APH-treated cells revealed higher amounts of ATR than the untreated control
samples. In contrast, in chromatin-bound fractions only CPT- (1 uM) and HU-treated (0.5 mM)
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RESULTS

samples, protein levels of ATR were increased. All CPC proteins were similar expressed in each
sample of whole cell lysates. Only in the subcellular fractions some CPC protein levels were
altered, for example, protein levels of Aurora B and Survivin were increased in the cytoplasm
after CPT and APH treatment as wells as after irradiation.
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Figure 34: Expression and phosphorylation levels of different relevant proteins after induction of
replication stress.

U20S cells were treated with different types of replication stress inducers, including low and high
concentrations of camptothecin (CPT, 1 uM and 25 nM), 100 mM aphidicolin (APH), 0.5 mM hydroxyurea
(HU), 0.2 uM Cisplatin and irradiation with 6 Gy. Whole cell lysates and subcellular fractions (cytoplasmic,
soluble nuclear and chromatin-bound) were immunoblotted with antibodies specific for yH2AX (Ser139),

87



pPATM (Ser1981), pRPA32 (Ser33), ATR, Lamin A/C, and INCENP, Aurora B, Borealin and Survivin.
YH2AX and pATM served as marker proteins for double strand break recognition and repair (dark blue),
pRPA and ATR for single strand stretches and recognition thereof (light blue), Lamin A/C as loading
control (grey) and CPC proteins INCENP, Aurora B, Borealin and Survivin are highlighted in yellow.

To confirm protein levels as analyzed by immunoblot and to investigate their localization,
immunofluorescence analyses were performed by the bachelor student Sarah Maurer.
Exponentially growing U20S cells were treated for 1 h with 1 uM camptothecin (CPT) and either
fixed directly or pre-extracted with CSK buffer for 5 min at 4 °C and fixed afterwards. The
advantage of pre-extraction is that the excess of proteins, which do not form detectable foci, are
washed away and only chromatin bound proteins remain. Cells were immunostained, and
microscopic images were analyzed via CellProfiler (Figure 35).

Likewise, an increased phosphorylation of the DNA damage response proteins yH2AX and
pPATM after induction of replication stress by CPT treatment independent of pre-extraction or
direct fixation of samples was detected (Figure 35 A-C). This indicated successful induction of
replication stress. Immunostaining of Survivin revealed a significantly decreased standard
deviation of mean intensity in directly fixed samples after CPT-treatment, whereas the values
increased non-significantly when cells were pre-extracted and excessive non-chromatin bound
proteins were removed (Figure 35 A, D). In contrast, Aurora B was non-significantly increased in
CPT-treated fixed samples while it remained completely unchanged in pre-extracted samples
after CPT treatment (Figure 35 A, E).
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Figure 35: Analysis of protein localization and expression after induction of replication stress.

A) U20S cells were treated with 1 uM camptothecin (CPT) for 1 h and either directly fixed or pre-
extracted and fixed. All samples were permeabilized and stained with specific antibodies for yH2AX,
pATM, Survivin and Aurora B. DNA was stained with Hoechst (not shown), and nuclei contour is indicated
with dashed lines. Images were taken with a Leica TCS SP8 confocal laser scanning microscope. Scale
bar: 5 um. B-E) Bar plots of standard deviation of mean intensities of yH2AX (B), pATM (C), Survivin (D)
and Aurora B (E) of untreated (light blue) and CPT-treated samples (yellow). Mean + SEM. 200-700 cells
per condition were analyzed via CellProfiler. t-test ns: non-significant, *** p < 0.001 and **** p < 0.0001.

3.4.2 Effect of replication fork uncoupling on CPC proteins

Replication stress can result in a functional uncoupling of the helicase complex from the
replicative polymerase (Byun et al., 2005). When the replication fork progression continues in
the absence of processive DNA synthesis, long patches of ssDNA covered with the single
strand binding protein RPA (Replication protein A) emerge. Proteins involved in the elongation
step of DNA synthesis (e.g. PCNA, polymerase &, DNA ligase 1 and Fenl) dissociate from
replication sites (Gorisch et al., 2008). An important process coupled to DNA synthesis and also
influenced by replication stress is chromatin assembly linked by the interaction of the sliding
clamp PCNA with the chromatin assembly factor 1 (CAF1) (Shibahara and Stillman, 1999). Not
only CAF1 binds to PCNA but also to the heterochromatin protein HP1a (Murzina et al., 1999).

Based on the co-localization and interaction of the CPC with PCNA and HP1a and the fact that
these proteins play important roles during replication itself or replication-associated processes,
the question arises what happens with the CPC after helicase-polymerase uncoupling. To
address this question, U20S cells were incubated with EdU for a total duration of 30 min, and
aphidicolin (50 pg/ml) was added after the first 10 min. Following treatment, EdU was detected
and replication- and heterochromatin-associated proteins as well as CPC members were
immunostained. Following treatment with either DMSO or aphidicolin, the localization pattern of
several proteins in S phase cells (EdU-positive cells, not shown) was examined (Figure 36). As
expected, Mcm2 did not change its localization after induction of polymerase stalling by
aphidicolin treatment compared to the DMSO control. However, RPA32, a subunit of the single
strand binding protein was enriched in nuclear foci after aphidicolin treatment. In contrast,
PCNA and DNA Ligase | were no longer present in discrete foci, but instead diffusely distributed
throughout the nucleus. CPC proteins were still accumulated after polymerase stalling and
uncoupling of the replication machinery by aphidicolin treatment. The histone chaperone CAF1
changed its localization from bright nuclear foci to a diffuse distribution, whereas the localization
of HP1 was not altered in response to aphidicolin treatment compared to the DMSO control.
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Figure 36: CPC still accumulats in foci after polymerase stalling by aphidicolin treatment.

U20S cells were treated with 50 pg/ml aphidicolin (APH) for 20 min. Representative images of nuclei of
S phase cells (detected via EdU labeling and staining, not shown) are presented. Cells were
immunostained with the appropriate antibodies specific for the replication proteins Mcm2, RPA32, PCNA
and DNA Ligase | (A), the CPC members Survivin, INCENP, Borealin and Aurora B (B) as well as
chromatin-associated proteins CAF1 and HP1a (C). DNA was stained with Hoechst (not shown). Images
were acquired with a Leica TCS SP8 confocal laser scanning microscope. Scale bar: 5 um.
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3.4.3 Replication during mitosis does not depend on CPC localization

Replication stress generates stretches of ssDNA at stalled or damaged forks, thereby activating
the replication checkpoint by phosphorylation of ATR and Chk1 (reviewed in Zeman & Cimprich,
2014). This damage response pathway delays cell cycle progression so that stalled replication
forks can be recovered, damaged DNA can be repaired, and replication can be completed
before entry into mitosis (Lossaint et al., 2013; Magiera et al., 2014). In some cases of
endogenous or low levels of exogenous (e.g. low doses of aphidicolin) replication stress, or
other types of DNA damage, the damage checkpoint is not activated (Koundrioukoff et al.,
2013). Here, cells are not arrested in S phase and proceed into mitosis with under-replicated
DNA or unresolved DNA structures (Chan et al., 2009; Naim and Rosselli, 2009). Moreover, this
can initially lead to chromosomal and later to genomic instability and cancer (Burrell et al.,
2013). Recent studies have shown that in cases of replication stress without checkpoint
activation, for example induced by low levels of aphidicolin, DNA synthesis takes place even
during mitosis (Bergoglio et al., 2013; Bhowmick et al., 2016; Minocherhomiji et al., 2015).

To define if the CPC is involved in DNA synthesis during mitosis, asynchronously growing
U20S cells were synchronized by inhibition of CDK1 with RO-3306 (0.9 uM) for 16 h to arrest
cells in G, phase. Simultaneously, cells were treated with low dose aphidicolin (0.4 uM) to
induce replication stress or with DMSO as a control. Cells were released for 35 min from the
G, arrest to allow progression into prometaphase of mitosis. Additionally, 10 uM EdU was
added to visualize new DNA synthesis (Figure 37 A). Afterwards, cells were fixed and
permeabilized simultaneously for 20 min with PTEMF buffer. EdU detection and
immunofluorescence staining was performed (Figure 37 B) as described in section 2.2.2.9 and
2.2.2.8.

In contrast to EdU incorporation during DNA replication in S phase, in mitotic cells EdU
incorporation was only detectable when cells were treated with APH. INCENP was associated
with chromatin irrespective of APH exposure. However, a co-localization between INCENP and
nascent DNA was not detectable, indicating that CPC members promote their mitotic function
without a relocation to replication sites.
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Figure 37: INCENP does not localize to replication sites during mitosis in response to replication
stress.

A) Schematic overview of cell treatment. Cells were synchronized with RO-3306 and simultaneously
treated for 16 h with low dose aphidicolin (0.4 uM) or DMSO, respectively. Cells were released in fresh
medium containing EdU. B) U20S cells were fixed and permeabilized simultaneously with PTEMF buffer
and immunostained with an INCENP (AF488, green)- specific antibody. DNA was stained with Hoechst
(blue). EdU (AF594, red) was visualized via Click-iT™ Kit. Images were taken with a Leica TCS SP8
confocal laser scanning microscope. Scale bar: 5 um. The insets show higher magnifications of the areas
outlined in the main panels.

APH
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4 Discussion

Cancer is one of the leading causes of death. Cancer cells acquire properties to grow and
proliferate abnormally and to invade or spread to other parts of the body. These alterations
frequently result in genomic instabilities. Mitosis and replication are the two major processes
pivotal for maintenance of the genomic integrity by faithful duplication of the genome and by
dividing the chromosomes equally to the progeny cells. Both processes are monitored or
influenced by surveillance mechanisms, for instance cell cycle checkpoints, damage recognition
and response pathways.

One of the most crucial orchestrators of mitosis is the CPC. So far, a plethora of functions for
the CPC has been identified in mitosis, ranging from correction of chromosome-microtubule
attachment errors and activation of the spindle assembly checkpoint to construction and
regulation of the contractile apparatus that drives cytokinesis (Carmena et al., 2012). The CPC
member Survivin further acts as an inhibitor of apoptosis (Ambrosini et al., 1997). In addition, an
involvement of Survivin (and the other CPC members) in the DNA damage response and repair
pathway was suggested (Capalbo et al., 2010; Reichert et al., 2011; Schrdder, doctoral thesis,
2014). Recent studies linked these mitotic and damage response functions of the CPC with a
novel role in response to replication stress (Dheekollu et al., 2011; Mackay and Uliman, 2015;
Zuazua-Villar et al., 2014). In contrast to the well-studied regulation and function of the CPC
during mitosis, its role during interphase needs to be elucidated in more detail.

4.1 Formation of CPC foci during S phase and their
characterization

4.1.1 CPC accumulates in nuclear foci at replication sites

Previous publications reveal different localizations for the CPC and its individual components,
ranging from being absent, located in the cytoplasm, in the nucleus or at centromeric regions
(section 1.5.2.2). Furthermore, the CPC and especially Survivin were described to be cell cycle
regulated, and their expression should peak in G,/M (Li et al., 1998). To gain deeper insights
into the localization of the CPC throughout the cell cycle, immunostaining should visualize
Survivin especially during interphase (Figure 15). Due to its typical distribution pattern in
S phase, PCNA was used to assign the localization of Survivin to different cell cyle phases.
Survivin indeed showed a cell cycle-dependent expression, but was already expressed in early
S phase, accumulating in nuclear foci. Most of these did not seem to be directly correlated to
PCNA, although some Survivin foci co-localized with PCNA or were at least in close proximity.
Surprisingly, in late S phase the majority of Survivin foci co-localized with PCNA, indicating a
potential binding of both proteins. Nevertheless, there were still some separate foci of either
Survivin or PCNA during late S phase. At the subsequent G, phase, Survivin localization was
similar to the foci pattern observed in late S phase. This distinct subbcellular localization of
Survivin without an association with PCNA points to an additional binding to chromatin or
chromatin-associated proteins.
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Due to the fact that in mitosis Survivin acts in conjunction with the other CPC members
Borealin, INCENP and Aurora B (reviewed by Ruchaud, Carmena, & Earnshaw, 2007) while it
fulfills its anti-apoptotic function as a monomer (Pavlyukov et al., 2011), the localization of
Aurora B was also investigated (Figure 16). Aurora B also co-localized with PCNA in WI-38
(lung fibroblasts), HeLa (cervical adenocarzinoma) and A431 (epidermoid carcinoma) cells,
suggesting that this co-localization is cell line-independent, and that Survivin might act as part of
the CPC and not as monomer or homodimer.

To elucidate the aforementioned CPC foci regarding their spatio-temporal dynamics throughout
S phase, A431 cells stably expressing Survivin-GFP were transfected with a plasmid coding for
the PCNA chromobody (pCCC) to perform time-lapse microscopy (Figure 17). Here,
Survivin-GFP was only detectable during mitosis and not during interphase. Compared to the
low molecular weight of Survivin of 16.5 kDa, the GFP tag with its 27 kDa might compromise
Survivin’s localization and function. Despite its correct localization in mitosis, a sterical
hindrance due to the large GFP tag could abolish the localization and the function during
replication. The experimental setup could be improved by using an N-terminal GFP tag instead
of the C-terminal tag, as the GFP tag could bury binding sites or domains at one terminus of the
fused protein of interest. A second and more favorable possibility is to a use a smaller tag. For
example the tetracysteine-biarsenical system, which is the smallest (< 0.7 kDa) available tag
system (Albert Griffin et al., 2000; Crivat and Taraska, 2012). For this, a short peptide sequence
enriched in cysteines is cloned into the plasmid coding for the target protein. The tag is not
autofluorescent like GFP, thus it needs to be visualized by the green membrane-permeable
biarsenical dye FIAsH-EDT, (fluorescein arsenical hairpin binder) for live cell microscopy.
Another problem in this lime-lapse microscopy experiment was that in all other positions
examined, the cells either migrated too fast to visualize the whole cell cycle, were not
transfected with pCCC or died during the examination. By using a stable cell line expressing
both, PCNA chromobody and tagged-Survivin, in combination with cell tracking of single cells, a
highly variable transfection efficiency could be avoided, and the efficiency of long-term
microscopic inspection conditions could be enhanced.

4.1.2 CPC accumulates at centromeric heterochromatin in S phase
Co-localization of CPC members and PCNA was predominantly observed during late S phase
when constitutive heterochromatin is replicated. Constitutive heterochromatin is defined
epigenetically by methylation of histone H3 at Lys 9 and recruitment of its binding partner HP1
(Bannister et al., 2001; Jacobs and Khorasanizadeh, 2002). To elucidate if the CPC foci are
associated with heterochromatin during S phase, several fluorescence analyses were
performed. Indeed, overexpressed GFP-HP1a and Survivin-tdTomato (Figure 18 A), as well as
the respective endogenous proteins (Figure 18 B), clearly co-localized in the tested cell lines. In
addition, this co-localization was related to replication sites as visualized by association with
PCNA (Figure 19), thus suggesting that the CPC is located at heterochromatic regions during
replication.

Constitutive heterochromatin is formed at telomeres, centromeres and repetitive elements (Elgin
and Grewal, 2003; Grewal and Jia, 2007). To investigate the specific heterochromatic site, the
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anti-centromere immunserum CREST was used. In human cells, Aurora B accumulated in
specific CREST-positive foci and even protruded from CREST signals (Figure 20), suggesting a
centromeric and surrounding pericentric localization. In combination with detection of replication
sites, Aurora B was detectable in three types of nuclear localizations, namely at centromeres
detected by CREST staining, at some EdU-positive replication sites and in solitary foci without
EdU or CREST staining (Figure 21 A). This suggests that the CPC is localized at
(peri-)centromeric heterochromatin during S phase, but that it can also be found at some other
heterochromatic regions at actively replicated DNA or at DNA which was already or which still
needs to be replicated. The localization was confirmed in mouse NIH3T3 cells at replication
sites in Hoechst-dense chromocenters, consisting of pericentric heterochromatin and CREST-
positive centromeric chromatin spots at their periphery (Guenatri et al., 2004). Aurora B could
be detected in close proximity to these regions and mostly, PCNA and Aurora B co-localized at
chromocenters (Figure 21 B). Taken together, this reinforces the hypothesis that the CPC is
located at centromeric and pericentric heterochromatin during replication. Accumulation of
Aurora B at chromocenters in NIH3T3 cells during G, phase was also demonstrated by Crosio
et al. (2002), whereby Aurora B co-localized with phosphorylated H3 at centromeric regions.

Similar to the localization of the CPC during S phase observed in this thesis, CPC members
also accumulate in nuclear foci, and more precisely, at centromeric heterochromatin after
irradiation (Schréder, doctoral thesis, 2014). Irradiation-induced accumulation seems to depend
on a Crm1-Survivin interaction (Schroder, doctoral thesis, 2014), which is also necessary for
centromeric targeting of the CPC during early stages of mitosis (Knauer et al., 2006, 2007a).
However, whether the CPC accumulation at heterochromatin domains during replication also
depends on an interaction with the export receptor Crm1, requires further evaluation.

4.1.3 CPC interactions during replication

Until now, interactions of the CPC with chromatin where detected during G,/M transition and
mitosis. During G,/M transition, INCENP (Ainsztein et al., 1998; Kang et al., 2011) or Borealin
(Liu et al., 2014) bind to HP1, which in turn associates with H3K9me3. This interaction is
abolished via phosphorylation of H3S10 by AuroraB (Hsu et al., 2000), leading to the
dissociation of HP1 from chromatin (Fischle et al., 2005; Hirota et al., 2005). The centromeric
localization during mitosis depends on two overlapping histone modifications. On the one hand,
Survivin’'s BIR domain directly binds to H3T3p (Kelly et al., 2010), and on the other hand
Survivin (Kawashima et al., 2007) or Borealin (Tsukahara et al., 2010) can indirectly associate
with histone H2A phosphorylated at T120 via binding to Shugoshins Sgol and Sgo2. So far, an
interaction between CPC members and replication proteins was not described in literature. In
order to address the question, if the CPC is bound to the replisome or to heterochromatin, an
iPOND assay was performed. This assay allows a high-resolution spatiotemporal analysis of
proteins at replication forks or on chromatin following DNA replication in cultured cells, whereby
the spatial and temporal resolution depends amongst others on chromatin fragment size (Sirbu
et al., 2012). Sonication of the samples led to a DNA fragment size smaller than 300 bp (Figure
22 B), perfectly consistent with the optimal range as postulated by Sirbu et al. (2012). In
contrast to Aurora B, Survivin appeared to be bound to nascent DNA, as detected in the Click
eluate (Figure 22 C). Wether Aurora B is not bound to nascent DNA or whether the lack of
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interaction was due to an insufficient protein amount needs to be further evaluated.
Nevertheless, the latter is a pertinent explanation as in comparison to the input-eluate ratio of
Survivin, the amount of Aurora B in the input samples was considerably decreased and thus
potentially under detection level. While Survivin seems to be bound to the newly synthesized
DNA strand in the vicinity of the replisome, it is still unknown whether this link is provided
through an interaction with chromatin or with replication proteins, respectively. Unfortunately,
this question could not be answered so far, because in the iPOND performed in combination
with a subsequent thymidine chase, the CPC members could be designated neither as
replisome-associated nor chromatin-associated proteins due to their absence in the eluate
samples (Figure 23). Due to the low levels of the CPC proteins detectable by immunoblot, the
iPOND should be coupled to mass spectrometry analysis instead to improve the detection of
low abundant proteins bound to nascent DNA.

To further characterize the interactions of the CPC and to evaluate if its binding to nascent DNA
is mediated via the replisome or the chromatin, we focused on proteins co-localizing with the
CPC during replication. CPC members co-localized with the sliding clamp PCNA (Figure 15,
Figure 16, Figure 19, Figure 21), and Survivin was detected on newly synthesized DNA (Figure
22). PLA analysis demonstrated a close proximity (<40 nm) of all CPC members to PCNA
(Figure 24), indicating an interaction of the CPC with PCNA. Decreased signals for the
INCENP-PCNA interaction are maybe due to spatial arrangements of antibody epitopes or the
size of the antibodies (IgG size approximately 10 nm; Yeo et al., 2015), so that connector oligos
are not always able to connect the antibody nucleotide tails. The data obtained by
immunofluorescence and PLA suggest an interaction between PCNA and the CPC proteins and
was further confirmed by co-immunoprecipitation (Figure 25). In contrast to Survivin-HA,
Aurora B-HA as well as Borealin-HA and myc-INCENP were detected in immunoprecipitates of
PCNA, although a high amount of Survivin-HA was detected in the input samples. This is not in
agreement with the aforementioned results of the PLA analysis, which revealed an interaction of
all CPC members with PCNA. Complex formation without Survivin is highly unlikely as previous
studies have demonstrated that depletion of one CPC member leads to reduced levels of the
other CPC members, indicating that the protein interactions within the complex stabilize the
individual CPC members (Honda et al., 2003; Vader et al., 2006).

To clarify which CPC member binds to PCNA directly, the sequences of the respective CPC
members were screened for typical PCNA binding motifs. Most interactions with PCNA are
mediated by an APIM (AIkB homolog 2 PCNA-interacting motif) or a PIP (PCNA-interacting
protein) box motif in the interacting protein (Gilllam et al., 2009; Warbrick, 2000). Indeed, a
putative PIP box motif was found in the human protein INCENP (aa 853 to aa 860; Figure 26 B),
located at its C-terminus, which also interacts with Aurora B (Figure 26 D). This binding motif is
also conserved in several INCENP homologs ranging from chimpanzee (P. troglodytes), mouse
(M. musculus) and chicken (G. gallus) to frogs (X. tropicalis and X. laevis) (Figure 26 C). The
motif was verified by PLA analysis in T2AA-treated cells. T2AA is a small molecule binding to a
deep cavity of PCNA, which usually interacts with the PIP box in binding partners, thereby
inhibiting the interaction (Inoue et al., 2014; Punchihewa et al., 2012). As expected, T2AA
treatment reduced the mean PLA signal intensity compared to non-inhibited S phase cells
(Figure 27). The PIP box motif could additionally be confirmed by co-immunoprecipitation,

97



where an INCENP variant bearing a mutated PIP box motif was not able to bind to PCNA. Here,
the signals for the INCENP variant with a mutated PIP box motif decreased more than those of
INCENP wt. However, an unspecific binding to beads was detected, similar to the co-IPs with
other CPC members. DNA or RNA, which adhere to basic surfaces on proteins, can cause
unspecific binding to beads. This can be especially problematic with proteins such as PCNA
that naturally bind DNA (Nguyen and Goodrich, 2006). Supporting experiments, using different
magnetic or sepharose beads, various IP lysis buffer receipts or additional treatment with
micrococcal nuclease for chromosomal DNA fragmentation were not successful in abolishing
unspecific protein binding (data not shown). Furthermore, also benzonase or ethidium bromid
could be tested instead of micrococcal nuclease. Additional improvements might include pre-
clearing of lysates by incubating the lysates with beads alone before using the supernatant for
the IP. Despite the unspecific bindings observed in co-IPs, our results hint towards a direct
interaction between PCNA and INCENP via its PIP box motif. However, immunofluorescence
stainings revealed PCNA co-localization with both INCENP variants (wt and PIPmut) (Figure
29). This in turn suggests that the CPC interacts with PCNA, but foci formation might be
independent of PCNA interaction. The recruitment of the CPC to replication sites is potentially
mediated by another binding partner or by direct binding to chromatin.

Because previous studies revealed an interaction between either INCENP or Borealin with a
HP1 dimer during G,/M transition (Ainsztein et al., 1998; Kang et al., 2011; Liu et al., 2014), co-
immunoprecipitation studies including HP1a and the CPC proteins were performed. While HP1a
was not detected when differently tagged CPC members where immunoprecipitated (Figure
30 A), the reciprocal experiment showed that Borealin-HA bound to HPla (Figure 30 B).
Furthermore, it should be mentioned that Survivin and Aurora B bound unspecifically to the
beads. In further experiments, this unspecific binding needs to be eliminated, for example by
implementing the above-mentioned procedures such as DNA fragmentation by benzonase or
ethidium bromide treatment or pre-clearing of lysates. In addition, the interaction should be
confirmed in synchronized S phase cells to exclude interactions between HP1a and the CPC
proteins that occur during other cell cycle phases and are not associated with the process of
replication. Finally, the potential binding sites responsible for these interactions specifically
during replication need to be identified. One potential interaction domain is a PxVxL motif, which
was shown to be crucial for Borealin and INCENP binding to the CSD domain in HP1 during
G./M transition (Ainsztein et al., 1998; Kang et al., 2011, Liu et al., 2014).

Previous studies by Trembecka-Lucas et al. (2012, 2013) revealed an interaction between a
HP1B homodimer and PCNA. The complex forms when cells exit G; phase, which correlates
with the changes in localization of PCNA during S phase. The complex was also detected at
DNA damage sites caused by laser-induced microirradiation. They however did not evaluate, if
other HP1 isoforms, namely HP1a and HP1y might also be able to interact with PCNA. While a
HP1B monomer was also able to form a complex with PCNA, cells failed to complete S phase
when dimerization of HP1 was prohibited, indicating that a complex of monomeric HP1 together
with PCNA is functionally impaired. The C-terminal CSD domain of HP1 can dimerize forming
both homo- and heterodimers with a nonpolar groove that acts as a docking site for proteins
containing the consensus sequence PxVxL. As a result, HP1 can bind several other
PxVxL motif containing proteins, e.g. chromatin-modifying proteins (SUV39H1,SETDB1), DNA
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replication and repair proteins (CAF1, Ku70, BRCAL, ORC1-6) (Lomberk et al., 2006) and the
CPC members Borealin and INCENP (this study; Kang et al., 2011; Liu et al.,, 2014). The
interaction between HP1p and PCNA was analysed with FRET experiments by Trembecka-
Lucas et al. (2013), however a direct interaction or binding sequence was not shown. As due to
physical properties of the FRET technique, only protein binding proximities of approx. 10 nm are
accessible, an indirect binding mediated by a small linking protein is still possible. One concept
(Figure 38) combining all the above discussed proteins would include the binding of PCNA to
the PIP box motif in INCENP, which in turn binds Aurora B at its C-terminus, while the N-
terminus interacts with Survivin and Borealin’s N-terminus via the three-helix bundle. The C-
terminal part of Borealin, which is not involved in complex formation and contains a PxVxL
motif, could bind to HP1, thereby bringing it in close proximity to PCNA.

Figure 38: Modell of CPC interactions to PCNA and HP1la.

PCNA can interact with the PIP box motif in INCENP, which in turn binds Aurora B at its C-terminus.
INCENP’s N-terminus interacts with Survivin and Borealin’s N-terminus via the three-helix bundle while
the C-terminal part of INCENP could bind to HP1 and thereby bringing it in close proximity to PCNA.
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4.2 Participation of the CPC in replication

During mitosis and also cytokinesis, the localization of the CPC changes dynamically in
accordance with its various functions. In this thesis, a centromeric localization of the CPC during
S phase and an interaction with HP1a at replication sites could be substantiated. Furthermore,
the co-localization and interaction of the CPC with PCNA suggests that the CPC might have an
additional, so far unknown, functional role during replication. To evaluate whether the CPC
could be functionally implicated in replication processes, flow cytometry was performed to
analyze the cell cycle-dependent distribution of Survivin-depleted cells. The percentage of cells
in G,/M phase increased dramatically while the amount of S and G; phase cells decreased
when depleted of Survivin (Figure 31). In contrast to these results, other studies revealed an
additional S phase arrest, suggesting a role of Survivin in promoting S phase entry (Dai et al.,
2011; Suzuki et al., 2000). Furthermore, depletion or inhibition of Aurora B can result in a
delayed G,/S transition (Trakala et al., 2013). So far, there was no evidence for a direct
involvement of Aurora B or Survivin in replication, but rather for a participation in cell cycle
regulation. Recent data suggest that Aurora B directly phosphorylates p53 to accelerate its
proteasomal degradation, thus suppressing the expression of cell cycle inhibiting targets, e.g.
p21 (Gully et al., 2012). Indeed, p21 is upregulated after Aurora B inhibition (Trakala et al.,
2013), which in turn inhibits cyclin E/CDK2 and thereby initiates G,/S transition (reviewed by
Karimian, Ahmadi, & Yousefi, 2016). While the N-terminal domain of p21 is responsible for
CDK-cyclin inhibition, the C-terminus harbours a PIP box motif and can bind to PCNA (Chen et
al., 1995; Luo et al., 1995; Warbrick et al., 1995), thus additionally inhibiting S phase (Cayrol et
al., 1998). Phosphorylation of p21 on Thr145 by Akt inhibits its PCNA binding, thus promoting
cell cycle progression by interaction of DNA polymerases with PCNA and other replication
proteins to assure proper DNA synthesis (Rdssig et al., 2001). Whether binding of p21 to PCNA
also competes with the INCENP-PCNA interaction analyzed in this thesis, requires further
elucidation. In addition to the above-mentioned regulation of the G,/S transition, p21 might also
inhibit CDK1 and arrest G,/M transition (reviewed by Karimian, Ahmadi, & Yousefi, 2016). A
G,/M arrest was also observed by flow cytometry as shown in this thesis. Similar results could
be also obtained through Survivin depletion via modified siRNAs (Li et al., 2015b) or micro
RNAs (Chen et al., 2016). The accumulation of cells in G,/M could depend on the blockage of
the G./M transition and mitotic arrest by checkpoint activation and failure of chromosome
segregation or cytokinesis. Indeed, mitotic defects were visualized in previous studies, including
lagging chromosomes that were sister chromatids left near the spindle equator in anaphase as
well as an absent spindle midzone and lacking midbody microtubules (Yang et al., 2004).
Survivin-depleted cells fail to complete cytokinesis and further duplicate their genome in
S phase, resulting in polyploid cells (Li et al., 1999; O’Connor et al., 2000). This could also be
observed in the flow cytometry data shown here by an additional 8 N peak. Impaired DNA
replication normally activates the intra S checkpoint, resulting in an S phase arrest. However,
the amount of S phase cells was decreased following Survivin depletion. This does not exclude
a functional role of the CPC during replication. It is possible that Survivin depletion might not
lead to an activation of the S phase checkpoint. Instead, replication occur but might be
incomplete. This would activate the G,/M checkpoint, which in turn results in an accumulation of
cells in G,. Furthermore, an impaired replication can also be caused by chromosomal defects
induced by interfering with Survivin’s mitotic function. Consequently, the mitotic and a potential
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replicative dysfunction can not be distinguished from each other. One possibility to overcome
this problem is to synchronize cells in G; phase, deplete Survivin during the arrest, and analyze
the following S phase after the release. However, with cell synchronization the cell cycle is
already affected, so that thus obtained data could be flawed by the cell cycle arrest or due to
Survivin depletion. Another more favorable but also more laborious solution would be to adopt
the novel auxin-inducible degron (AID) technology (Figure 39), which allows rapid protein
depletion within minutes up to only a few hours, instead of the days needed for a conventional
silencing technique utilizing siRNAs. The mAID system, developed by Natsume et al. (2016),
uses a plant degradation system controlled by the phythormone auxin. The target gene is
modified via CRISPR/Cas, so that the respective protein is fused with a mAID-tag, derived from
the 1AA17 protein of Arabidopsis thaliana. These AID mutants are generated in cell lines
expressing OsTIR1. OsTIR1 is an auxin perceptive F-box protein, which forms a functional SCF
(Skp1-Cullin-F-box) ubiquitin ligase. Auxin, added to the cell culture medium, binds to OsTIR1,
promoting mMAID-TIR1-SCF interaction. This leads to polyubiquitination and proteasomal
degradation of the target protein, typically with a half-life of 10-20 min. As revealed by flow
cytometric analyses, the knockdown phenotype could not be rescued completely (Figure 31),
maybe due to suboptimal expression levels of the ectopic Survivin or off-target effects of the
siRNA.The latter are negligible when using the AID system because OsTIR1 and AlD-substrate
orthologues do not exists in human cells (Wood et al., 2016).
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Figure 39: Overview of prospective protein depletion by the auxin-inducible degron system.

The target gene BIRC5 will be modified via CRISPR/Cas, thus the protein Survivin is fused with a mAID-
tag. Auxin addition will promote mAID-TIR1-SCF interaction, leading to polyubiquitination and rapid
proteasomal degradation of Survivin. Modified from Natsume et al. (2016).
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So far, analyses presented in this thesis revealed an accumulation of CPC proteins in the
nucleus during S phase, co-localizing with the replicative sliding clamp and processivity factor
PCNA, interacting via a PIP box motif in INCENP. All these results suggested a functional role
of the CPC in replication. While flow cytometry only relies on measuring the overall rates of DNA
synthesis to determine the complex replication program, fiber assay analyses allow
investigating the replication fork dynamics on a single molecule level. Different aspects of
replication can be observed, including new initiation events, termination events and stalled,
collapsed as well as elongating forks. In this thesis, only elongating forks were covered by the
investigation. Forks travel at a speed of 0.88 kb/min in mock-treated cells and 0.92 kb/min in
siCtrl-transfected cells, whereas forks in Survivin-depleted cells are significantly slower
(0.70 kb/min) (Figure 32). In addition, the distribution of fork velocities in the histogram plot
revealed an increased number of slower forks after Survivin depletion.

Slowing of replication forks can be caused by several events. First, a slower polymerase results
in a decelerated incorporation of nucleotides. Although average rates of leading and lagging
strand DNA synthesis are similar, the incorporation rate of individual DNA polymerases can vary
10-fold and might also pause (Graham et al., 2017). Furthermore, core polymerases can be
replaced when the replisome encounters obstacles at forks (Mufioz and Méndez, 2017; Prakash
et al., 2005). The TLS polymerase PrimPol additionally assists in fork progression in
unperturbed S phase (Mourén et al., 2013). Whether Survivin might influence the processivity of
polymerases or polymerase switching could be analyzed by evaluating if TLS polymerases are
bound to PCNA after Survivin depletion. It could also be investigated indirectly by assessing the
PTM status of PCNA, as TLS polymerases are bound by PCNA, mono-ubiquitinated at Lys164
(Ulrich and Takahashi, 2013; Yang et al., 2013). In addition, replication fork speed can also be
influenced by inhibition of origin firing or increased termination of forks. Therefore, initiation and
termination rates as well as inter-origin-distances could be determined in dependence of
Survivin expression. The inter-origin distance and thereby the origin density, correlate in general
with fork velocities. At a lower origin density, the inter-origin distance is increased and the
replication fork progresses faster, and vice versa, at a high origin density, the inter-origin
decreases and forks progress slower (Conti et al., 2010; Takebayashi et al., 2005). Under
normal circumstances, only 10 % of the licensed origins actually fire, all others are so-called
dormant origins and are passively replicated by forks emanating from flanking origins (Ma et al.,
2015). If replication is impaired, for example after fork stalling or fork collapse, neighboring
dormant origins are allowed to fire (Kawabata et al., 2011). Although replication initiation sites
share common characteristics, no consensus sequence has been identified in the human
genome (reviewed by Alver, Chadha, & Blow, 2014). It is still unknown how origins are selected
for the accumulation of licensing proteins, and how licensed origins are selected to fire. To
study dormant origin firing, the replication events at the human beta-globin locus (HBB) could
be observed. The locus consists of two regions, Rep-P and Repl, that are actively replicated
either in early or in late S phase, as well as a locus control region (LCR), which is replicated
passively under normal conditions (Conti et al., 2010; Zhang et al., 2016). Thus, origin activation
within the LCR analyzed by RT-PCR on nascent strand DNA (Conti et al., 2010) could give
valuable insights into Survivin’s function in regulation of dormant origins.
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The fact that the CPC was located at heterochromatic regions during S phase, indicates a
possible involvement in the regulation of the replication of centromeric heterochromatin. As a
pivotal determinant of replication fork velocity, the compaction status of chromatin should be
evaluated upon depletion of the CPC members. Heterochromatin is characterized by a highly
compacted structure, which relies on trimethylation of histone H3 at Lys9, the docking site for
HP1. Here, a co-localization between HPla and the CPC was observed and moreover, an
interaction between HPla and Borealin could be demonstrated. CPC localization could be
further investigated after the disruption of pericentric heterochromatin by 5-AzaC (5-azacytidine)
treatment, which causes decreased DNA methylation. Another common characteristic of
heterochromatin is that it is usually hypoacetylated. Behind the replication fork, repressive
chromatin must be re-established, which is mediated by histone deacetylases (HDACs). HDACs
are recruited to the replication fork by binding directly or indirectly to PCNA. (Milutinovic et al.,
2002; Rowbotham et al., 2011). Inhibition or depletion of HDACs also slows down replication
forks (Conti et al., 2010; Peixoto et al., 2012) and disturbs centromeric localization of the CPC
during mitosis, leading to severe mitotic defects (Stevens et al., 2008; Taddei et al., 2001;
Unruhe-Knauf and Knauer, 2017). Whether HDAC inhibition, for example via TSA
(Trichostatin A) or SAHA (suberoylanilide hydroxamic acid), also disrupts centromeric
localization of the CPC during replication needs to be further investigated. If the normal
compaction pathway is defective, histone H4K12 is acetylated at pericetric heterochromatin by
Tip60 (tat-interacting protein 60). A loss of Tip60 leads to decompaction of heterochromatin and
defects in chromosome segregation in mitosis (Grézy et al., 2016). Tip60 acetylates Aurora B
on Lys125 in mitotic cells to prevent PP2A-dependent dephosphorylation of Aurora B at Thr232,
a phosphorylation event that is required for optimal catalytic activity at kinetochores (Mo et al.,
2016). If Tip60 regulates Aurora B activity analogously during replication is unknown. Whether
Aurora B kinase activity influences the replication fork speed was also evaluated by fiber assay
analyses (Figure 33). Here, cells were treated with the Aurora B specific inhibitor Hesperadin.
This indolinone compound interacts with both the ATP- and the adjacent hydrophobic binding
pocket of Aurora B (Hauf et al., 2003; Sessa et al., 2005). In untreated cells, Aurora B’s
autophoshorylation at Thr232 leads to full kinase activity, and thereby to phosphorylation of
histone H3 at Serl0 at the transition from G, to M phase. While Aurora B phosphorylation was
also detectable in samples where Aurora B was inhibited, phosphorylation of H3S10 was absent
after treatment (Figure 33 B). This was maybe caused by unspecific binding of the antibody to
non-phosphorylated Aurora B, as the latter implies a successful inhibition of the kinase activity
during G,/M phase. In contrast to Survivin-depletion, replication fork speed was not significantly
reduced after inhibiton of Aurora B (Figure 33 C), thus implying that kinase activity is not
necessary for proper replication. The CPC could for example act as a recruitment or binding
platform for other interaction partners involved in replication.

In addition, also nucleosome assembly is coupled to the replication fork progression. Mejlvang
et al. (2014) showed that replication fork velocity depends on the supply of new histones and
efficient nucleosome assembly, which in turn regulate PCNA unloading. The histone chaperone
CAF1 links nucleosome assembly to DNA synthesis by binding to PCNA (Shibahara and
Stillman, 1999). In addition, CAF1 forms a complex with HPlo and SETDB1, which
monomethylates histones so that CAF1 can deposit them into chromatin (Loyola et al., 2009;
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Sarraf and Stancheva, 2004). Further, H3K9mel is trimethylated by SUV39H1/H2, allowing
HPla to bind via its chromodomain and re-establish the heterochromatin state (Lachner et al.,
2001; Loyola et al., 2009). Because the CPC accumulated on the chromatin during late S phase
when the heterochromatin is replicated and re-established, and HP1 is directly or indirectly
bound to PCNA via the CAF1 complex, the question arises whether the CPC is somehow
involved in the maintenance of heterochromatin on nascent DNA. That the CPC localizes and/or
interacts with some of these proteins also corroborates this potential function. Recent studies
could further show that for the re-establisment of the heterochromatin state during replication
also non-coding RNAs (ncRNASs) are required. One example are centromere repeat-associated
small interacting RNAs (crasiRNAs). CrasiRNAs are only 34-42 nt in length, and they are
important for centromere establishment and chromosome segregation. They have been
identified in CENP-A-rich regions. The mechanism by which they regulate centromere function
is still unknown, but it is assumed that crasiRNAs trigger H3K9 methylation and HP1 binding
(reviewed by Sadakierska-Chudy & Filip, 2015). Blower (2016) could show in Xenopus egg
extracts that these crasiRNAs bind to the CPC via Aurora B during mitosis and regulate
localization and activation of the CPC. Whether crasiRNAs also link CPC localization to
centromeres still needs to be investigated.

In addition, chromatid cohesion can have an impact on replication fork speed. Cohesin consists
of four SMC (Structural maintenance of chromosome) subunits (Losada et al., 1998; Michaelis
et al., 1997). The complex is loaded onto chromatin already during G; phase (Takahashi et al.,
2008). During replication, the replisome slides through this ring and the two daughter strands
are embraced by the cohesin complex (Alabert and Groth, 2012). PCNA binds ESCO1/2
(Establishment of sister chromatid cohesion 1/2), which acetylates SMC3, a subunit of the SMC
complex and thereby accelerates the replication fork (Terret et al., 2009). Sister-chromatid
cohesion is established in S phase and it persists until mitosis when sister chromatids are
captured by microtubules from opposite poles. As mentioned before, the CPC is necessary for
correct kinetochore-microtubule attachments by ensuring their bi-orientation. Recent findings
have shown that stable bi-orientation requires CPC localization via the CEN-box in the N-
terminal domain of INCENP and its loss weakens centromeric cohesion, so that the CPC
prevents premature sister chromatid separation (Hengeveld et al., 2017). When all
chromosomes are correctly attached, PP2A counteracts Aurora B-mediated phosphorylation
events by dephosphorylating respective targets, thereby resulting in cohesin cleavage and
chromatid separation (Foley et al., 2011; Shrestha et al., 2017; Trinkle-Mulcahy et al., 2006).
Both, PP2A and the CPC can bind to Sgol, which in turn binds to HP1 (Kang et al., 2011).
Whether the CPC plays a role in promoting sister chromatid cohesion during S phase, or
whether a subset of CPC proteins is necessary for maintaining cohesion from S phase to
mitosis is still unknown.

Although, we could show that the CPC accelerates the replication fork, the detailed molecular
mechanism is still under investigation. Potentially, binding of the CPC to centromeric
heterochromatin and/or to the sliding clamp PCNA influences the replication itself or replication-
associated processes. Further studies should also focus on the PIP box motif in INCENP. One
guestion that should be addressed here is whether mutation of the PIP box also affects
replication fork speed and subsequent cell divisions.
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4.3 CPC expression and localization after induction of
replication stress

As demonstrated here by fiber assay analysis, the depletion of Survivin resulted in a decreased
replication fork velocity. The slowing or stalling of replication fork progression and/or DNA
synthesis is defined as ‘replication stress’ (Zeman and Cimprich, 2014). Since Survivin
depletion causes replication stress, the question arises whether induced replication stress
reversely affects the CPC. Replication stress is caused by intrinsic and extrinsic factors.
Challenging intrinsic obstacles are for example genomic sequences, which are difficult to
replicate such as repeated sequences of centromeres (Pearson et al., 2005). Here, it was also
shown that the CPC is located at centromeric regions during late S phase, when these
sequences are replicated. Extrinsic damage sources can be UV-light, ionizing radiation or
chemicals. The endogenous or exogenous agents challenge DNA replication forks and cause
DNA lesions. Replication forks can stall or collapse at these damaged regions, leading to
ssDNA stretches or DSBs that could trigger genome instability. Both events result in the
activation of checkpoint kinases and initiate the subsequent activation of the signaling cascade
(section 151.3.2). To determine whether the CPC could also be implicated in processes after
induction of replication stress, expression of CPC proteins and their localization to different cell
compartments were analyzed (Figure 34).

Therefore, cells were treated with different chemicals or ionizing radiation. Camptothecin (CPT,
1 pM) binds to the Topol-DNA complex and inhibits the re-ligation of the DNA, thereby
sustaining the SSB. The collision with the subsequent replication fork generates DSBs
(Pommier, 2006). Lower concentrations of CPT (25 nM) induce replication fork slowing and fork
reversal to prevent chromosomal breakage. CPT activates both, ATR-Chkl and ATM-Chk2
signaling (Ray Chaudhuri et al., 2012). Aphidicolin (APH) binds to DNA polymerases and
thereby blocks the incorporation of nucleotides into the DNA strand, leading to replication fork
stalling (Cheng and Kuchta, 1993). While the polymerase is inhibited, the helicase is still able to
unwind the DNA (Sogo et al., 2002). This so-called uncoupling leads to long stretches of ssSDNA
and checkpoint activation by ATR-Chkl (Byun et al., 2005). Hydroxyurea (HU) inhibits the
ribonucleotide reductase so that the dNTP pool is depleted. This results in stalled forks and
uncoupling of helicase and polymerase function similar to APH treatment (Jossen and Bermejo,
2013). After prolonged incubation, this might further result in collapsed forks and in DSBs
(Petermann et al., 2010). Cisplatin mainly forms intrastrand crosslinks, which block uncoiling
and separation of the DNA double helix (Fichtinger-Schepman et al., 1985). Damage response
is triggered by ATM-Chk2 and ATR-Chk1 pathway, similar to Topol treatment. Treatment with
X-rays leads to SSB or DSB and induces stress response also via both signaling pathways
(Maréchal and Zou, 2013).

Upon treatment or 1 h after irradiation, whole cell lysates and subcellular fractions were
analyzed by immunoblotting (Figure 34). All treatments activated either one or both stress
response pathways, except treatment with 25 nM CPT and cisplatin. Low CPT concentrations
might have indeed induced replication fork slowing and fork reversal so that DNA damage could
be prohibited as expected. However, cisplatin induced no damage response, suggesting that
the treatment was unsuccesful. All CPC proteins showed similar expression levels in all
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samples of whole cell lysates, indicating that the total protein quantity remains the same.
Aurora B and Survivin were slightly increased only in the cytoplasmic fraction after CPT and
APH treatment as well as after irradiation. Both nuclear chromatin fractions showed similar
levels independent of the type of treatment.

The observation that irradiation did not enhance nuclear CPC proteins is contradictory to
previous results, where it was shown that for example Survivin forms irradiation-induced nuclear
foci at damage sites and further interacts with several proteins (yH2AX, Ku70, 53BP1 and DNA-
PKcs) involved in repair pathways (Reichert et al., 2011). In contrast, previous results of our
working group also point to a nuclear enrichment of Survivin after irradiation in distinct foci but
not directly at damage sites, where above-mentioned damage response proteins are located,
but rather at centromeric heterochromatin in association with the other CPC members
(Schroder, 2014, doctoral thesis).

An increased protein amount of Aurora B and Survivin in the cytoplasm after CPT and APH
treatment as well as irradiation could be induced via upregulation of protein expression, but then
the total protein amount would have increased as well. Previous studies have shown that for
example Chk2 phosphorylates the transcription factor FoxM1 (forkhead box M1) after
irradiation. This stabilizes the transcription factor and leads to a corresponding increased
transcription of DNA repair genes and also to an increased transcription of cell cycle regulated
genes such as those of Survivin and Aurora B (Grant et al., 2013; Tan et al., 2007). Additional
analysis of CPC mRNA could indicate if transcription is enhanced after replication stress.
Another possibility that might lead to increased levels of Aurora B and Survivin in cytplasmic
fractions after replication stress is that both proteins could be exported from the nucleus into the
cytoplasm, but then the content in the nuclear fraction would have decreased. Previous results
have shown that Survivin has a conserved nuclear export signal (NES) that interacts with Crm1.
In dividing cells, this NES is essential for tethering the CPC to the mitotic machinery and thus
for proper cell division (Knauer et al., 2006, 2007a, 2007b). In addition, the Crm1-Survivin
interaction is also required for the cytoprotective activity of Survivin. Export-deficient cells fail to
protect tumor cells against chemo- and radiotherapy-induced apoptosis (Knauer et al., 2007b).
Thus, Survivin might also be exported via Crm1 interaction after replication stress and could
inhibit apoptosis so that the replication fork can be protected and restart or damage can be
repaired. Thus, the impact of replication stress on the induction of apoptosis should be
investigated in Survivin-depleted cells. Furthermore, it would also be of interest to identify
whether prolonged replication stress that leads to apoptosis is negatively correlated with
potential Survivin export processes. In addition, Aurora B’s non-catalytic N-terminal domain was
also suggested to bind to Crm1, thus accessing the Crml-dependent nuclear export pathway
similar to Survivin (Rannou et al.,, 2008; Rodriguez et al., 2006). Further experiments are
necessary to evaluate for example whether general export inhibiton mediated for example by
leptomycin B treatment could interfere with the potential Crm1-mediated export of Survivin and
Aurora B after replication stress induction.

To confirm that the nuclear localization of the CPC is not alteres by induction of replication
stress, immunofluorescence analyses were performed. Replication stress was again induced by
treatment with 1 uM CPT for 1 h, and cells were either fixed directly or pre-extracted and fixed
afterwards. Pre-extraction was used to remove the excess of proteins, which do not form
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detectable foci, so that only chromatin bound proteins remain. CPT treatment successfully
induced replication stress, as detected by an increased phosphorylation of the DNA damage
response proteins YH2AX and pATM independent of pre-extraction or direct fixation (Figure 35
A-C). The standard deviation of the mean intensity of Survivin was significantly decreased in
samples directly fixed after CPT treatment, whereas the values increased non-significantly
when cells were pre-extracted (Figure 35 A, D). This indicates that while chromatin-bound
Survivin is slightly enriched after replication stress induction, the overall and thereby the soluble
nuclear fraction is reduced, maybe either by proteasomal degradation or by being exported into
the cytoplasm as revealed by immunoblot. To clarify this, cell stainings should be combined with
quantitative analyses of subcellular CPC localization. Whether the slightly increased nuclear
fraction of Survivin is located at stalled replication forks or damage sites after replication stress
induction still needs to be elucidated. In contrast, Aurora B expression was non-significantly
increased in CPT-treated fixed samples, while it was not altered in pre-extracted samples after
CPT treatment (Figure 35 A, E). Taken together, only marginal or no alterations were detected
in nuclear protein expression of Survivin and Aurora B after induction of replication stress,
corresponding to western blot analyses. So far, only nuclear protein levels were analyzed, but
cytoplasmic levels should also be confirmed. Furthermore, in both experiments, western blot
and immunofluorescence staining, only total protein amountsof Aurora B were analyzed. The
amount of the active, phosphorylated form of Aurora B should also be determined, in order to
evaluate if Aurora B’s kinase activity is important for the damage response after induction of
replication stress. Studies on ATM mainly focus on its function during DNA damage response,
although an additional mitotic function was suggested by Yang et al. (2011). ATM is recruited to
centromeres during mitosis and then activated by Aurora B-mediated phopshorylation,
interestingly even in the absence of DNA damage. pATM in turn phosphorylates the kinetochore
component Bubl to activate the spindle assembly checkpoint (Yang et al., 2011). Whether
Aurora B is active after replication stress and could also phosphorylate ATM still needs to be
elucidated.

Until now, replication fork velocity alterations upon Survivin depletion indicate a functional role in
replication or replication-associated processes. Not only comprehensive fiber assay analyses
concerning initiation and termination could allow deeper mechanistic insights into its functional
role, but these assays should also include induction of replication stress. It would be of interest
to determine whether the depletion of CPC members affects for example the amount of stalled
forks after replication stress, the ability of stalled forks to restart again, or replication fork
collapses.

Replication stress can lead to replication fork stalling, whereby dedicated factors can stabilize
the fork while other factors resolve the replication block and facilitate the resumption of
elongation. If the replication fork cannot be protected, the replisome dissociates and the fork
collapses (Rowlands et al., 2017). In this case, replication stress leads to a functional
uncoupling of the helicase complex from the replicative polymerase (Byun et al., 2005). When
the replication fork progression continues in the absence of processive DNA synthesis, long
patches of ssDNA covered with the single strand binding protein RPA are created. Proteins
involved in the elongation step of DNA synthesis (e.g. PCNA, polymerase 8, DNA ligase 1 and
Fenl) dissociate from replication sites (Gorisch et al., 2008) and the fork collapses. Chromatin
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assembly is also coupled to DNA synthesis by the interaction of the sliding clamp PCNA with
CAF1 (Shibahara and Stillman, 1999). CAF1 not only binds to PCNA but also to the
heterochromatin protein HP1a (Murzina et al., 1999). Since it was demsonstratzed here that the
CPC can interact with PCNA and HP1 and its expression does not change within the nucleus
after induction of replication stress, the question arises what happens with the CPC after
helicase-polymerase-uncoupling. To address this, cells were incubated with EdU, first alone to
visualize active DNA synthesis and afterwards additionally with high-dose APH to induce
uncoupling of the helicase from the polymerase. Following treatment, the localization pattern of
several proteins in S phase cells (EdU positive cells) was examined (Figure 36). As expected,
Mcm2, a member of the heterohexameric helicase complex, did not alter its localization after
APH treatment. RPA32, a subunit of the single strand binding protein revealed an increased
focal accumulation after APH treatment, which indicates that longer ssDNA sequences are
present and covered within minutes by RPA. In contrast, PCNA and DNA Ligase | were no
longer present in discrete foci but instead diffusely distributed throughout the nucleus. So far,
these results agree with Gdrisch et al. (2008). If replication forks stall, PCNA can be mono-
ubiquitinated on Lys164, a modification that plays an important role in translesion synthesis,
while poly-ubiquitin chains also attached to Lys164 are required for the damage bypass
mechanism (reviewed by Shiomi & Nishitani, 2017). In addition, PCNA SUMOylation on the
same lysine residue can either inhibit DSB repair by HR or prevent the formation of DSB at
stalled forks (Gali et al., 2012). In contrast, high-dose APH treatment induced fork collapse and
replisome dissociation. In this case, PCNA is removed by the Elg1-RFC complex (Elgl called
ATADS in human) in an ATP-dependent manner (Kubota et al., 2013; Lee et al., 2013; Shiomi
and Nishitani, 2013), which should also lead to removal of DNA ligase | (Dewar and Walter,
2017). Checkpoint activation is induced by long stretches of RPA generated by polymerase-
helicase uncoupling. Instead of PCNA, the checkpoint clamp Rad9-Rad1-Husl (9-1-1 complex)
is loaded by clamp loader Rad17-RFC (Bermudez et al., 2003). Rad9 contains an unstructured
C-terminal tail, which is required for interaction with TopBP1 and stimulates ATR-mediated
Chk1 phosphorylation (Delacroix et al., 2007; Yan and Michael, 2009). The above-mentioned
experiments revealed that the histone chaperone CAF1 changed its localization from bright
nuclear foci to a diffuse distribution, whereas HP1 did not alter its localization pattern after APH
treatment compared to the DMSO control. This indicates that although CAF1 can bind to both
PCNA and HP1, the interaction to PCNA might have a greater influence on replication than that
to HP1.

The CPC proteins still accumulated after treatment with APH, which induced polymerase
stalling and uncoupling of the replication machinery, similar to above-mentioned results of
replication fork stalling detected by immunoblot and subcellular fractionation as well as by
immunofluorescence staining upon CPT treatment. This suggests that even if the CPC can bind
to PCNA, this interaction seems not to be sufficient for targeting to replication sites. Either the
CPC could also be uncoupled from the polymerase and move further along the DNA together
with the helicase, or it might be coupled to chromatin or other remaining chromatin-bound
proteins. One other possibility is that the CPC could bind to the checkpoint clamp 9-1-1.
Although 9-1-1 is structurally similar to the homotrimeric ring-shaped PCNA, it alsoreveals
substantial differences as it is built up from different subunits reflecting a specialization of
function and binding partners. The subunits are arranged in a defined order, and binding
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partners are consequently bound in an ordered arrangement, whereas PCNA can bind either
the same or different proteins at each subunit in a stochastic manner. The majority of PCNA
binding partners possess a PIP box motif, whichinteracts with a hydrophobic pocket at the
interdomain connecting loop that bridges two domains of a single PCNA subunit. In contrast to
PCNA, the mode of interaction of proteins to 9-1-1 is not completely understood. It appears that
the binding to the 9-1-1 clamp is subunit-specific. While Rad9 could bind to a PIP box motif,
Rad1l lacks a hydrophobic pocket and is therefore unlikely to interact with a PIP box containing
protein, and for Hus1 the situation is even less clear (reviewed by Eichinger & Jentsch, 2011).
Interestingly, Fenl, which binds to PCNA via the PIP box motif, can bind to 9-1-1 in a PIP box-
independent as well as -dependent manner (Xu et al., 2009). In this thesis, it could be shown
that INCENP also harbors a PIP box motif and mutation of essential amino acid residues indeed
abolishes the interaction with PCNA. Whether INCENP is also able to bind to 9-1-1 should be
further elucidated.

In response to DNA damage, alterations in chromatin organization facilitate the access of repair
proteins to DNA (Adam et al., 2015). Similar to the arguments mentioned above regarding the
capacity of CPC proteins to modulate replication fork speed, the CPCmight also be involved in
the response to fork collapsing and the subsequent repair.

In general, replication stress leads to fork stalling or damaged forks, which in turn activates the
replication checkpoint by phosphorylation of ATR and Chkl (reviewed in Zeman & Cimprich,
2014). This damage or stress response pathway delays cell cycle progression so that stalled
replication forks can be recovered, damaged DNA can be repaired, and replication can be
completed before entry into mitosis (Lossaint et al., 2013; Magiera et al., 2014). In some cases
of endogenous or low levels of exogenous replication stress or other types of DNA damage, the
damage checkpoint is not activated (Koundrioukoff et al., 2013). Here, cells are not arrested in
S phase and proceed into mitosis with under-replicated DNA or unresolved DNA structures
(Chan et al., 2009; Naim and Rosselli, 2009). Moreover, this can initially lead to chromosomal
and later to genomic instability and cancer (Burrell et al., 2013). Recent studies have shown that
in cases of replication stress without checkpoint activation, for example induced by low levels of
APH, DNA synthesis takes place even during mitosis (Bergoglio et al., 2013; Bhowmick et al.,
2016; Minocherhomiji et al., 2015). To determine whether the CPC is involved in DNA synthesis
during mitosis, cells were synchronized in G, phase and simultaneously treated with a low dose
of APH to induce replication stress. Cells were released to allow progression into prometaphase
of mitosis in presence of EdU to visualize new DNA synthesis (Figure 37). In contrast to
scheduled EdU incorporation during DNA replication in S phase, EdU incorporation into mitotic
cells was only detectable when cells were treated with APH, indicating that DNA synthesis still
occurs during mitosis. INCENP was associated with chromatin irrespective of whether or not the
cells were exposed to APH. However, INCENP was not detected on newly synthesized DNA in
mitotic cells, indicating that CPC members conduct their mitotic function without a relocation to
replication sites.

Interestingly, previous studies by Minocherhomiji et al. (2015) have shown that Plk1 inhibition
impedes mitotic EdU incorporation, implying that DNA synthesis in mitosis occurs after or
simultaneously with the release of cohesin from sister chromatid arms. In prophase, most
cohesin is removed from chromosome arms in a process, which requires three kinases. Plk1
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phosphorylates the SA2 subunit of cohesin (Hauf et al., 2005), and Aurora B as well as CDK1
phosphorylate Sororin (Nishiyama et al., 2013), a protein that stabilizes the cohesin complex,
leading to release of cohesin from chromosome arms. Accordingly, inhibition of Aurora B for
example by Hesperadin could also abolish the DNA synthesis during mitosis. To investigate this
in more detail, an experiment resembling the one mentioned above could be performed under
additional inhibition of Aurora B and a quantitative analysis of mitotic cells, which are able to
replicate during M phase. As a last resort to repair or synthesize the remaining parts of DNA,
resolving replication intermediates before sister chromatid separation and distribution to the
daughter cells might ensure a stable propagation of the genome. Even unperturbed cells
sometimes enter mitosis with under-replicated DNA, especially if replication stalls late during
S phase. Centromeres are replicated during late S phase and due to their repetitive sequences
and their molecular architecture prone to chromosome breakage and rearrangements (Mankouri
et al.,, 2013). In addition, ultrafine DNA bridges originate from centromeres. These differ from
anaphase bridges and lagging chromosomes because they do not contain histones and cannot
be stained with conventional DNA intercalating dyes but can only be visualized by proteins that
bind to them (Mankouri et al., 2013). Very recently, Hong et al. (2018) have shown in yeast that
the nuclease LEM-3 (mammalian orthologue: Anklel) is located to the midbody and can
process these ultrafine bridges, while its localization is regulated by the Aurora B homolog AIR-
2. Thus, resolution of replication intermediates could not only be influenced by Aurora B-
dependent cohesin dissociation but also via Aurora B-dependent resolution of chromatin
bridges. To further evaluate this aspect, a combination of Aurora B inhibition and induction of
replication stress would be indispensable. Here, not only the above-mentioned amount of EdU-
positive mitotic cells but also the number of cells with ultrafine bridges in mitosis can give
valuable insights into the interplay between under-replicated DNA and its resolution to finally
allow proper cell division.
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4.4 Future prospective

In sum, the results on the CPC’s novel role in replication and replication stress emphasize the
concept of its multifunctional nature. The relationship between its mitotic function to successfully
complete cell division and Survivin’s additional anti-apoptotic function, in combination with the
potential new tasks in replication and after replication stress, designate the CPC as promising
target for cancer therapy. All targeted aspects might counteract its safeguard mechanism for
genome integrity. Thus, targeting the CPC could lead to reduced proliferation and an enhanced
apoptotic rate of cancer cells. The proposed functional involvement in replication and damage
response after replication stress induction require further in-depth studies to finally end up with
a mechanistic understanding of these elaborate processes on a molecular level. In order to
separate the CPC’s mitotic function from its replicative tasks, the above-mentioned auxin-
inducible degron system should be established to allow a temporally defined depletion of CPC
members. Thereby, it could be clarified whether both processes include independent functions
or if one process might subsequently promote the other. Future comprehensive studies are
undoubtedly needed to fully elucidate the replicative function of the CPC. For example, it would
be utmost importance to understand how the interaction of the CPC members with HP1 and
PCNA is regulated, which process associated with the depletion of CPC proteins actually leads
to replication fork slowing and how the CPC is affected by replication stress. In sum, the above-
mentioned and further studies can support the understanding of the CPC’s functions and
represent an important contribution to the improvement of cancer therapy.
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Appendix
Amino Acids

Table 19: Amino acids.

one-letter code  three-letter code amino acid
A Ala alanine

C Cys cysteine

D Asp aspartic acid
E Glu glutamic acid
F Phe phenylalanine
G Gly glycine

H His histidine

I lle isoleucine

K Lys lysine

L Leu leucine

M Met methionine
N Asn asparagine
P Pro proline

Q GIn glutamine

R Arg arginine

S Ser serine

T Thr threonine

Vv Val valine

W Trp tryptophan
Y Tyr tyrosine
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Vector maps
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Figure 40: Vector maps.
Schematic representation of selected plasmid constructs.
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