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Introduction

1 Introduction

1.1 The human cell cycle

The human cell cycle is a complex process which is essential for cell growth, proliferation,
survival and development. Different series of events regulate the proper division of one cell
into two daughter cells, thereby transmitting the genetic information equally to the next cell
generation. Precise regulation of cell cycle progression is fundamental for cell proliferation

and genomic integrity as alterations in cell division can lead to tumor formation.

The cell cycle can be divided into four major phases: G1 phase (gapl), S phase (synthe-
sis) and G2 phase (gap2), that are collectively termed interphase, and M phase (mitosis)
(Vermeulen et al., 2003). The two main phases are the S phase, that is characterized by
DNA replication and chromosome duplication, and the M phase, where the separation of the
duplicated chromosomes and the division into two cells takes place. Between S and M phase,
the gap phases allow the cells to prepare for the next cell cycle stage. In G1 and G2, the cells
are metabolically active and synthesize proteins that are required to enter the subsequent
cell cycle phase. Progression through the cell cycle is dependent on external mitogens that
stimulate proliferation in early G1 phase. Absence of growth signals triggers cells to exit the
cell cycle in G1 and enter a non-proliferating quiescent state termed GO phase. In humans,
the majority of cells are non-proliferating, non-growing cells in GO (Johnson and Walker,
1999; Vermeulen et al., 2003).

1.1.1 Cell cycle regulation

Progression through the cell cycle is mediated by two distinct classes of molecules, cyclins
and cyclin-dependent kinases (CDK) (Sanchez and Dynlacht, 2005). CDKs are heterodimeric
serine/threonine kinase proteins that require association with a specific regulatory cyclin
subunit to become active. The four main CDKs in humans, CDK1, CDK2, CDK4 and CDK®6
remain stable throughout the cell cycle whereas the various cyclins have an unique oscillating
expression pattern during the cell cycle and determine the activity of their associated CDK.
Cyclin/CDK complexes regulate progression through the different stages of the cell cycle
by phosphorylating specific substrates that are involved in DNA replication and mitosis. To
achieve full kinase activity the CDKs are further phosphorylated by CDK activating kinases
(CAK) (Lees, 1995; Morgan, 1997; Vermeulen et al., 2003).

At the beginning of the cell cycle, in G1, expression of cyclinD is induced by extracellular
mitogenic signals like growth factors (Hunter and Pinest, 1994). CyclinD preferentially
binds to CDK4 and CDKG6 to regulate progression through G1 by phosphorylating the tumor
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suppressor protein pRB (Sherr, 1996). pRB acts as a negative regulator of cell proliferation
by binding to the transcription factor E2F (E2F1-3), which regulates the expression of genes
that are important for G1/S transition. Hyperphosphorylation of pRB by CDK4/6 results
in the release of E2F from its repressive complex (Sherr, 1996; Stevaux and Dyson, 2002).
Once E2F proteins are no longer repressed by pRB, the cells bypass the restriction point
(R-point). Now, independent on extracellular growth signals, the cells are committed to
divide (Planas-Silva and Weinberg, 1997). This emphasizes the important role of pRB,
the product of the first identified tumor suppressor gene RB-1, in controlling cell cycle
progression. The fact that pRB is found to be mutated in one third of human tumors also
underlines the essential function of this protein (Lee et al., 1987; Sherr, 1996). E2Fs induce
the transcription of cell cycle regulators like the S phase cyclins E and A, and of genes that are
essential for DNA replication and nucleotide synthesis (Trimarchi and Lees, 2002). CyclinE-
CDK2 complexes mainly regulate the G1-S transition (Ohtsubo et al., 1995), whereas the
cyclinA-CDK2 composition is required later during S phase (Girard et al., 1991). In G2 and
early M phase cyclinA and cyclinB associate with CDK1 to facilitate entry into mitosis. The
mitotic cyclinB-CDK1 complex, also known as mitosis promoting factor (MPF), regulates the
activation of substrates necessary for chromosome segregation and mitotic spindle assembly.

Ubiquitination and following degradation of cyclinB in late mitosis is mediated via the E3

CyclinB

CDK1
CyclinA GO
CDK1
CyclinD
CDK4/6
CyclinA
CDK2
CyclinE
CDK2

Fig. 1.1: The human cell cycle
The cell cycle consists of the four distinct phases G1, S, G2 and M phase. Progression
through the mitctic cycle is regulated by the activity of different Cyclin-CDK complexes.
See text for detailed description.
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ligase APC/C. CyclinB degradation results in mitotic exit and in the restart of the cell cycle
(King et al., 1994; Zachariae, 1999).

CDK inhibitors:

CDK activity is antagonized by two classes of CDK inhibitors, the INK4 and the CIP/KIP
family of CDK inhibitors. The INK4 proteins p16INK4a, p15INK4b, p18INK4c and p19INK4d
inhibit the activation of G1 phase cyclin-CDK complexes by preventing association of CDK4 /6
to cyclinD (Lees, 1995; Vermeulen et al., 2003). Without active cyclinD-CDK4/6 complexes
the cell is unable to proceed through the cell cycle and arrests in G1 phase. The INK4a
locus encoding for pl6 is altered in a high percentage of human tumors by hypermethylation
or deletion (Kamb, 1998), pointing out the important function of these CDK inhibitors
in preventing uncontrolled proliferation by inducing cell cycle arrest. The second class of
CDK inhibitors, the CIP/KIP family, consists of p21(Wafl/Cipl), p27(Cip2) and p57(Kip2)
(Harper et al., 1995; Lee et al., 1995; Carnero and Hannon, 1994). Unlike the INK4 inhibitors,
the CIP/KIP proteins show a higher affinity to already formed cyclin-CDK complexes than
to monomeric CDK subunits (Lees, 1995). p21, which is transcriptionally activated by the
tumor suppressor protein p53 (El-Deiry et al., 1993), further inhibits DNA replication by
binding to the proliferating cell nuclear antigen (PCNA) (Pan et al., 1995).

Checkpoints:

In order to maintain genomic integrity, cell cycle progression has to be tightly controlled
at specific checkpoints (Hartwell and Weinert, 1989). In mid-late G1 phase the restriction
point (R-point) marks the transition between early-mid G1 and the subsequent cell cycle.
After passing the R-point cells are independent of extracellular stimuli and are committed to
complete the cell cycle (Planas-Silva and Weinberg, 1997).

In response to DNA damage, cells arrest in the cell cycle at the G1/S checkpoint before
entering S phase, or at the G2/M checkpoint after DNA replication. DNA damage, that
occurs as a result of external stimuli like UV-irradiation triggers activation of ATM (ataxia
telangiectasia mutated) and ATR (ataxia telangiectasia related) kinases. Their downstream
targets Chkl and Chk2 block cell cycle progression by inhibiting the phosphatase CDC25,
which acts as activator of CDKs (Sancar et al., 2004). Another target of the DNA damage
signaling pathway is p53 which promotes transcription of cell cycle arresting genes like p21,
DNA repair genes or apoptotic genes (Vousden and Lu, 2002).

In mitosis, the spindle assembly checkpoint (SAC) detects improper alignment of chromo-
somes and holds the cell cycle in metaphase by inhibiting the anaphase promoting complex
(APC/C) (see 1.1.2.1).

All these mechanisms make sure that cells are either repaired after damage or, if the defects
are too severe undergo apoptosis or senescence to prevent genomic instability which has
been linked to carcinogenesis (Kastan and Bartek, 2004; Kuilman et al., 2010).
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1.1.2 Mitosis and cytokinesis

Mitosis is divided into five subphases: prophase, prometaphase, metaphase, anaphase and
telophase. During prophase the chromosomes, containing two sister chromatids that are
held together by cohesin, condense in the nucleus and the duplicated centrosomes separate
and migrate to the opposite cell poles to form the mitotic spindle. Prometaphase is initiated
with the breakdown of the nuclear envelope. Then the chromosomes become attached by
spindle microtubules at the kinetochor, a multiprotein complex in the centromeric region. In
metaphase the chromosomes align at the spindle equator which is called the metaphase plate.
When all chromosomes are attached by microtubules, cells proceed to anaphase where the
sister chromatides get separated and are pulled to the spindle poles by microtubule short-
ening. After complete chromosome segregation cells enter telophase where chromosomes
decondense, the nuclear membrane is reformed and the first steps of cytokinesis are initiated
(Alberts, 2002).

Cytokinesis, the final step of cell division, results in the cytoplasmic separation of the newly
formed daughter cells. A contractile ring, which is built up of actin and myosin filaments,
forms the cleavage furrow which closes the cytoplasmic connection between the two daughter
nuclei by furrow ingression. The remaining cytoplasmic bridge is called the midbody, a dense
structure consisting of microtubules from the central spindle and of regulatory proteins.

Finally, abscission of the midbody completes cytokinesis (Glotzer, 2003; Skop et al., 2004).

1.1.2.1 The spindle assembly checkpoint

The spindle assembly checkpoint (SAC) is an important surveillance mechanism in mitosis
that ensures fidelity of chromosome segregation by sensing unattached kinetochors. The
activated SAC inhibits the anaphase promoting complex/cyclosome (APC/C) until all sister
chromatid pairs have become bipolarly attached to microtubules and have aligned in the
metaphase plate. APC/C, a multi-subunit E3 ubiquitin ligase, is required for sister chro-
matid separation and regulates the transition from metaphase to anaphase. Unattached
kinetochores activate the SAC, which interferes with the function of Cdc20, the substrate
recognition subunit of APC/C. The SAC consists of the core component proteins Bub3,
BubR1, Mad2, Bubl, Madl and Mspl. Bub3, BubR1 and Mad?2 are recruited to unattached
kinetochors, where they form the mitotic checkpoint complex (MCC) by binding to Cdc20
and thereby inhibiting APC/C. As soon as all chromatides have achieved attachment to the
mitotic spindle, the SAC is switched off and APC/C is activated. The two main targets
of APC/C, Securin and cyclinB, become ubiquitinated and degraded via the proteasome.
Degradation of Securin releases the protease Separase that cleaves Cohesin, a protein ring
that pairs sister chromatids. CyclinB degradation inactivates CDK1 and thus enables mitotic
exit (Kang and Yu, 2009; Musacchio and Hardwick, 2002; Yu, 2002).
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1.1.2.2 Aurora kinases

The Aurora protein kinase family (Aurora A, B and C) plays a crucial role in the regulation
of mitosis and cytokinesis. Aurora A and B share over 70% homology but have diverse sub-
cellular localizations and functions.

Aurora A localizes to the spindle poles and regulates centrosome maturation and separation,
which is necessary for bipolar spindle assembly and mitotic entry (Carmena and Earnshaw,
2003; Vader and Lens, 2008). Aurora B is the catalytic component of the chromosomal
passenger complex (CPC) which consists of the scaffolding protein INCENP and the sub-
units Survivin and Borealin (Vader et al., 2006). The CPC features a dynamic localization
pattern during mitosis: during prometaphase and metaphase the complex associates with
chromosome arms and the inner centromeres and is transferred to the central spindle mid-
zone and to the midbody in late mitosis and cytokinesis (Ruchaud et al., 2007; Vader et al.,
2006). The main function of AuroraB is the regulation of chromosome bi-orientation in the
metaphase plate by correcting microtubule-kinetochor misattachments, and the formation
and stability of the mitotic spindle (Ditchfield et al., 2003; Hauf et al., 2003). AuroraB
supports the spindle assembly checkpoint function by recruiting the SAC proteins BubR1,
Mad2 and CenpE to unattached kinetochors and by phosphorylating BubR1 (Ditchfield et al.,
2003). In cytokinesis Aurora B plays an essential role by targeting several substrates that
are necessary for correct cell division (Carmena and Earnshaw, 2003; Fu et al., 2007). Fur-
thermore, Aurora B controls the timing of abscission by preventing furrow regression in cells
with incompletely segregated chromosomes, thereby protecting cells against tetraploidization
(Steigemann et al., 2009).

The activity of Aurora kinases A and B is tightly regulated by phosphorylation and degra-
dation. Aurora A reaches its highest activity during G2/M transition and falls during exit of
mitosis. Aurora B protein levels peak in G2/M phase and highest kinase activity is found
from metaphase to the end of mitosis (Katayama et al., 2003; Fu et al., 2007). Degradation
of Aurora A and B is mediated via the APC/C ubiquitin ligase after exit of mitosis (Castro
et al., 2002; Nguyen et al., 2005).

The third member of the Aurora kinase family, Aurora C shows a localization pattern similar

to Aurora B but mainly functions in meiosis (Yang et al., 2010).

Aurora kinases are frequently overexpressed in human tumors emphasizing their crucial func-
tion as regulators of mitosis and cytokinesis. As uncontrolled expression of these mitotic
regulatory proteins promotes tumorigenesis by induction of chromosomal instability, Aurora
kinases have become potential targets for cancer therapy approaches (Katayama et al., 2003;
Vader and Lens, 2008). A number of small molecule inhibitors that block the catalytic ac-
tivity of Aurora kinases is already in preclinical or clinical trials to date. Inhibition of Aurora
induces tetra- and polyploidy which results in cell cycle arrest or apoptosis and inhibition of
tumor growth (Gautschi et al., 2008; Katayama and Sen, 2010).
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1.1.3 Aneuploidy and tumorigenesis

Most cancer cells are characterized by aneuploidy, an abnormal karyotype with structural
and numerical aberrations of chromosomes. Although Theodor Boveri proposed that cancer
is caused by aneuploidy over 100 years ago (Boveri, 2008), the role of aneuploidy in cancer
is still poorly understood and it is still controversially discussed if aneuploidy is cause or
consequence of tumorigenesis (Thompson et al., 2010; Weaver and Cleveland, 2006). The
majority of aneuploid tumors have chromosome numbers between 40 and 60 chromosomes
indicating that an imbalance in the chromosome number through chromosomal instability
(CIN) - the missegregation of whole chromosomes - can be regarded as the most common
pathway to aneuploidy (Thompson et al., 2010). In several tumor types including colon, lung
and breast, CIN has been shown to be associated with aneuploidy (Lengauer, 1997; Yoon
et al., 2002; Haruki et al., 2001).

There are two routes to the formation of aneuploid cells: they can either arise directly from
diploid cells by loss or gain of chromosomes during mitosis or through a tetraploid interme-
diate.

Chromosome missegregation in diploid cells can occur through partial inactivation of the
spindle checkpoint by reduced expression of spindle checkpoint proteins, or through cen-
trosome amplification. Mice that are heterozygous in spindle checkpoint genes show high
frequencies in aneuploidy but the type of aneuploidy and the development of spontaneous tu-
mors are different: for instance, mice with reduced levels of Bub3 and BubR1 do not develop
spontaneous tumors (Baker et al., 2004, 2006), but mice that are heterozygous for Mad1l
or Mad2 are more tumor prone although these mice develop tumors after a long latency
(Michel et al., 2001; Iwanaga et al., 2007). The variability in tumor formation found in the
different mouse models could be due to the additional nonmitotic functions of several mitotic
checkpoint proteins and it is therefore proposed that aneuploidy generated by a weakened
mitotic checkpoint drives tumorigenesis only if other cellular pathways are affected (Weaver
and Cleveland, 2009).

An intermediate tetraploid status is often found in tumor cells at early stage and it is assumed
that tetraploidy increases chromosomal instability and is a precursor of aneuploidy and cancer
(Barrett et al., 2003; Olaharski et al., 2006; Storchova et al., 2006). Unstable tetraploid cells
can arise from mitotic slippage due to prolonged mitotic arrest, from cell fusion or failures
in cytokinesis (Storchova and Pellman, 2004; Ganem et al., 2007). As consequence, the
increased number of centrosomes in tetraploid cells can lead to the formation of multipolar
spindles and defects in chromosome segregation (Gisselsson et al., 2008). Amplification of
centrosomes has been linked to chromosomal instability and aneuploidy in various studies
(Rajagopalan and Lengauer, 2004; Saunders, 2005), for instance 80 % of invasive breast

tumors harbor abnormal centrosome numbers and/or structures (Lingle et al., 2002).
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Proliferation and survival of tetraploid precursor cells is limited by the tumor suppressor pro-
tein pb3. Tetraploid cells derived from failed cell division have been shown to arrest in the
following G1 phase by p53-dependent mechanism in order to prevent chromosomal instability
and tumorigenesis (Ganem and Pellman, 2007; Stukenberg, 2004).

1.2 Cellular stress response pathways

Cells are continuously exposed to various forms of endogenous and exogenous stress stimuli
like DNA damage, oxidative stress, osmotic stress, hypoxia, inflammation or oncogene acti-
vation. Dependent on the cellular context the stress signals activate complex pathways that

mediate cell cycle control and survival or cell death.

1.2.1 MAP kinase stress signaling pathways

Mitogen-activated protein kinase (MAPK) cascades are highly conserved signaling transduc-
tion pathways that regulate several processes like proliferation, differentiation, metabolism,
survival and apoptosis (Hommes et al., 2003).

Fundamental for each MAP kinase pathway is a three-tiered core signaling module consist-
ing of the MAP-kinase-kinase-kinase (MAPKKK, MAP3K), MAP-kinase-kinase (MAPKK,
MAP2K) and MAP-kinase (MAPK). The first component acting in the MAPK signaling
cascade is the serin/threonine protein kinase MAPKKK that is activated either by phospho-
rylation or by interaction with regulatory proteins in response to diverse stimuli. Activated
MAPKKKSs phosphorylate and activate MAPKKs which then specifically stimulate MAPK
activity through dual phosphorylation of threonine and tyrosine residues. MAPKSs activate
multiple downstream effectors like MAPK activated kinases (MAPKAPKS) and transcription
factors to finally generate the biologic responses.

The three main MAP kinase signaling transduction cascades are the ERK1/2, the JNK and
the p38 MAPK pathways. The ERK1/2 MAPK pathway responds to mitogenic stimuli and
cytokines and plays a central role in cell growth, proliferation and survival. The JNK and p38
MAPK signaling pathways are activated upon different kinds of cellular stresses and regulate
multiple cellular processes like inflammation, apoptosis, cell differentiation and cell growth
(Hommes et al., 2003; Kyriakis and Avruch, 2001; Pearson et al., 2001).

p38 MAPK:

The p38 MAPK signaling pathway belongs to the mammalian stress response pathways and
has important functions in inflammation processes, cell differentiation, cell survival and cell
death.

This family of MAP kinases consists of the four isoforms p38a, p38B, p38y and p386 and
each shares about 60% identity within the p38 family. The p38 MAP kinase family can
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be divided into two subgroups: p38a and p38B on the one hand and p38y and p38% on
the other. This classification is based on the different expression patterns, the higher ho-
mology of the isoforms within one subgroup, the substrate specificity of these kinases and
their sensitivity to pharmacological inhibitors (Cuenda and Rousseau, 2007). While p38a
and p38P are ubiquitously expressed, p38y and p385 are expressed tissue specifically: p38y
is predominantly found in skeletal muscle, p38% is mainly expressed in the lungs, kidney,
pancreas, small intestine and testis (Ono and Han, 2000).

The p38 signaling pathway is activated by a wide range of different stress stimuli. p38
responds to inflammatory cytokines (e.g. TNFa, TGFB), pathogens (e.g. LPS, Herpes sim-
plex virus 1), growth factors and environmental factors such as heat shock, osmotic shock,
UV irradiation or hypoxia. Activation of p38 is mediated by the upstream MAP2 kinases
(MAPKK) MKK3 and MKK6. MKKG6 phosphorylates and activates all four p38 isoforms
whereas MKK3 has been shown to preferentially activate p38a, p38y and p3856 but not
p38B (Enslen et al., 2000; Keesler et al., 1998). In addition, p38e and p388 can also be
phosphorylated by the JNK activator kinase MKK4 (Brancho et al., 2003; Jiang, 1997).
MKK3/6 on their part are activated by a large group of MAP3 kinases (MAPKKK). Among
other MEKK3, MEKK4, DLK1, TAK1, MLK3 and ASK1 are responsible for p38 activation
(Cuevas et al., 2007). The wide range of MAP3 kinases that is implicated in the regulation
of the p38 signaling pathway explains the diversity of stimuli that can trigger p38 activa-
tion. Downstream targets of p38 are either other protein kinases or transcription factors that

mediate the cellular behavior upon different stress signals (Ono and Han, 2000).

JNK:

The second stress responsive MAPK signaling pathway besides p38 is the JNK pathway
that regulates cell death but also cell proliferation and survival. The three isoforms within
this MAPK family JNK1, JNK2 and JNK3, show different expression patterns: JNK1/2 are
widely expressed in many tissues, whereas JNK3 is mainly found in neuronal tissue, testis
and heart (Bode and Dong, 2007).

Like p38, JNK is activated upon various kinds of cellular stress signals including heat shock,
osmotic stress, UV-irradiation and cytokines. JNKs are phosphorylated and activated by
their upstream MAP2 kinases MKK4 and MKK7 (Lawler et al., 1998) which on their part
are regulated by several MAP3 kinases like MEKK 1-4, MLK 1-3, TAK1 and DLK1 (Cuevas
et al., 2007). Dependent on the stimulus JNK can activate several transcription factors and
proteins (Bogoyevitch and Kobe, 2006). Due to their shared upstream MAP3 kinases, p38

and JNK pathways are simultaneously activated in response to stress stimuli.

A simplified model of the p38 and JNK MAPK signaling pathways with the participating
MAP kinases is illustrated in Fig. 1.2.
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Fig. 1.2: Stress activated p38 and JNK MAPK signaling pathways

Different kinds of stress stimuli activate p38 and JNK through a conserved kinase cascade.
Dependent on the stress signal a MAPKKK activates a downstream MAPKK that triggersthe
signaltothe MAPKs p38 and JNK. Activation of p38 and JNK results in phosphorylation of
transcription factors and other proteins. P = phosphorylation

1.2.2 The p53 tumor suppressor pathway

The tumor suppressor p53 is one of the most important proteins regulating genomic integrity
and preventing tumorigenesis by coordinating cellular responses to multiple stress factors.
Its cellular gatekeeper function becomes apparent as p53 is mutated in over half of all
human tumors. Additionally, tumors that retain wild-type p53 often exhibit alterations in

p53 regulatory proteins (Vogelstein et al., 2000; Vousden and Lu, 2002).

In response to various forms of stress, p53 regulates the expression of a large number of
target genes that determine the cellular outcome by inducing apoptosis, cell cycle arrest or
senescence. The particular cell fate is thereby dependent on the cell type, the environment
and the nature of stress. Low levels of stress activate p53 to mediate a temporary cell cycle
arrest that allows cells to pause and repair the occurred damage. If the stress signal is

sustained or too severe, p53 triggers an irreversible cell cycle arrest (senescene) or apoptosis



Introduction

(Ashcroft et al., 2000; Riley et al., 2008; Vogelstein et al., 2000). Different stress signals like
UV irradiation, hypoxia or oncogenic stimuli can utilize diverse and independent signaling
pathways to regulate p53 activity, which reflects the complexity of the p53 network (Horn
and Vousden, 2007; Murray-Zmijewski et al., 2008).

The activation of p53 includes three main steps: stabilization of p53 by preventing its degra-
dation, promoter-specific binding and transcriptional activation. In these processes different
post-translational modifications as well as several regulatory proteins and interacting partners
of p53 are involved.

In unstressed cells the negative regulator of p53, the ubiquitin E3 ligase Mdm2, controls the
stability of p53 by targeting it for proteasomal degradation (Fang et al., 2000). Disruption of
the p53-Mdm?2 interaction is the crucial step in the stabilization of p53 and can be achieved
by different mechanisms. Phosphorylation of serine residues in the N-terminal domain of
p53, that inhibits the interaction of p53 and Mdm2, has been regarded as the first step of
p53 stabilization. Several kinases like ATM, ATR, Chkl, Chk2, JNK and p38 are known
to phosphorylate p53 at specific serine residues. These phosphorylation events facilitate the
recruitment of p53 coactivators, such as p300/CBP, that further enhance p53 stabilization
and activation by acetylating the C-terminal domain of p53 (Bode and Dong, 2004; Lavin
and Gueven, 2006). Besides the post-translational modifications on p53 that prevent Mdm?2
binding, several proteins can directly control the levels and function of Mdm2 and influence
p53’s stability. For instance, upon oncogenic stress the Mdm2 regulator p19ARF is induced
and binds to Mdm2, thereby inactivating its activity as ubiquitin ligase (Kruse and Gu, 2009;
Lavin and Gueven, 2006).

Once stabilized, p53 translocates to the nucleus and binds as tetramer to sequence-specific re-
sponsive elements (RE) in promoter regions of target genes where it becomes transcriptionally
activated. Several factors are involved in the complex regulation of promoter-specificity and
transcriptional activation of p53. Dependent on the type of stress stimulus, post-translational
modifications, such as acetylation or methylation, and recruitment of coactivators and bind-
ing partners affect the activity of p53 and the induction of specific target genes.

Thus, a special kind of 'barcode’ of precise combinations of post-translational modifications
and interacting cofactors is likely to be required in order to determine the transcriptional
program of p53 and thus the cellular stress response (Beckerman and Prives, 2010; Kruse
and Gu, 2009; Murray-Zmijewski et al., 2008).

10



Introduction

1.2.3 Senescence as consequence of cellular stress

One type of cellular response to severe stress stimuli is the induction of cellular senescence,
an irreversible arrest of cell growth. Besides the programmed cell death apoptosis, senescence
seems to be another self-defense mechanism to prevent tumorigenesis.

Senescent cells that arrest in the GO/G1 phase of the cell cycle loose the ability to respond
to mitogenic stimuli, alter their gene expression, undergo morphological changes and are
resistant to apoptosis (Ben-Porath and Weinberg, 2005; Zhang, 2007).

Cellular senescence can be categorized into two distinct classes: replicative senescence that
is induced by telomere shortening during cell aging (Allsopp and Harley, 1995), and stress
induced premature senescence that is activated by various different stress conditions like
oncogenic or oxidative stress (Chen et al., 1995; Serrano et al., 1997).

The central tumor suppressor pathways that are involved in the induction of the senescence
program are the p53-21 and the p16-pRB pathways. p16 activates pRB by inhibiting cyclinD-
CDK4/6 complexes. p53, that can be activated by p19ARF, induces expression of p21, that
in turn can mediate activation of pRB by inhibiting cyclinD-CDK4/6 and cyclinE-CDK2.
Hypophosphorylated pRB represses the transcription of E2F target genes, thereby inducing
growth arrest. Dependent on the cell type and the nature of stress p53 and pRB can either
be activated as one linear pathway (ARF-p53-p21-pRB) or as two parallel pathways (p53-
p21, pl6-pRB) (Ben-Porath and Weinberg, 2005; Dimri, 2005; Itahana et al., 2004). For
instance, in response to telomere shortening senescence is mediated through a linear p53-
p21-pRB pathway in human fibroblasts (Wei et al., 2003). In mouse fibroblasts oncogenic
stimuli initiate the senescence response through one linear pathway (ARF-p53-p21-pRB),
whereas in human cells oncogenic activation induces both senescence pathways in parallel
(pb3-p21, p16-pRB) (Serrano et al., 1997).

Mitotic stress - mediated through inhibition or altered expression of mitotic proteins - has
also been linked to premature senescence. Reduced levels of the spindle checkpoint protein
Bubl or BubR1 can induce premature senescence in mouse fibroblasts (Baker et al., 2004;
Schliekelman et al., 2009). Similary, reduction of the centromere protein CENP-A in human

fibroblasts causes p53 dependent cellular senescence (Maehara et al., 2010).
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1.3 The DREAM complex

Proper progression through mitosis is essential in order to avoid genomic instability. There-
fore, the expression of G2/M genes has to be well coordinated. Recently, our group identified
the DREAM (or LINC) complex, a multi-protein complex that is required for the transcrip-
tional regulation of specific G2/M genes (Osterloh et al., 2007; Schmit et al., 2007).
DREAM is a stable complex consisting of the core subunits Lin9, Lin37, Lin52, Lin54 and
the chromatin associated protein RbAp48 (Schmit et al., 2007). This complex is highly con-
served and the protein subunits of DREAM are related to that of the dREAM/Myb-MuvB
complex in Drosophila melanogaster (Korenjak et al., 2004; Lewis et al., 2004) and the
DRM/synMuv complex in Caenorhabditis elegans (Harrison et al., 2006).

During the cell cycle DREAM shows a dynamic cell cycle dependent interaction with the
repressor proteins E2F4 and p130 in GO phase and the transcription factor B-Myb in S phase
(Litovchick et al., 2007; Pilkinton et al., 2007; Schmit et al., 2007). In quiescent cells
DREAM binds together with E2F4 /p130 to E2F regulated promoters and represses cell cycle
dependent genes (Litovchick et al., 2007). The assembly of the DREAM repressor complex
was shown to be regulated by the kinase DYRK1A that phosphorylates the DREAM subunit
Lin52 resulting in activity of DREAM and entry in quiescence (Litovchick et al., 2011).
The DREAM complex composition switches when cells re-enter the cell cycle: DREAM
dissociates from G1/S gene promoters and remains at specific G2/M gene promoters in S
phase where it associates with B-Myb (Osterloh et al., 2007; Schmit et al., 2007). RNA.I
mediated knockdown experiments revealed the important function of DREAM in cell cycle
progression: Depletion of the core subunit Lin9 resulted in impaired proliferation with cell
accumulation in G2 and a delayed entry into mitosis. A cluster of DREAM target genes
that is required for regulation of mitosis and cytokinesis has been identified with microarray
analyses (Fig.1.3): these genes have functions in mitotic entry (e.g. cyclinA2, B1, cdc2,
AuroraA), in the mitotic spindle checkpoint and chromosome segregation (e.g. Plkl, Bubl,
CENP-E, Survivin) as well as in cytokinesis and the mitotic exit (e.g. CENP-F, Ubchl0,
Cepb5) (Osterloh et al., 2007; Reichert et al., 2010). The importance of the transcriptional
regulation of mitotic genes by DREAM was demonstrated by severe defects in mitosis and
cytokinesis that are found after deletion of Lin9 in mouse embryonic fibroblasts (MEFs): Lin9
knockout leads to binucleated and tetraploid cells with abnormal nuclei shape, multipolar
spindles and supernumary centrosomes. These phenotypes results from defective spindle
assembly, chromosomal missegreagation and cytokinesis defects. As consequence of these
serious defects in mitosis MEFs undergo premature senescence to avoid further progression
through the cell cycle (Reichert et al., 2010).

Lin9 is also essential for embryonic development. Homozygous Lin9-/- embryos at embryonic

day 6.5 and 7.5 depict severe phenotypic abnormalities and die shortly after implantation
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(Reichert et al., 2010). This developmental defect might be explained by the loss of Lin9
target gene expression, as several DREAM targets such as Plkl, CENP-A, and Fbxo5/Emil
have been shown to be essential for early embryogenesis in mice (Howman et al., 2000; Lee
et al., 2006; Lu et al., 2008). In contrast, heterozygous Lin9+ /- mice develop normally with
no obvious defects. However, these haploinsufficient Lin9 animals show increased numbers
of tumors and reduced survival in a small cell lung tumor model (BXB-Raf), suggesting that

Lin9 might function as a haploinsufficient tumor suppressor (Reichert et al., 2010).

In summary, these in vivo and in vitro studies emphasize the important role of the DREAM

complex in the regulation of mitotic genes. (Reichert et al., 2010).

mitotic entry mitotic spindle checkpoint mitotic exit
chromosome segregation cytokinesis

Cyclin B Survivin UbcH10
cdc2 Plk-1 Plk-1
Plk-1 Aurora A Survivin
Aurora A CENP-E Lap2
Fbxo5 CENP-A Aspm

CENP-F Gas2I3

Bub1

Nusap

Aspm

Kip20a

Fig. 1.3: DREAM regulated G2/M genes (identifiedin microarray analysis of Lin9 knockout
cells (Osterloh et al., 2007; Reichertet al., 2010))
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1.4 Aim of this project

From previous studies it was known that the DREAM complex is an essential regulator of
mitotic gene expression. Downregulation of Lin9, one subunit of the DREAM complex,
results in delayed entry into mitosis and impaired cell proliferation (Osterloh et al., 2007;
Schmit et al., 2007).

Analysis of a constitutive Lin9 knockout mouse model revealed an important role of Lin9 in
mouse development as complete loss of Lin9 caused early embryonic lethality. In order to
study the function of Lin9 in vitro and in vivo with an inducible system, a conditional Lin9
knockout mouse model was generated. Conditional deletion of Lin9 in mouse embryonic
fibroblasts (MEFs) leads to severe defects in mitosis and cytokinesis and cells display a

premature senescence phenotype (Reichert et al., 2010).

The first aim of this project was to study the function of Lin9 by using the conditional
knockout mouse model: MEFs generated from these mice were used to investigate the
molecular pathways leading to senescence after Lin9 deletion. This Lin9 knockout mouse

model was further used to analyzed the role of Lin9 in proliferation in vivo.

The second goal was to examine the pathways leading to p53-mediated cell cycle arrest after
defective mitosis/cytokinesis in more detail. Therefore, a high throughput siRNA screening of

the human kinome was performed in order to identify proteins that act in these pathways.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemical stocks and reagents

Unless otherwise indicated, commonly used chemicals were purchased from Applichem, Roth,

Invitrogen or Sigma with analysis quality.

Chemicals Stock concentration
Ammonium Persulfate (APS) 10% in H,O
Blasticidin 10 mg/ml in 10mM Hepes, pH7.4

Bovine serum albumin (BSA)

20 mg/ml in H,O

DAB (BD Biosciences)

ready to use

DMSO

ready to use

dNTPs

2mM dATP, dCTP, dGTP, dTTP each

Ethidium bromide

10 mg/ml in H,O

Glutaraldehyde solution, Grade I, 25 %

ready to use

Hoechst 33258

10 mg/ml in H,O

4-Hydroxytamoxifen (4-OHT)

10 mg/ml in ethanol

ImmuMount (Shandon)

ready to use

Luminol 250 mM in DMSO

Nocodazole 1mg/ml in DMSO

p-Coumaric acid 90 mM in DMSO

Polybrene (Hexadimethrine bromide) 4mg/ml in Hy,O

Ponceau S solution 0.1% Ponceau S in 5% acetic acid
Propidium lodide (PI) 1mg/ml in H,O

Protease Inhibitor Cocktail Sigma

ready to use

Random Primer

500 ug/ml in HyO

RNase A

10 mg/ml in 10mM Tris-HCl pH 7.4
150 mM NaCl

SB 202190 (p38-Inhibitor)

10mM in DMSO

Temed 99 % p.a

ready to use

Trizol /Trifast (total RNA isolation reagent)

(Peglab/Thermo)

ready to use

Tamoxifen

10 mg/ml in peanut oil

Xylole

ready to use

ZM 447439 (Aurora kinase Inhibitor)

10 mM in DMSO
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2.1.2 Buffers

2.1.2.1 General buffers

Phosphate buffered saline (PBS) (1 X) 13.7mM NaCl
0.3mM KCI
0.64 mM Na,HPO,
0.15mM KH,PO,
adjust pH to 7.4 with HCI

TAE buffer (1X) 40 mM Tris base
5mM glacial acetic acid
10mM EDTA, pH 8.0

2X HBS 280 mM NaCl
1.5mM NBQHPO4
50 mM HEPES-KOH, pH 7.05

5 X DNA Loading Buffer 15 % Ficoll
0.05 % Bromphenol blue
0.05 % Xylene Cyanol
0.05M EDTA
in 1 X TAE

2.1.2.2 Buffers for whole cell lysates

TNN buffer 50 mM Tris-HCI, pH 7.5
120mM HCI
5mM EDTA
0.5% NP-40
10 mM Na,P50
2mM Na3zVO,
100 mM NaF
ad 500 ml H,O
Protease Inhibitors (PI) 1:500 (add freshly)
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Bradford Solution

2.1.2.3 Buffers for immunoblot

Acrylamide solution for SDS gels

SDS running buffer

Blotting buffer (1X)

Blocking Solution

3 X Electrophoresis sample buffer
(3X ESB)

TBS (1X)

TBST

17

50mg Coomassie Brilliant Blue G250
23.75 ml Ethanol

50 ml 85 % (v/v) ortho-phosphoric acid
ad 500 ml H,O

filter twice

30% (w/v) Acrylamide
0.8% (w/v) N,N’"-Methylenbisacrylamide

576 g Glycine
120 g Tris
40g SDS

ad 41 H,O

0.6 g Tris base
2.258 g Glycine
150 ml Methanol
ad 11 H,O

3% (w/v) milk powder in TBST
or
5% BSA in TBST

300 mM Tris-HCI pH 6.8
15mM EDTA

150mM DTT

12% (w/v) SDS

15% (w/v) glycerol

0.03% (w/v) bromphenol blue

50 mM Tris, pH7.5
150 mM NaCl
adjust to pH7.4

0.1% Tween in 1 X TBS
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Substrate Solution 10 ml 100 mM Tris-HCI pH 8.5
50l 250 mM Luminol

22 ul 90 mM p-coumaric acid

2.1.2.4 Buffers for chromatin Immunoprecipitation (ChiP)

Cell lysis buffer 5mM PIPES, pH 8.8
85mM KClI
0.5% NP-40
Pl 1:1000 (add freshly)

Nuclei lysis buffer 50 mM Tris, pH 8.1
10mM EDTA
1% SDS
Pl 1:1000 (add freshly)

Dilution buffer 0.01 % SDS
1.1% Triton
1.2mM EDTA
16.7mM Tris, pH 8.2
167 mM NaCl
Pl 1:1000(add freshly)

Elution buffer 50 mM Tris, pH 8.0
1% SDS
10mM EDTA

LiCl wash buffer 0.25M LiCl
0.5% NP-40
0.5% Sodium deoxycholate (DOC)
1mM EDTA
10 mM Tris, pH 8.0

Blocking buffer 3 ml Dilution buffer

30l BSA (100 mg/ml)
30l ssDNA (10 mg/ml)
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2.1.2.5 Buffers for luciferase assay

Lysis buffer 25 mM Glycyl-Glycine
15mM K3PO4 pH38.0
15 mM MgSO4
4mM EGTA
1mM DTT
1% TritonX

Firefly buffer 25 mM Glycyl-Glycine
15mM K3PO4 pH38.0
15 mM MgSO4
4mM EGTA
1mM DTT
1% TritonX
1mM ATP
75uM luciferin

Renilla buffer 1.1 M NaCl
2.2mM EDTA
0.22 M K3PO4 pH5.0
1.3mM NaN3
0.44 mg/ml BSA

1.43 uM coelenterazine

2.1.2.6 Buffers for flow cytometry (FACS)

Sodium Citrate 38mM in H,O

Annexin V Binding Buffer 10mM HEPES
140 mM NaCl
2.5mM CaC|2
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2.1.2.7 Buffers for immunohistochemistry

4% Paraformaldehyd (PFA) 4% PFA in PBS
adjust pH to 7.0 with NaOH

Citrate Buffer 100 mM, pH6.0

Blocking Solution 3% BSA in PBS

2.1.2.8 Buffers for immunofluorescence

PSP 15 g paraformaldehyde
10 g sucrose
ad 500 ml 1 X PBS, store at -20°C

PBST 0.1% Triton-X-100
500 ml PBS, store at 4°C

PBS/0.1 M Glycine 3.75g glycine in 500 ml 1 X PBS
PBS/0.1% NP-40 500l NP-40 in 500 ml 1 X PBS
Blocking Solution 5% BSA in PBST

or
5% FCS in PBS/0.1% NP-40

2.1.2.9 Buffers for genomic DNA extraction

Base Buffer 25mM NaOH
0.2mM EDTA
pH12.0
Neutralisation Buffer 40 mM Tris-HCI pH 5.0
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2.1.2.10 Buffers for centromere Fluorescence in situ Hybridisation (c-FISH)

Denaturation Solution

2XSSC

70 % Formamide

Wash Buffer | 0,4 XSSC
0,3% NP-40
Wash Buffer Il 2 XSSC
0,1 % NP-40
2.1.3 Enzymes
Enzymes Company

Absolute QPCR SYBR Green Mix

Thermo Fisher

M-MLV-RT Transcriptase (200 U/ul)

Promega / Thermo Fisher

RNase A (10 mg/ml)

Sigma-Aldrich

RiboLock RNase-Inhibitor (40 U/pul)

Fermentas

2.1.4 Antibiotics

Antibiotic | Stock concentration | Final concentration | Cell line
Blasticidin | 10 mg/ml 10 pg/ml U20S EcoR neo
Neomicin 200 mg/ml 400 pg/ml MEFs

2.1.5 Staining Solutions
SA-B-Galactosidase Staining Solution 1 mg/ml X-Gal

(prepare fresh in PBS, pH6.0)

Crystal Violet Staining Solution

1mM MgCl,

0.1% Crystal violet in 20 % Ethanol
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2.1.6 Antibodies

2.1.6.1 Primary antibodies

Antibody C Orici Application Internal
ompan rigin
against pany & and Dilution number
mouse
B-actin (C-4) Santa Cruz WB 1:5000 #196
monoclonal
rabbit
pl6 (M-156) Santa Cruz WB 1:1000 #34
polyclonal
rabbit WB 1:1000
p21 (C-19) Santa Cruz | 4178
polyclonal IF 1:100
rabbit
phospho-p38 cell signaling ' WB 1:1000 #4202
polyclonal
rabbit
phospho-JNK | cell signaling ' WB 1:500 #4230
polyclonal
WB 1:1000
mouse
p53 (DO-1) Santa Cruz IF 1:100 #239
monoclonal
ChIP 3pg
hospho-p53 bbit
Prospho-p cell signaling rabo! WB 1:1000 #4229
(Ser33) polyclonal
phospho-p53 . _ .
cell signaling rabbit
(Serl15, 20, 37, (053 Sampler Kit) welonal WB 1:1000 #228
p ampler Ki polyclona
46, 392)
mouse
MAP3K4 (K-7) Santa Cruz WB 1:500 #238
monoclonal
rabbit
phospho H3 Upstate WB 1:1000 #57
polyclonal
t
BrdU AbD Serotec e IHC 1:200 4175
polyclonal
mouse
BrdU-FITC BD Bioscience IF 1:100 non
monoclonal
rabbit
Ki-67 Thermo Scientific ' IHC 1:200 4185
monoclonal
mouse
lgG Sigma Aldrich y ChIP 2ug non
monoclonal
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2.1.6.2 Secondary antibodies

Antibody against Company Application and Dilution
anti-mouse HRP linked GE Healthcare WB 1:5000
anti-Protein A HRP linked GE Healthcare WB 1:5000
anti-rabbit HRP linked Santa Cruz WB 1:5000
anti-rabbit HRP linked Invitrogen IHC 1:200
anti-rat HRP linked GE Healthcare IHC 1:100
anti-mouse Alexa 594 Invitrogen IF 1:500
anti-rabbit Alexa 594 Invitrogen IF 1:500
2.1.7 Primers
Primer oligonucleotides were purchased from Metabion or MWG.
2.1.7.1 Primers for quantative real time PCR
human sequences:
Primer
Sequences Application
number
SG 645 GCCCAATACGACCAAATCC Gapdh antisense
SG 646 AGCCACATCGCTCAGACAC sense
SG 628 TCACTGTCTTGTACCCTTGTGC p21 antisense
SG 629 GGCGTTTGGAGTGGTAGAAA sense
SG 580 CCCCACCACGGTTACATTAT Lin9 antisense
SG 581 CGGCGACTGTCCTAATAAAGG sense
SG 1460 GGGACCTCCTTATAGATGAGTGG p38a antisense
SG 1461 GGACTCCATCTCTTCTTGGTCA sense
SG 1462 CATGCTCAACTGGATGCATTA p38P antisense
SG 1463 CGCTTCAGCTGGTCAATGTA sense
SG 1527 GCCTTGAGAGTGACCCAAAG MAP3K4 antisense
SG 1528 GCTTCATTCTTCATCTGTGCAA sense
SG 572 GGTACTGAAGTCCGGGAACC cyclin A2 antisense
SG 573 GAAGATCCTTAAGGGGTGCAA sense
SG 574 CGCCTGAGCCTATTTTGGT cyclin Bl antisense
SG 575 GCACATCCAGATGTTTCCATT sense

23




Materials and Methods

SG 682 GAACCACCAAAGTTACCACGA pl07 antisense
SG 683 ATTAAACAGATCCTTAACACTGCAAG sense
SG 731 CCTGTTCTCCTCGTGTAAAAGC cdcb antisense
SG 732 GTGTTGCATAGGTTGTCATCG sense
SG 568 GCCCAGTGTTTCTTCTGCTT Birch antisense
SG 569 CCGGACGAATGCTTTTTATG sense
SG 570 GGAGAACGCTCTGTCAGCA Bubl antisense
SG 571 TCCAAAAACTCTTCAGCATGAG sense
SG 1572 GAATGGATTCTTGTTGACTTCATAGAT] Tp53inp antisense
SG 1573 TCAGTAGGTGACTCTTCACTGATGT sense
SG 1574 AAGAACCTGGCCAACAAGATT Alox5 antisense
SG 1575 CATCTCCCGGGATTTGGT sense
SG 1570 AGCGTTTACAAGGTGCTGCT Rradl antisense
SG 1571 CAATGGAGCGATCATAGGTG sense

mouse sequences:

Primer
Sequences Application

number

SG 1225 ATGACGAACCAGTCACC Gus antisense
SG 1226 CCTCCAGTATCTCTCTCGCAAA sense
SG 785 CCTGGTTCATCATCGCTAATC Lin9 antisense
SG 786 GAAGGCCGCTGTTTTTGTC sense

SG 1026 GATGGAGGCCGAGAGAGG Aspm antisense
SG 1027 CAGCTTCCACTTTGGATAAGTATTTC sense
SG 1030 TCTAAACTTGGGAACAATAAAAGGA Nusap antisense
SG 1031 TGGATTCCATTTTCTTAAAACGA sense
SG 1034 GCAGCCTGCAATCCAAGT Gas2I3 antisense
SG 1035 AGGGGACACCTGGGACTTA sense
SG 1167 CCCAACGCCCCGAACT pl6 antisense
SG 1168 GCAGAAGAGCTGCTACGTGAA sense
SG 1015 AACATCTCAGGGCCGAAA p21 antisense
SG 1016 TGCGCTTGGAGTGATAGAAA sense
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2.1.7.2 Primers for chromatin immunoprecipitation

Primer L.
number Sequences Application
SG 540 GGCAGCAAGAGTCACTCCA Gapdh2 antisense
SG 541 TGTCTCTTGAAGCACACAGGTT promoter sense
SG 1585 CTGGACTGGGCACTCTTGTC p21 antisense
SG 1586 CTCCTACCATCCCCTTCCTC promoter sense
2.1.7.3 Primers for mouse genotyping
Primer Product
Sequences allele .
number size(bp)
SG 722 GCAAAAGCTGCAAGTCCTCT floxed(fl) 1in9 | fl lin9 770
SG 893 CCTGGCTGCCTAGCATTTAC wt 541
Afl lin9 289
SG 1113 TGGGATACAGAAGACCAATGC CreERT? Cre 300
SG 1114 ACGGACAGAAGCATTTTCCA wt 240
SG 1115 GTCTCTGCCTCCAGAGTGCT
SG 1403 GCAGTGTTGCAGTTTGAACCC pl6 wt 500
SG 1404 TGTGGCAACTGATTCAGTTGG ko 600
2.1.8 Plasmids
Internal . Lo
number Plasmid name Description
# 746 pBabe-H2B GFP GFP control vector
# 1053 pBabe-neo empty vector
# 923 pBabe-neo Large T retroviral expression of Large T antigen
# 940 pBabe-neo Large T K1 mutant | retroviral expression of LT-K1
# 1085 pBabe-neo Large T A 434-444 | retroviral expression of LT A 434-444
# 652 pMSCV480 Blasticidin empty vector
# 679 pMSCV480-shp53 Blasticidin retroviral expression of shp53
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# 270 PG13-Luc p53-responsive luciferase construct
(wt p53 binding sites)

# 271 PM15-Luc p53-responsive luciferase construct
(mutant p53 binding sites)

# 1088 pRL-TK Renilla Renilla luciferase construct

2.1.9 siRNA sequences

siRNA sequences were purchased from Metabion.

siRNA against

Sequence 5‘to 3*

Target

ctrl UAGCGACUAAACACAUCAA non targeting

p21 AGAUUUCUACCACUCCAAA Lindstrom and Nistér, 2010
p38a#1 GCUGUUGACUGGAAGAACA Walchli et al., 2008
p38a#2 CUGCGGUUACUUAAACAUA Walchli et al., 2008
p38B#1 AAGGACCUGAGCAGCAUCUU Walchli et al., 2008
p38PR+#2 AAGUGUACUUGGUGACCACC Walchli et al., 2008
MAP3K44#1 GGAGAGCUGUGCUGAAUUU Dharmacon smart pool
MAP3K4+2 GGAAGUGGAUGAAUUAUGU Dharmacon smart pool
MAP3K4+3 GAGCACAACUUUCAAAUUA Dharmacon smart pool
MAP3K4#4 GAAAUGAGGAGAAAGAAUA Dharmacon smart pool
Lin9-4 GGAAGAGAGAUCAGCAUUAUU Schmit et al., 2007

2.1.10 Markers

1 Kb DNA Ladder

SDS Page Ruler

Fermentas

Mix Fermentas
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2.1.11 Cell culture medium and cell lines

DMEM (4.5 g Glucose/L-Glutamine) Gibco®), life technologies

OptimeM Gibco(®), life technologies

Penicillin/Streptomycin (10 U/ul each) Lonza

Trypsin (EDTA) (200 mg/I) Gibco(®), life technologies

TrypLE Express Gibco(R), life technologies

Foetal Bovine Serum (FCS) Gibco®), life technologies

Lin9"/fiCreER™ MEFs MEFs (mouse embryonic fibroblasts) with floxed
Exon 7 of the Lin9 allele and CreERT? recombinase

U20S human osteosarcoma tumor cell line

U20S-EcoR neo U20S cells with ecotropic receptor for

retroviral infection (neomycin resistance cassette)

Phoenix retroviral packaging cell line for stable infection

2.1.12 Mouse strains
Lin9"/fCreER™ mice mice carrying a floxed Lin9 allele and the CreERT2
recominase allele (Reichert et al., 2010)

Lin9/*CreER™ mice mice carrying wildtype Lin9 allele and the CreER™

recominase allele

pl67/" mice mice with pl6 knockout allele (Krimpenfort et al.,
2001)
p167/- Lin9"/CreER™ mice Lin9"/fCreER™2 mice with p16 knockout allele
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2.2 Methods

2.2.1 Cell culture methods

2.2.1.1 Passaging cells

Eukaryotic cells were cultivated in a tissue culture incubator at 37°C with 5% CO,. For
passageing, cells were washed once with PBS and incubated with TrypLE Express (MEFs,
U20S cells) or Trypsin/EDTA (PlatE cells) for a few minutes at 37°C. The detached cells

were plated on new cell culture dishes.

2.2.1.2 Freezing and thawing cells

To freeze cells, cells on 10 cm dishes were trypsinized and transferred into a 15ml falcon
with 10 ml fresh media. Cells were then centrifuged for 3 min at 1000 rpm, the supernatant
was discarded and the cells were resuspended in 1 ml ice-cold freeze medium (DMEM media
containing 10 % DMSO) and transferred into cryotubes. Cells were stored at -80°C for short

term or in liquid nitrogen for long term.

For thawing cells, cells were quickly thawed in a 37°C water bath. The cell suspension was
mixed with 10 ml fresh medium and centrifuged for 3 min at 1000 rpm. The supernatant
was discarded and pellets were resuspended in 10 ml fresh medium and seeded into 10 cm

dishes.

2.2.1.3 Counting cells

Cell counting was performed using a Neubauer Chamber. The number of cells per ml in

suspension was calculated using the following formula:

Cells/ml = (Cells counted/ number of counted large squares) x 10*

2.2.1.4 Cell treatment with different reagents

4-OHT: To induce Lin9 knockout in MEFs 0.5puM of 4-Hydroxytamoxifen (4-OHT)
was added to the cells. 48 hours later cells were harvested for genotyping

and knockout control.

BrdU: To label cells in S-phase U20S cells were treated with 15ug/ml for 2 hours

before cell fixation.

ZM 447439: U20S cells were treated with different concentrations (0.5pM or 1uM) of

the Aurora inhibitor for different time points.
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SB202190: U20S cells were pretreated with 10uM SB (p38 kinase inhibitor) 2 hours

before additional treatment.

Nocodazole: For cell synchronization in G2/M phase U20S cells were treated with
100 ng/ml for 18 hours.

2.2.1.5 Generation of MEFs

Murine embryonic fibroblasts (MEFs) were isolated from 13.5 dpc embryos from timed preg-
nancy. Embryos were prepared in PBS and rinsed in PBS. The yolk sac, placenta, head
and the blood containing organs were removed. For genotyping a small piece of the head
was used and further processed (s. 2.2.2.5). The remaining body was cut into small pieces
with razorblades, transferred to a 10 cm dish containing 2ml TrypLE Express and was incu-
bated for 10 min at 37°C. Next, 2ml of fresh Trypsin were added, the cells were separated
by pipetting them up and down and incubated for further 10 min at 37°C. Then 6 ml cell
culture medium was added and the cells were transferred into falcon tubes and centrifuged
for 3 min at 1000 rpm. Finally, the supernatant was discarded and the cell pellet was re-
suspended in 10 ml fresh media and transferred into 10 cm dishes. The following day, these
cells (passage 0) were split 1:4 (passage 1). One or two days later, when the cells were grown

to 90-100 % density, they were trypsinized and frozen (passage2).

2.2.1.6 Transient transfection

2.2.1.6.1 Plasmid transfection with Calcium phosphate

Phoenix cells were transfected using calcium phosphate. 20-30 pg of plasmid DNA was mixed
with 50 ul of 2.5M CaCl, and with H,O to a final amount of 500ul. 500l of 2X HBS
were continuously vortexed while DNA/CaCl, mixture was added drop wise. This solution
was added slowly to the cells. After 16-18 h incubation, cells were washed with PBS and
fed with fresh medium. 24 hours later the produced virus supernatent was harvested for cell
infection (see 2.2.1.7).

2.2.1.6.2 Plasmid transfection with JetPEl

For luciferase reporter assay U20S cells were transfected using JetPEl transfection reagent
in a 24 well format. 250ng of firefly plasmid and 100ng of Renilla-plasmid was mixed with
50l 150nM NACI and in parallel 1l JetPElI was mixed with 50l 150 nM NaCl. Both
approaches were incubated for 5 min at room temperature. Afterwards the JetPEIl solution

was added to the plasmid/NaCl mix and further incubated for 20 min. The solution was then
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dropped to the cell dishes containing antibiotic free DMEM. 24 h after transfection cells were

harvested for luciferase assay (see 2.2.1.12). Luciferase assay was performed in triplicates.

2.2.1.6.3 siRNA transfection with Dharmafect

U20S cells were transfected with 50-75 nM siRNA using Dharmafect | (DFI) solution (Thermo
scientific Dharmacon). For 6cm dishes 5ul of siRNA was mixed with 495ul OptimeM
medium and 2.5ul of DFI was mixed with 497.5ul OptimeM medium. Both approaches
were incubated for 5 min at room temperature. Afterwards the DFI| solution was added
to the siRNA/OptimeM mix and further incubated for 15-20 min. The solution was then
dropped to the cell dishes containing antibiotic free DMEM. 24-36 h or 72-96 h after trans-

fection cells were either harvested for RNA expression analysis or for protein analysis.

2.2.1.6.4 Reverse siRNA transfection with Dharmafect

For siRNA screen reverse siRNA transfection was performed in 96 well plates using 25nM
siRNA each. In each well 2.5pl of siRNA (1uM stock) was mixed with 7.5pl OptimeM
medium and incubated for 5 min at RT. Separately 0.1 ul of DFI was incubated with 9.9l of
OptimeM medium for 5 min. Afterwards the DFI solution was added to the siRNA dilution
and this mixture was further incubated for 20 min at RT. Following, U20S cells in antibiotic

free DMEM medium were seeded at a number of 8000 cells per well.

2.2.1.7 Cell infection

For production of ecotrophic virus supernatant, Phoenix cells carrying the ecotrophic recep-
tor were transiently transfected with the plasmid of interest using calcium phosphate (see
2.2.1.6.1). 36-48 h after transfection, the virus supernatants were harvested and used imme-
diately or were frozen in liquid nitrogen and stored at -80°C. Cells (U20S EcoR neo or MEFs)
were splitted 1:5 the day before infection. For infection, the viral supernatant was mixed
with 10 pg/ml polybrene, filtered (0.45pum) and added to the cells. 24 h after infection, the
cells were fed with fresh medium and selection was started 48 h after infection.

2.2.1.8 Immunofluerescence staining

For immunofluorescence studies, cells were plated on cover slips in 6-well plates. After
washing once with PBS cells were fixed with PSP for 10 min at RT. Cells were washed again
with PBS, permeabilized in PBS/0,2% Triton-X-100 for 5min at RT and washed again
twice in PBS/0,1% Triton-X-100 (PBST). Unspecific staining was minimized by blocking
for 20-30 min with PBST/3 % BSA. The cells were washed 3 times in PBST (p21-staining)
or PBS/5mM MgSO, (BdrU-staining) and incubated with the primary antibody diluted in
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PBST or PBS/5mM MgSO, for 1h in a humified chamber. The coverslipes were then
washed with PBST and incubated with the secondary antibody for 30 min in a humified
chamber. After washing with PBS cells were stained with Hoechst33258 (1:1000) and

mounted with ImmuMount.

2.2.1.9 siRNA screen

The siRNA screen was performed with the human siRNA library against 779 kinases and 130
phosphatases. A pool of 4 different single siRNA was used against each target.

U20S cells were reversely transfected with the siRNA pools (s. 2.2.1.6.4).

For immunofluorescence staining cells were fixed with 4% PFA for 15 min and washed twice
with PBS. Two 10 min washing steps in PBS/0.1 M Glycine followed. After washing twice
with PBS/0.1% NP-40 for 5 min cells were blocked in PBS/0.1% NP-40/5% FCS (blocking
buffer) for 45 min at RT. Antibody staining was performed in blocking buffer (1:200 delution)
for 45 min at 37°C. Cells were washed three times for 5 min with blocking buffer and then
incubated with secondary antibody (1:500) and Hoechst33258(1:1000) deluted in blocking
buffer for 45 min at RT. Cells were washed three times with PBS/0.1% NP-40 for 5 min and
stores in PBS at 4°C.

For automated immunofluorescent data acquisition the BD Pathway™ 855 bioimager (BD
Biosciences) in Marburg was used. p21 levels were quantified using the BD AttoVision™
software (BD Biosciences). Data quality was assessed with Z-factor analysis and the relative

changes in p21 levels were calculated using the Z-score.
Z-factor: 1- 3x o(neg.ctrl) + o (pos.ctrl) / p(neg.ctrl) - u(pos.ctrl)

Z-score: X (well)- median (all wells) / o (all wells)

2.2.1.10 Flow cytometry (FACS)

2.2.1.10.1 Propidium lodide (Pl) FACS

For determination of cell cycle phases with PI-FACS cells were harvested by trypsinization
and centrifuged for 5min at 1200rpm at 4°C. After washing the cell pellet with cold PBS
the cells were fixed with 1 ml ice-cold 80 % ethanol. After fixation at -20°C for at least one
night, cells were again washed with cold PBS and the cell pellet was resuspended in 500 pul
38 mM Sodium citrate and 25pl 10 mg/ml RNase A. Cells were incubated for 30 min at 37°C
and stained with 30l 1 mg/ml propidium iodide (PI) directly before FACS measurement.

31



Materials and Methods

2.2.1.10.2 Annexin V FACS

To analyse apoptotic cells by annexinV staining, cells were trypsinized and centrifuged for
5min at 1200 rpm at 4°C. The cell pellet was resuspended in 100l Annexin buffer and
5 pl Annexin-FITC was added. After 15 min incubation at room temperature (RT) 300 ul
annexin buffer was added and cells (put back on ice) were immediately measured by flow

cytometry.

2.2.1.11 Centromere Fluorescence in situ Hybridisation (c-FISH)

Cells were trypsinized and centrifuged for 3 min at 1000 rpm. The cell pellet was resuspended
in 0,8 % sodium-citrate and incubated at 37°C for 30 min. After a further centrifugation step
cells were fixed in a 3:1 methanol:glacial acetic acid solution and stored O/N at 4°C. The
fixed cells were dropped onto a slide and air dried at least for 24 h.

Denaturation of the cells were performed at 72°C in preheated denaturation solution for
2min. Afterwards the slides were dehydrated in ice-cold 70 %, 85 %, 100 % ethanol for 2 min
each and air dried. The probe mix for c-FISH against chromosome7 and chromosome 8
(Kreatech diagnostics) was denaturated at 90°C for 10 min. The probe was applied to the
denaturated slide, covered with a coverslip and sealed. Hybridization took place in a humified
chamber at 37°C O/N.

After removing the coverlips the slides were first washed in preheated wash buffer | at 72°C
for 2min, then washed in wash buffer Il at RT for 1 min. After a dehydration series (70 %,
85 %, 100 % ethanol) for 1 min each slides were counterstained with Hoechst33258, washed
with PBS and mounted with ImmuMount.

2.2.1.12 Luciferase reporter assay

Cells were lysed directly in 24 wells with 150 ul lysis buffer for 10 min while shaking. Lysates
were transferred to reaction tubes and cell debris was centrifuged for 10 min at 14.000rpm.
Supernatant was taken into 96-well plate and firefly and renilla luciferase activity was mea-

sured using a luminometer.

2.2.1.13 SA-B-galactosidase staining

To stain cells for SA-B-galactosidase (SA-PB-Gal) they were fixed for 10 min with 0.5%
glutardealdehyde and washed twice with PBS/ 1 mM MgCl,. Staining solution was given to
the cells and staining was performed O/N at 37°C. Cells were washed twice with PBS and
PBS were given to the dish. The dishes were sealed with parafilm and kept at 4°C.
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2.2.1.14 Colony forming assay

U20S cells were plated in a very low density on 10 cm dishes (6000 cells). Treatment of the
cells with different drugs (ZM 447439, SB202190) was performed for 3 days. After 10- 14
days cells were fixed for 10 min with 4% PFA, washed with tap water and air dried. Then
the cells were stained with 0.1 % crystalviolet staining solution for 30 min, washed with tap

water and air dried again.

2.2.2 Molecular methods

2.2.2.1 RNA isolation

Total RNA was isolated from cells by using the RNA isolation reagent Trizol / Trifast (Peqlab).
After removing the medium, 1 ml Trifast was added onto the cell culture plate and cells were
scraped into a reaction tube. After 5 min incubation, 200l chloroform was added and
thoroughly vortexed for 15 sec. The tubes were centrifuged at 14000 rpm and 4°C for
10 min and the upper aqueous phase was transferred to a new reaction tube. RNA was
precipitated with 500 ul isopropanol on ice for 30 min and centrifuged for 10 min at 14000
rpm and 4°C. The pellet was washed with 80 % ethanol and resuspended in 20-25 ul RNase
free water.

To isolate RNA from tissue, 1 ml Trifast was added to 50-100 mg tissue and homogenized
with an Ultra-Turrax. Isolation with chloroform and isopropanol was performed as described

above.

2.2.2.2 Reverse transcription (RT)

To transcribe RNA into cDNA, 1-2ug RNA were mixed with 0.5pl random primer [0.5pg/
ul] and brought to 10 ul with water. After incubation at 70°C for 5 min the samples were left
for 1 min at 4°C and then mixed with 5ul M-MLV 5 x reaction buffer, 6.25ul dNTPs [2 mM],
0.5l Ribolock RNase inhibitor [40 U/ul], 0.5ul M-MLV-RT [200 U] and 2.75ul HyO. For
cDNA synthesis, the samples were incubated at 37°C for 60 min and then inactivated for 15
min at 70°C.
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2.2.2.3 Quantitative real-time PCR (qPCR)

To determine the amount of a specific MRNA compared to a housekeeping gene, the following

reaction was prepared:

Reaction mix: 12.5ul Absolute Q-PCR Sybr Green Mix
10.5ul H,O
1l fw/rev primer mix (10 pmol/ul each)
1l cDNA

PCR program (40 cycles): 95°C 15 min
95°C 15sec
60°C 1 min

The relative expression of a gene compared to a housekeeping gene was calculated with the

formula:
9—AACH

with Ct = ACt (sample) - ACt (reference)

and ACt = Ct (gene of interest) - Ct (housekeeping gene)

The standard deviation of AACt was calculated with the formula:
s=1/51% + s9°
with s; = standard deviation (gene of interest)

and sy= standard deviation (housekeeping gene)

—AACt —AACt +/-s
2 2

The margin of error for was determined with the formula:

and the error used for the error bars was calculated with: 2-AACt +/=s _ 2—AACt

2.2.2.4 Microarray Analysis

Microarray analysis was performed using the two color Quick-Amp Labeling Kit (Agilent).
1l of total RNA was used for cDNA synthesis, mRNA amplification and labeling according to
manufacturer’s instructions. Transcriptional profiling was done on a human gene expression
4x44k array (Agilent) and quantified with Feature Extraction software (Agilent). Microarray
data were analyzed by F.Finkernagel, Marburg.

For experimental comparison, genes showing more than 2-fold change were chosen.
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2.2.2.5 Genomic DNA PCR

For genotyping mouse tails or for knockout control in tissue or cells genomic DNA (gDNA)
PCR was performed. The samples were lysed in 75ul base buffer for 30 min at 95°C, cooled
down for 5min and 75ul neutralisation buffer was added. 5pul of gDNA was used for PCR.
The standard gDNA PCR mix and PCR program was the following:

PCR mix PCR program(30cycles)
5ul gDNA 94°C 5 min

2.5ul ReproFast buffer 94°C 30sec

2.5ul dNTPs [2mM] 58-60°C 0.5-1 min

1l forward primer [10 uM] 72°C 1 min

1l reverse primer [10 uM] 72°C 5min

0.2l His Taq Polymerase [15U]

ad 25ul H,O

The samples were mixed with 5ul gel loading buffer and loaded on a 1% or 2 % agarose gel
for 60 min at 100 Volt.

2.2.3 Biochemical methods

2.2.3.1 Whole cell lysates

Cells were scraped with cold PBS and centrifuged for 5 min at 3000 rpm and 4°C. The pellet
was lysed in 10 times its amount of TNN buffer (with freshly added PI [1:500]) by vortexing
and incubated on ice for 20 min. The lysates were spun down at 14000 rpm for 10 min at
4°C to remove the cell debris. The supernatant was transferred in a new reaction tube
and immediately used for immunoprecipitation or boiled in 3 X ESB for 5min and frozen at
-20°C.

2.2.3.2 Determination of protein concentration (Bradford)

Protein concentration was measured with Bradford solution on the basis of a known BSA
straight calibration line as described by Bradford (Bradford 1976). 5ul of the whole lysate
were mixed with 1 ml Bradford solution. Extinction was measured at 595 nm and compared
to a standard BSA dilution series.
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2.2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis was performed using the discontinuous method (Laemmli, 1970). For
electrophoretic separation of proteins a 8- 12 % separating gel was prepared. After polymer-

ization, the stacking gel was poured on the top. The gels were prepared as follows:

Separating gel (10 %) Stacking gel

6.1 ml H,O 6.9ml H,O

3.7ml 1.5M Tris pH 8.8 1.4ml 0.5M Tris pH6.8

5ml Acrylamid/Bisacrylamid 1.6 ml Acrylamid/Bisacrylamid
751l 20% SDS 50l 20% SDS

100l 10% APS 50ul 10 % APS

10ul TEMED 10ul TEMED

Electrophoresis was carried out in 1 X SDS running buffer for 60-90 min at 35mA/gel. The

gels were then used for immunoblotting.

2.2.3.4 Immunoblotting

The transfer of proteins to a PVDF membrane was done via electro blotting using a BioRad
Wet Blot gadget. The PVDF membrane was preincubated for 1 min with methanol and
rinsed with blotting buffer. The membrane was placed onto a layer of Whatman filter
paper and the SDS-polyacrylamide gel was laid on the membrane, followed by a second
layer of filter paper. This sandwich was clasped on both sides by sponges and placed in a
cooled wet blotting tank (Biorad). The transfer occurred for 60-90 min at 300 mA in 1X
Blotting Buffer. The equal and complete transfer of proteins was visualized by staining the
membrane with a Ponceau S solution and destaining with HyO. To detect specific proteins
with their respective antibodies, the membranes were transferred into blocking solution for
1-2h to avoid unspecific antibody binding. As blocking solution either 3% milk powder
in TBST (most antibodies) or 5% BSA in TBST (phospho - specific antibodies) was used.
Incubation of the membrane with the primary antibody diluted in adequate blocking solution
was performed overnight (O/N) at 4°C. Afterwards, the membrane was washed 3 times
for 10 min in TBST and incubated with the secondary HRP-conjugated antibody for 1 h at
RT. After 3 more washing steps of 10 min in TBST, specific bands were detected using a

Luminol - substrate - solution. The membrane was wrapped in plastic foil and exposed to an
ECL-film.
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2.2.3.5 Chromatin immmunoprecipitation (ChiIP)

Cells for ChlIP analysis were trypsinized and the cell number was determined. In 20 ml medium
cellular proteins were crosslinked with 540 ul of 37 % formaldehyde for 10 min. The reaction
was stopped by adding 2.5ml 1 M glycine and incubated for 5 min at RT. Afterwards cells
were pelleted at 4°C and the cells was washed twice with cold PBS. According to the cell
number 2x107 cells were lysed in 1 ml lysis buffer for 10 min. After centrifugation the nuclei
was lysed in 800ul nuclei lysis buffer for 10 min. Lysed nuclei were sonicated for 10 min using
the Bioruptor with 30sec on/30sec off cycle with high intensity. Thereby chromatin was
fractured into 250- 1000 bp fragments. To remove cell debris chromatin was centrifuged and
20 ul of the supernatant was used to check the chromatin size. 2ul of 5M NaCl was added
to the chromatin and incubated O/N at 65° C. After 2h treatment with 4l Proteinase K
(10 mg/ml) the chromatin size was analyzed on a 1.2 % agarose gel.

The remaining chromatin was diluted 1:10 with dilution buffer and separated for 4 immuno-
precipitations (5x10° cells each). 20l of the diluted chromatin was removed as input and
stored at 4°C O/N. The chromatin was precleared with 50l blocked Protein-G sepharose
beads for 15 min on a rotating wheel at 4°C. After addition of the antibodies the samples
were incubated at 4°C O/N on a rotating wheel. The following day the pull down of the
proteins was performed by adding 50 ul Protein -G sepharose beads to the chromatin for 1-2
hours at 4°C. The beads were washed 7 times with 1 ml LiCl-washing buffer and eluted with
100 pl elution buffer for 15 min. A second elution step was performed with additional 150 pl
elution buffer for 15 min and both supernatants were combined. For reverse crosslink 10 pl
5M NaCl was added to the eluted mixture as well to the input samples and incubated O/N
at 65° C. Proteins were degraded by incubation with 2ul proteinase K (10 mg/ml) for 2h
at 55 °C. Thereafter a phenol/chloroform extraction was performed by adding 250 ul phenol
to the eluted samples. After centrifugation the aqueous phase was transferred into a new
tube and the DNA was purified using the Qiagen DNA Purification Kit according to the
manufacturers manual.

1 ul of the purified chromatin was used for quantitative PCR analysis and precipitated samples

were compared to input chromatin.

2.2.4 Immunohistochemical methods

2.2.4.1 Preparation of paraffin sections

Fixation of tissue samples was performed in 4 % PFA O /N at 4°C. The following day the fixed
tissue was washed twice in PBS and in 0.9 % NaCl, for 10 min each. Afterwards the samples
were dehyrated in an ethanol series (50 %, 70 %, 80 %, 90 %). Incubation took place for 1h

each. O/N the samples were incubated in 95 % at 4°C. Next the tissue was transferred into
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100% ethanol twice for 1 h at RT, Followed by 1h incubation in ethanol/xylol (1:1), twice in
xylole (1h), and finally in xylole/paraffin (1:1) for 1h 65°C. The next day the paraffin was
changed twice and the tissue was embedded in paraffin.

The paraffin blocks were sectioned to a thick of 5um with a rotation mikrotom Hydrax M40
(Zeiss).

2.2.4.2 H&E staining

The slides were first deparaffinized twice in xylol for 10 min and then incubated in a rehy-
drating ethanol series (100 %, 70 %, 50 %) for 3 min each. After washing in H,O staining
of nuclei was performed in haematoxyline (Sigma-Aldrich) for 4 min. The slides were rinsed
with running tap water for 10 min to develop the blue staining. To counterstain the slides
were incubated for 1 min in eosin Y (Sigma-Aldrich) and then dehydrated in 96% ethanol
and 100 % ethanol for 3 min. After two additional 10 min incubation steps in xylol the slides
were mounted with Roti-Histokitt (Roth).

2.2.4.3 Antibody staining

Slides for antibody staining were first deparaffinized twice in xylol for 5 min and then incu-
bated in a rehydrating ethanol series (100 %, 95 %,80 %, 70 %, 50 %) for 3 min each. After
blocking endogenous peroxidase activity with 3% H2O, (in PBS) slides were washed three
times with PBS and afterwards antigen retrival was performed in boiling 10 mM Sodium-
citrate pH 6.0 buffer for 1-2min. After 20 min cooling down slides were washed again and
then blocked in 3% BSA. Primary antibody was incubated O/N in a humified chamber at
4°C. Slides were washed in PBS and the secondary antibody was incubated for 1h at RT.
After washing again the DAB substrate was pipetted on the tissue and the staining developed
5-10min. Slides were washed in H,O and counterstained with haematoxyline. A dehydrat-
ing ethanol series (70 %, 95 %, 100 %) for 2 min each and two xylol incubation steps of 5 min

followed. Slides were mounted with Roti-Histokitt.

2.2.5 Mouse intraperitonal injection

For intraperitoneal (i.p.) injection of mice 25 gauge needles was used.

To induce Lin9 knockout in Lin9"/fCreERT? mice 1 mg tamoxifen was injected i.p. on three

consecutive days.

For BrdU antibody staining in intestinal sections 2h before sacrificing the mice, 1 mg of

BrdU was injected i.p.
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3 Results

3.1 Senescence phenotype after Lin9 deletion in MEFs

The DREAM complex works as a master regulator of mitotic gene expression and depletion
of DREAM subunits results in reduced expression of G2/M genes leading to impaired cell
proliferation (Osterloh et al., 2007; Reichert et al., 2010; Schmit et al., 2007). Depletion
analysis of the best characterized subunit Lin9 in mouse embryonic fibroblasts (MEFs) re-
vealed binucleated cells and multilobular nuclei that later undergo senescence due to defects
in mitosis and cytokinesis (Reichert et al., 2010). The aim of this work was to analyze which
tumor suppressor pathways are activated to induce irreversible cell cycle arrest when Lin9
is depleted. For this purpose the conditional Lin9 knockout mouse model (Reichert et al.,
2010) was used.

3.1.1 pl16 and p21 are upregulated after loss of Lin9

In conditional Lin9 knockout mouse embryonic fibroblasts (MEFs) activation of the Cre
recombinase (CreERT2) is induced by adding 4-Hydroxytamoxifen (4-OHT) to the cell culture
medium. CreERT? mediates the recombination of loxP sites, that flank exon7 of the Lin9
allele, thereby generating the Afl allele (Reichert et al., 2010) (Fig. 3.1 A). Deletion of exon 7
creates a frame shift and this results in a nonfunctional Lin9 protein. The successful deletion
of Exon7 can be determined by a genotyping PCR. Fig.3.1 B shows the control floxed (fl)
allele (770 bp) and the Afl allele (289 bp).

A loxP loxP B
— 6———mpn 7 8 mm O m10m—— floxed Lin9 allele .\ 4.OHT
‘\/ — —fl
—* CreERT™2 CreER™ allele
- — Afl
loxP

R 6v—— SN O 10— Afl Lin9 allele

Fig. 3.1: Scheme of the conditional Lin9 knockout allele

A) Exon 7 of the Lin9 allele is flanked by loxP sites. Activation of the Cre recombinase
(CreER™)by 4-OHT induces recombination of the loxP sites and creates the Afl Lin9 allele.
B) PCR of genomic DNA shows the recombination of the floxed allele after 4-OHT treatment.

To induce the knockout of Lin9, MEFs were treated with 500 nM 4-OHT for 48 hours. 10
days later the cells were stained for SA-B - galactosidase, which is a marker for senescent cells

(Dimri et al., 1995). Lin9 knockout cells showed a large and flat morphology and were positive

39



Results

for SA-B-galactosidase (Fig. 3.2 A). 24 hours after 4-OHT treatment cells were harvested and

lysed for immunoblot analysis and the expression of the senescent related proteins p16/NK42

and p21Vafl

was determined. Both CDK-inhibitors were upregulated on protein level upon
loss of Lin9 (Fig.3.2B). As loading control B-actin was used. The knockout efficiency of
Lin9 on mRNA level was tested by reverse transcription quantitative PCR (RT-gPCR) and

showed decrease of Lin9 mRNA level down to 30% (Fig.3.2C).
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Fig. 3.2: Deletion of Lin9 induces senescence and upregulates p16 and p21 expression

Conditional Lin9"" CreER™ MEFs were treated with 500nM 4-OHT for 48h to induce knockout
of Lin9. A) Senescent cells were stained for SA-B-galactosidase 10 days after Lin9 knockout.
B) p21 and p16 protein levels in Lin9 knockout MEFs were analyzed 24h after 4-OHT treat-
ment by immunoblotting. C) mRNA expression levels of Lin9 were detected by RT-gPCR.

3.1.2 Senescence can be independently induced by the p53 or the pRB tumor

suppressor pathway

In order to find out whether the senescence phenotype induced by loss of Lin9 in MEFs
is dependent on the p53-p21 and/or the pl6-pRB tumor suppressor pathways, MEFs were
infected with retrovirus encoding for the SV40 large T antigen (LT). SV40 LT is able to bind
to the tumor suppressors p53 and pRB and thereby inhibits the function of both proteins. As
control, wild-type MEFs (wt) were infected with an empty vector. After neomycin selection,
cells were treated with 500nM 4-OHT for 48 hours and SA-B - galactosidase staining was
performed 10 days later. Expression of the wild-type SV40 LT (LT wt) antigen no longer
resulted in senescent cells when Lin9 was deleted (+4-OHT), compared to wild-type (wt)
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MEFs (Fig. 3.3 A), suggesting that inhibition of p53 and pRB overcomes the senescent phe-
notype.

Furthermore, two different mutants of the SV40 LT antigen were used in this assay: the
SV40 LT-K1 mutant, which is impaired in binding to pRB and to the related pocket proteins
p107 and p130 (Stubdal et al., 1997), and the SV40 LT A434-444 mutant that is not able
to inhibit p53 anymore (Kierstead and Tevethia, 1993). SA-B - galactosidase staining of Lin9
knockout MEFs showed that cells still become senescent when either only p53 (LT-K1) or
pRB (LTA434-444) were blocked (Fig.3.3A). The expression of SV40 LT wt and the LT
mutants was detected by immunoblot analysis (Fig.3.3B). The SV40 LT A434-444 mutant
was only weakly expressed when compared to SV40 LT wt and the SV40 LT-K1 mutant, as
described previously (Ye et al., 2007). To determine if the pRB pathway was nevertheless
blocked, the phosphorylation status of the pocket protein p130 was checked (Fig.3.3B).
Immunoblot analysis revealed that the levels of phosphorylated p130 (pp130) and p130 were
decreased in cells expressing LT wt or the LTA434-444 mutant, confirming that the SV40
LTA434-444 mutant completely disrupted the pRB tumor suppressor pathway although it
was only weakly expressed. In contrast, high levels of pp130 were observed in cells expressing
the pRB binding mutant of LT (LT-K1).

In summary, these data suggest that senescence upon loss of Lin9 can be independently
induced by the p53-p21 and the p16-pRB pathway.
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Fig. 3.3: SV40 LT antigen overcomes the senescence induced by Lin9 deletion
Conditional Lin9"" CreER™ MEFs were infected with retroviruses encoding for wildtype SV40
LT (LT wt) or SV40 LT mutants (K1, A434-444). Control MEFs were infected with an empty
vector (wt). A) Senescence was detected by SA-B-galactosidase 10 days after Lin9 knockout.
B) Expression of LT antigen and phosphorylation status of p130 were detected by immunoblot
analysis.

42



Results

3.2 Function of Lin9 in vivo

It has been shown previously that Lin9 is essential for mouse development as Lin9 knockout
results in early embryonic lethality in mice (Reichert et al., 2010). The aim of part of this
project was to study the function of Lin9 in adult mice. Therefore, the conditional Lin9
knockout mouse model (Reichert et al., 2010) was used to examine the effects of deleted

Lin9 in somatic tissue of mature mice.

3.2.1 Efficiency of Lin9 knockout in different tissues

First, the efficiency of the Lin9 knockout in different mouse organs was tested. Therefore,
1 mg tamoxifen was applied to 8 week old Lin9"/fCreERT mice via intraperitoneal injection
(i.p.) for three consecutive days to induce recombination of the conditional Lin9 allele (fl-
allele). Tamoxifen is metabolized to its active form 4-OHT in the liver and enables activation
of the CreER™? recombinase (see Fig.3.1). One day after the last injection the mice were
sacrificed and tissue pieces of different organs were taken for genotyping PCR (Fig.3.4).
Almost complete recombination (90-100%) of the conditional Lin9 allele (Afl-allele) took
place in intestine, colon, liver, spleen, testis and kidney. Other tissues like heart, lung,
stomach and skin showed about 50% recombination of the Lin9 allele. Only in the brain no

recombination occured indicating a limited permeability through the blood-brain barrier.
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Fig. 3.4: Lin9 deletion in different tissues

Lin9"" CreER™ mice were treated with 1mg tamoxifen by intraperitoneal injection for three
consecutive days. One day later the mice were killed and different tissues were taken to
anlayze the knockout efficiency of the floxed Lin9 allele.

3.2.2 Loss of Lin9 in vivo causes atrophy of the gastrointestinal epithelium

In order to investigate the consequences of Lin9 knockout on different mouse tissues, recombi-
nation of the Lin9 allele was induced in Lin9"/fCreERT2 mice by i.p injection of tamoxifen for
three days. To exclude toxic effects of tamoxifen, Lin9 wild-type (wt) mice (Lin9*/+CreERT?)
were used as controls. Treatment of the mice showed a dramatic effect, as all Lin9"/fCreERT2

mice died 6-7 days after the first tamoxifen injection, suggesting that Lin9 is essential for the
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survival of adult mice. Histological analysis of tissues of the gastrointestinal tract revealed
that deletion of Lin9 caused severe effects on the gastrointestinal epithelium. Tissues were
taken on the indicated days post first tamoxifen injection (3dpi-6dpi), fixed in 4% PFA and
embedded in paraffin. Afterwards, tissue sections of the small intestine, colon and stomach
were stained with H&E to monitor the epithelial structure (Fig.3.5). Fig.3.5A shows that

the epithelial structure in the small intestine was lost over time and that Lin9 deletion resulted

Lin9** CreER'

B Lin9*"* CreER™ Lin9" CreERT™

Fig. 3.5: Loss of Lin9 shows severe effects on the gastrointestinal epithelium

Lin9™"" CreER™ and control Lin9**CreER™ mice were treated with 1mg tamoxifen by intraperi-
toneal injection for three consecutive days. At the indicated days post 1. injection (dpi) the
mice were sacrificed and tissues were fixed. Paraffin embedded tissue sections were stainind
with H&E. A) H&E staining of the small intestine. Magnification 100x. B) H&E staining of the
colon at 6dpi, magnification 200x. C) H&E staining of the stomach at 6dpi, magnification 200x.
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in nearly complete atrophy of the intestinal villi at 6dpi. The Lin9 depleted epithelium in the
colon and stomach also displayed structural differences at 6dpi compared to control tissue.
The crypts in the colon were entirely destroyed (Fig.3.5B) and the epithelial structure in
the stomach was lost upon knockout of Lin9 (Fig. 3.5 C). This dramatic effect on the mouse
gastrointestinal epithelium can be explained by the rapid renewal of this epithelium which
is replaced every 3-5 days. In other tissues like kidney, liver, lung or heart no histological

differences between Lin9t/*CreERT2 and Lin9"/fCreERT2 mice were found, which could be

explained by the minimized proliferation in these tissues (data not shown).

3.2.3 Proliferation in the intestinal crypts is impaired upon deletion of Lin9

To find out if the atrophic phenotype observed in the gastrointestinal epithelium upon loss
of Lin9 is due to proliferation defects, the amount of cycling cells in the intestinal crypts
was analyzed. Lin9"/fCreER™ mice and Lin9*/*CreERT? were treated with tamoxifen for
three days by i.p. injection. Tissues were taken at 3dpi and 4dpi as indicated and intestinal
crypts were immunostained with the proliferation marker Ki-67. Haematoxyline was used

as counterstain (Fig. 3.6 A). In control crypts high proliferation was detectable whereas Lin9

A L|n9"/+ CreERT2 Lm‘é)f'/fI CreERT2

B

% BrdU positive cells/crypt
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Fig. 3.6: Proliferation in the intestinal crypts is impaired upon Lin9 knockout

A) Lin9" CreER™ and Lin9** CreER™ mice were treated with 1mg tamoxifen for three days.
Small intestine was taken at the indicated dpi and Ki-67 staining was performed. Haematoxy-
line was used as counterstain. B) Mice were treated with 1mg tamoxifen for three days and
pulsed with 1mg BrdU 2h before sacrificing. BrdU antibody staining was performed using
Haematoxyline as counterstaining. C) Quantification of BrdU positive cells per crypt. 25 crypts
were analyzed per mouse, three mice were used for each time point.
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depleted crypts depicted a strongly reduced cell proliferation. This loss of cycling cells was
especially observed in the 4dpi crypts, where also cells with large and irregular nuclei were
detected. The decreased proliferation rate was further confirmed by labeling S-phase cells
with BrdU. On 3dpi or 4dpi Lin9"/fCreER™ mice and Lin9*/*CreERT? were treated with 1mg
BrdU by i.p. injection 2 hours before sacrificing the mice. BrdU positive cells were detected
using a specific BrdU antibody. Haematoxyline was used for counterstaining (Fig.3.6B). In
Lin9 depleted mice the number of labeled S-phase cells per crypt was reduced to 4 (3dpi)
and 3 (4dpi) in contrast to 6-7 BrdU positive cells in wild-type control mice (Fig.3.6C).
These assays indicate that progression through the cell cycle is defective upon loss of Lin9

in vivo.

3.2.4 Reduced mitotic gene expression and binucleated cells in the small

intestine after Lin9 knockout

When analyzing the enterocytes of the intestinal villi after Lin9 depletion in more detail,
binucleated cells as well as cells with abnormal and huge nuclei were found in Lin9/fiCreERT?
mice on 3dpi (Fig. 3.7 A) indicating abnormal cytokinesis. Furthermore, the mRNA expression
levels of some selected DREAM target genes after Lin9 knockout in Lin9"/fCreER™ mice

A Lin9** CreER™ Lin9™ CreERT

B 1.2
1.07 m +/+3dpi
m I/l 3dpi
m fl/fl 4dpi

relative expression
o o o
N o o

o o
o N

Lin9 Aspm Nusap Gas2I3

Fig. 3.7: Binucleated cells and abnormal nuclei in the small intestine due to down-
regulated mitotic gene expression after loss of Lin9

Lin9™" CreER™ and Lin9*"* CreER™ mice were treated with 1mg tamoxifen for three days.
A) H&E staining of intestinal villi epithelium of control and lin9 knockout mice at 3dpi. 630x
magnification. B) 3 and 4 days post injection (dpi) RNA was isolated from the small intestine
and expression of Lin9 and DREAM target genes was determined using RT-gPCR.
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were compared to Lin9*/*CreER™ mice. RNA was isolated from 3dpi and 4dpi small
intestine and mRNA expression was determined by RT-gPCR. Upon reduction of Lin9 mRNA
levels down to 20-30% after tamoxifen treatment, the expression levels of the mitotic genes
Nusap, Aspm and Gas2I3 were decreased down to 10-30% (Fig. 3.7 B). Reduced expression of
G2/M genes after loss of Lin9 may result in the formation of binucleated cells and abnormal
nuclei in vivo which is consistent with the findings of Lin9 deletion in vitro (Reichert et al,
2010).

The same RNA was used for analyzing mRNA expression levels of the CDK inhibitors pl16
and p21 after Lin9 knockout in the small intestine (Fig. 3.8). Compared to the control, both
pl6 and p21, were expressed to a higher extent when Lin9 was deleted. This gives a hint that
mitotic defects that are induced upon Lin9 knockout in intestinal epithelium cells activate

tumor suppressor pathways to arrest cells in the cell cycle and to stop proliferation.

m +/+3dpi
m fl/fl 3dpi
m fl/fl 4dpi

relative expression

p16 p21

Fig. 3.8: p16 and p21 are upregulated in the small intestine upon Lin9 deletion

Lin9" CreER™ and Lin9*"* CreER™ mice were treated with 1mg tamoxifen for three days.
3dpi and 4dpi RNA was isolated from the small intestine and expression of p16 and p21 was
determined using RT-qPCR.

3.2.5 Atrophic intestinal epithelium after Lin9 deletion in p16 knockout mice

In order to investigate if the atrophic intestinal phenotype can be prevented when the p16-
pRB tumor suppressor pathway is blocked, Lin9"/fCreERT? mice were crossed to p16 null
background (Krimpenfort et al., 2001). These mice were treated with tamoxifen for three
days and the intestinal epithelium was analyzed by H&E staining at 6dpi (Fig.3.9). Similarly
to untreated control Lin9"/fCreER™ mice, proliferation defects upon Lin9 knockout resulted
in atrophy of the intestinal epithelium in Lin9"/fp167/-CreER™ mice.

As the phenotype could not be restored when pl6 was absent it can be concluded that inac-
tivation of the tumor suppressor pathway pl6-pRb is not sufficient to prevent degeneration

of the intestinal epithelium induced by loss of Lin9. These data are in line with the findings
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in vitro where inactivation of pRB did not prevent senescence after Lin9 depletion (Fig. 3.3).

+ Tam

Ling™
CreER™ | 1§

Fig. 3.9: Knockout of p16 does not prevent atrophy of the intestinal epithelium after
loss of Lin9

Lin9" CreER™ and Lin9"" p16 CreER™ mice were treated with 1mg tamoxifen or solvent
(-Tam) for three days. 6dpi small intestine was stained with H&E.
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3.3 Aurora B inhibition in U20S cells - pretests for siRNA screen

After demonstrating that the p53 and pRB tumor suppressor pathways are activated upon
knockout of Lin9 in MEFs (Fig. 3.2and 3.3) it was now of interest to find out which proteins
act upstream of these pathways. To identify proteins that are required for induction of cell
proliferation arrest after defective mitosis or cytokinesis a high throughput siRNA screen
targeting kinases and phosphatases was performed. The cellular system was switched from
the primary mouse cell line (MEFs) to a human cancer cell line to provide a robust and
reproducible cellular system for siRNA screening. The osteosarcoma cell line U20S which
expresses functional p53 and pRB proteins (Isfort et al., 1995), but lacks p16 (Miller et al.,
1996) was chosen. In order to create defects in mitosis that resemble those induced by down-
regulated mitotic gene expression upon Lin9 deletion, the Aurora kinase inhibitor ZM447439
was used. Inhibition of Aurora kinase activity results in defective chromosome alignment,
chromosomal missegregation and failures in cytokinesis (Ditchfield et al., 2003). Although
ZMA447439 is a selective inhibitor of Aurora A and B, the cellular phenotypes after treatment
with ZM447439 are similar to those observed upon single inhibition of Aurora B (Ditchfield
et al., 2003; Girdler et al., 2006); therefore, ZM447439 is referred to as Aurora B inhibitor

in the following work.

3.3.1 U20S cells become polyploid after Aurora B inhibition

First, the cellular effects of AuroraB inhibition in U20S cells were monitored. Cells were
seeded on coverslips and treated with 1uM ZM447439 (from now on referred to as ZM) for
24 and 48 hours. Control cells were treated with DMSO. At the indicated time points cells
were fixed with 3% PSP, the nuclei were stained with Hoechst 33258 and the nuclear shape
was analyzed using a fluorescence phase contrast microscope (Fig.3.10A). Quantification
of cells and nuclei demonstrated that about 50% of the cells became binucleated after
24h ZM treatment. Further 15% of the cells were multinucleated or showed multilobed
nuclei at this time point. When cells were exposed to ZM for 48 hours about 40% of the
cells were binucleated and further 40% were multinucleated or showed multilobular nuclei
(Fig. 3.10 B). The formation of bi- and multinucleated cells over time was further investigated
with propidiumiodide (PI) FACS analysis (Fig.3.10C). Cells were treated with ZM for 12
to 72 hours, fixed with ethanol and stained with Pl. After 12h ZM treatment 75% of the
cells accumulated in G2/M indicating that binucleated tetraploid cells arrest with a 4N
DNA content in a pseudo-G1 state after cytokinesis failure (Lanni and Jacks, 1998). At
the 24h time point 58% of the cells were found in the 4N fraction (G2/M) and 33% in
the polyploid (8N) fraction. Upon prolonged ZM treatment (48h-72h) more and more cells
became polyploid (up to 47%) suggesting that some cells were able to escape the G1-

arrest and endoreduplicated as it has been shown in previous studies (Ditchfield et al.,
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2003). Hence, the formation of binucleated and polyploid cells demonstrates that 1uM ZM
completely inhibits cytokinesis in U20S cells.

90-
80+ multinucleated/
o 70 multilobed
@ 60- nuclei
..E 50+ M binucleated
g 40-
@ 30-
< 20
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ctrl  24h  48h ZM447439
C ctrl 12h ZM447439 24h ZM447439
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Polypl:  4.1% Polypl: 11.0% Polypl: 32.9%
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Fig. 3.10: Inhibition of AuroraB kinase results in polyploid cells
U20S cells were treated with 1uM ZM447439 for the indicated times. A) Nuclei were stained
with Hoechst 33258 after 24h ZM treatment. B) Quantification of bi- and multinucleated cells,
300 cells were counted. C) For FACS analysis cells were stained with propidiumiodide (PI)
and cell cycle distribution was measured on a flow cytometer.

3.3.2 p53 dependent upregulation of p21 in response to Aurora B inhibition

Cell cycle arrest after Aurora B inhibition is due to upregulation of p53 and p21 as it has
been reported by several groups (Dreier et al., 2009; Ditchfield et al., 2003; Gizatullin et al.,
2006). Therefore, protein levels of p53 and its downstream target p21 in response to Aurora B
inhibition in U20S cells were tested. Cells were treated with DMSO or 1uM ZM for 24
hours and protein levels were determined by immunoblot analysis. Both proteins, p53 and
p21, were upregulated after ZM treatment, suggesting that cytokinesis defects induced by
Aurora B inhibition results in a postmitotic cell cycle arrest in the subsequent G1 phase
(Fig.3.11A).
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A stable cell line expressing shp53 was generated to investigate if p21 induction is dependent
on p53. U20S cells with an ecotrophic receptor (U20S-EcoR) were infected retrovirally
with a p53 specific shRNA or an empty vector (ctrl). After antibiotic selection U20S-
EcoR cells were treated with or without 1uM ZM for 24 hours and cells were harvested for
protein and mRNA analyses. Reduction of p53 protein in p53 depleted cells correlated with
decreased p21 levels (Fig.3.11B). RT-gPCR further confirmed that p53 shRNA prevented
transcription of p21, indicating that p21 upregulation upon Aurora B inhibition is dependent
on p53 (Fig.3.11C).

To investigate whether Aurora B inhibition in U20S cells causes an irreversible cell cycle arrest
and become senescent a SA-B - galactosidase staining was performed. Cells were exposed to
1uM ZM for 72 hours and 4 days later stained for SA-B-galactosidase. As depicted in
Fig.3.11D the cells showed an enlarged and flattened morphology and were positive for

SA-B - galactosidase.
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Fig. 3.11: AuroraB inhibition upregulates p53 and p21 and cells become senescent
U20S were treated with 1uM ZM447439. A) p53 and p21 protein levels were detected by
immunoblotting after 36h ZM treatment. B) U20S-EcoR cells were infected with shp53 or
control vector. After selection cells were treated with ZM for 24h and p53 and p21 protein
levels were analyzed by immunoblotting. C) p21 mRNA expression levels were detected by
RT-gPCR. D) U20S cells were treated with ZM for 72h and 4 days later senescent cells were
stained for SA-B-galactosidase.
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3.3.3 Immunofluorescence staining of p21 is suitable as readout for the siRNA

screen

For a successful siRNA screen a suitable readout system is necessary. Thus, p21 detection by
immunofluorescence staining was validated as a possible assay. U20S cells were seeded on
coverslips and the next day cells were treated with 1uM for 36 hours. After fixation cells were
stained with a polyclonal p21 antibody and immunofluorescently labeled with an anti-rabbit
antibody. p21 upregulation due to Aurora B inhibition was detectable in immunofluorescence

staining (Fig. 3.12 A). To test positive and negative controls for the use in the siRNA screen,
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Fig. 3.12: p21-specific siRNA reduces p21 levels after AuroraB inhibition

A) U20S cells were treated with DMSO or 1uM ZM for 36h and p21 was detected in immuno-
fluorescence staining. Hoechst 33258 was used to stain the nuclei. B-D) U20S cells were
transfected with ctrl. siRNA or p21-specific SiRNA. 36h post transfection cells were treated with
ZM for 24h. B) p21 was detected by immunofluorescence staining. C) p21 protein levels were
determined by immunoblotting. D) Knockdown efficiency of p21 was analyzed using RT-qPCR.
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U20S cells were transfected either with p21-specific or control siRNA (ctrl.siRNA). 36h
post transfection cells were exposed to DMSO or ZM for 24 hours and immunofluoresence
staining for p21 was performed (Fig.3.12B). Control siRNA transfected cells showed an
increase in the p21 signal when treated with ZM whereas in p21 depleted cells the signal
was reduced and hardly detectable anymore. The p21 protein levels after knockdown of
p21 were further determined using immunoblot analysis. p21siRNA clearly diminished p21
protein levels in response to ZM treatment (Fig.3.12 C). The knockdown efficiency of p21
siRNA was additionally proven on mRNA levels by RT-gPCR (Fig.3.12D).

In conclusion, these pretests suggest that inhibition of AuroraB in U20S cells creates cy-
tokinesis defects that result in tetraploid cells and a subsequent arrest in G1 induced by the
p53-p21 pathway. Expression of p21 can be used as readout for a high throughput siRNA

screen to identify proteins acting in the mitotic stress induced signaling pathway.

3.4 High throughput siRNA screening identifies MAP3K4 as a

kinase acting in mitotic stress signaling pathways

The siRNA screening was performed using siRNAs targeting the human kinome and phos-
phatome (779 kinases, 130 phosphatases). U20S cells were reversely transfected with the
siRNA library in a 96 well format. Each well contained a pool of 4 single oligonucleotides
against each target to exclude off-target effects. 30 hours post transfection cells were ex-
posed to 1uM ZM447439 for 36 hours. The fluorescence signals of each well were measured
by an automated microscope and the relative changes in the p21 fluorescence signals were
determined by Z-score calculation (see 2.2.1.9).

Beside other kinases the MAP3 kinase MAP3K4 (also MEKK4, MTK1) showed strongly
downregulated p21 levels after ZM treatment. As MAP3K4 is a known upstream activator
of the MAP kinases signaling pathways p38 and JNK, that are both activated in response to
certain stress stimuli (Hommes et al., 2003; Takekawa et al., 1997), this kinase was chosen

for further analysis.

In order to validate the involvement of MAP3K4 in the stress signaling pathway that con-
tributes to cell cycle arrest after Aurora B inhibition, U20S cells were infected with the four
specific single siRNAs used in the screen and a pool of these four siRNAs. 48 hours post
transfection cells were treated with 1uM ZM for 24 hours. Immunofluorescence staining of
p21 revealed that downregulation of MAP3K4 with each of the specific siRNAs prevented the
induction of p21 after ZM treatment, compared to ctrl siRNA transfected cells treated with
ZM (Fig.3.13A). Immunoblot analysis evidenced that MAP3K4 protein levels were reduced
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Fig. 3.13: MAP3K4 is involved in p21 upregulation after AuroraB inhibition

U20S cells were transfected with ctrl.siRNA, specific MAP3K4 siRNAs and a pool of the four
single MAP3K4 siRNAs. 48h after transfection cells were treated with 1uM ZM for 24h. A) p21
was detected by immunofluorescence staining. Hoechst 33258 was used for nuclear staining.
B) p21 and MAP3K4 protein levels after MAP3K4 knockdown were determined by immunoblot
analysis. C) Control of MAP3K4 knockdown on mRNA level using RT-gPCR analysis.
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to a similar extend with all four individual siRNAs. This correlated well with decreased p21
expression levels upon Aurora B inhibition (Fig.3.13B). The knockdown of MAP3K4 was
further confirmed on mRNA level using RT-qPCR (Fig. 3.13 C). MAP3K4 mRNA levels were
reduced for all single siRNAs down to 20-30%.

Taken together, these validation studies indicate that MAP3K4 is required for p21 upregu-
lation after Aurora B inhibition.

3.5 Analysis of downstream kinases of MAP3K4

3.5.1 The stress kinases p38 and JNK are activated upon Aurora B inhibition

The MAP3-kinase MAP3K4 phosphorylates and thereby activates the downstream MAP2-
kinases MKK3/MKK6 and MKK4 (Takekawa et al., 1997). MKK3/MKKG®6 in turn phospho-
rylate the downstream stress kinases p38, MKK4 phosphorylates JNK as well as p38 (Dérijard
et al., 1995; Han et al., 1996). To analyze if this downstream MAP kinase signaling cascades
are also activated after cytokinesis failures upon Aurora B inhibition, immunoblot analysis
with antibodies that specifically detect phosphorylated p38 and JNK was performed. After
24 hour treatment with 1uM ZM increased levels of phospho-p38 (pp38) and phospho-JNK
(pJNK) were observed in U20S cells, correlating with increased p53 and p21 protein levels
(Fig. 3.14).

These data suggest that MAP3K4 transfers the mitotic stress signal after Aurora B inhibition
to its downstream MAP kinases p38 and JNK.
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Fig. 3.14: AuroraB inhibition results in activation of p38 and JNK
U20S cells were treated with 1uM ZM for 24h and protein levels of p53, phospho-JNK (pJNK),
phospho-p38 (pp38) and p21 were analyzed by immunoblotting.

In the following, only involvement of the p38 pathway in regulating p21 after mitotic stress
was further investigated, as treatment with the JNK inhibitor SP600125 itself blocked cells
in the G2/M phase of the cell cycle (data not shown).
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3.5.2 p38B, not p38a, is required for p21 activation after Aurora B inhibition

Next, it was examined if one or more of the p38 isoforms are involved in p21 upregulation
after Aurora B inhibition. As p38a. and p38f are ubiquitously expressed whereas p38y and
p388 have a more tissue specific expression pattern (Zarubin and Han, 2005), only p38c and
p38PB were further analyzed.

U20S cells were transfected with two specific siRNAs against both, p38a and p38B. 48 hours
later the cells were exposed to 1uM ZM for 24 hours and protein expression level of p21 was
analyzed by immunoblotting (Fig.3.15A). p21 expression was only affected when p38B was
depleted by siRNA#1 and not when p38B siRNA#2 was used. As the available phospho-p38
antibody (Fig. 3.14) detects all phosphorylated p38 isoforms, knockdown of p38a and p38B
was examined on mRNA level. RT-qPCR analysis revealed that p38f si#2 did not efficiently
knockdown p38B in contrast to p38P si#1 (Fig.3.15B). Although the knockdown efficiency
of bothsiRNAs against p38a was over 90%, this had no effect on the activation of p21,
indicating that only p38B, but not p38a, is involved in upregulation of p21 upon Aurora B
inhibition.
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Fig. 3.15: p38[3, not p38a regulates p21 in response to AuroraB inhibition

U20S cells were transfected with ctrl.siRNA or specific siRNAs against p38a. and p388. 48h
after transfection cells were treated with 1uM ZM for 24h. A) p21 protein levels were analyzed
by immunoblotting. B) Knockdown efficiency of p38a. and p38[3 siRNAs was tested by RT-
gPCR.

3.6 Regulation of p53 activity by p38 after Aurora B inhibition

The finding that activation of p38 is required for p21 induction in response to Aurora B inhi-
bition (Fig.3.14,3.15) raised the question of how the p38 stress signaling pathway regulates
the activity of pb3 after mitotic stress. Therefore, assays that investigate the function of

p38 on pb3 stability, phosphorylation and cellular localization were performed.
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3.6.1 The MAP3K4-p38 pathway is not required for p53 stabilization upon
Aurora B inhibition

In response to cellular stress p53 is stabilized by posttranslational modifications on its N-
terminal domain. Thereby the binding to its negative regulator Mdm?2 is disrupted and p53
is no longer degraded and accumulates in the nucleus where it acts as transcription factor
(Moll and Petrenko, 2003).

To investigate whether p38 plays a role in p53 stabilization after Aurora B inhibition, the
potent p38 inhibitor SB202190, that specifically inhibits the kinase activity of p38a and
p38PB, was used. U20S cells were pretreated with DMSO or 10pM SB202190 (SB) for 2
hours followed by additional 24 h treatment with 1uM ZM. Immunoblot analysis revealed that
p53 still accumulated when Aurora B and p38 were inhibited, although p21 levels were clearly
reduced (Fig.3.16 A). The same was observed when depleting either p38 or MAP3K4 with
specific siRNAs (Fig. 3.16 B,C). 48 hours after siRNA transfection U20S cells were exposed
to 1uM ZM for 24 hours in both assays and immunoblot analysis was performed. p53 protein
levels remained stable after ZM treatment when p38B was depleted (Fig. 3.16 B), confirming
the finding made with the p38 inhibitor SB (Fig.3.16 A). Also depletion of MAP3K4 did not
change p53 accumulation after Aurora B inhibition (Fig. 3.16 C). Levels of phosphorylated p38
were reduced in MAP3K4 siRNA transfected cells compared to control cells (Fig.3.16 C),
indicating that activation of p38 after Aurora B inhibition is dependent on MAP3K4.

These assays indicate that the MAP3K4-p38 pathway is not required for p53 stability in

response to Aurora B inhibition.
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Fig. 3.16: MAP3K4-p38 pathway is not required for p53 stabilization after AuroraB
inhibition

A) U20S cells were pretreated with DMSO or with the p38 inhibitor SB202190 for 2h followed
by an additional 24h treatment with 1uM ZM. p53 and p21 protein levels were detected by
immunoblot analysis. B) +C) U20S cells were transfected with ctrl siRNA or a specific SiRNA
against p38p (B) or MAP3K4 (C). 48h post transfection cells were treated with ZM for 24h and
protein levels of p53, p21 and phospho-p38 (pp38) (C) were analyzed by immunoblotting.
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3.6.2 p38 is not responsible for p53 phosphorylation in response to Aurora B
inhibition

In response to different stress stimuli, like DNA damage or UV irradiation, p38 can directly
regulate p53 by phosphorylating various serine residues. It has been reported that p38 can
phosphorylate p53 on Ser15, Ser33, Ser46 and Ser392 in vitro (Bulavin et al., 1999; Keller
et al., 1999; Huang et al., 1999; Sanchez-prieto et al., 2000; She et al., 2000). Furthermore,
phosphorylation of Ser33 and Ser46 results in subsequent phosphorylation of Ser37 (Bulavin
et al., 1999).

In order to find out if p38 is involved in p53 phosphorylation after inhibition of AuroraB,
site- and phosphorylation specific antibodies for p53 were used. U20S cells were pretreated
with DMSO or SB for 2 hours followed by additional 24h treatment with 1uM ZM. Protein
levels of p53, phosphorylated p53 and p21 were analyzed by immunoblotting (Fig.3.17).
Inhibition of AuroraB with ZM resulted in phosphorylation of all investigated p53 serine
residues (Serl5, Ser20, Ser33, Ser37, Ser46, Ser392). Inhibition of p38 with SB did not
alter the phosphorylation status of any of the investigated serine residues, although p21
induction was prevented. This assay suggests that p38 does not regulate p53 activity by
direct phosphorylation.

- - + SB202190
- + +  ZM447439
:- —— - p53
. . pp53S392
pp53 S46
= pp53 S37
- «  pp53 S33
- .:! pp53 S20
;' m- pp53 S15
- s P21

" ——  -actin

Fig. 3.17: Phosphorylation status of p53 after AuroraB inhibition is not altered when
p38 is blocked

U20S cells were pretreated with DMSO or the p38 inhibitor SB202190 for 2h followed by an
additional 24h treatment with 1uM ZM. Protein levels of p53, phosphorylated p53 (pp53) at
specific serin (S) residues and p21 were determined by immunoblot analysis.
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3.6.3 p38 is required for transcriptional activity of p53 after Aurora B inhibition

In order to investigate whether p53 is still active or not when p38 signaling is blocked after
Aurora B inhibition a luciferase reporter system was used to measure the trancriptional activ-
ity of p53. U20S cells were transfected with the p53 reporter plasmid PG13-Luc containing
13 copies of the p53 response element, or with PM15-Luc, a construct with mutated p53
binding sites as negative control. As internal control the renilla luciferase construct pRL-TK
was cotransfected. The next day, cells were pretreated with DMSO or SB for 2 hours and
additionally treated with 1uM ZM. 24 hours later luciferase activity was measured. As shown
in Fig.3.18, inhibition of Aurora B resulted in increased activation of p53 compared to the
DMSO control. Additional inhibition of p38 with SB reduced the activity of p53 to a similar
basal level as untreated control cells. As expected no p53 activity was detectable when using
the p53 mutant construct PM15-luc. This assay indicates that transcriptional activity of p53
is dependent on p38 when Aurora B is inhibited.

= DMSO
u ZM
m ZM+SB

relative luciferase activity

e e

PG13-luc PM15-luc

Fig. 3.18: Reduced p53 activity upon AuroraB and p38 co-inhibition

U20S cells were transfected with the luciferase plasmids PG13-luc or PM15-luc. As internal
control the renilla luciferase plasmid was cotransfected. 24h post transfection cells were
pretreated with DMSO or SB followed by additional treatment with 1uM ZM. After 24 hours
luciferase activity was measured on a luminometer.

3.6.4 Inhibition of p38 does not alter the nuclear localization and p21-promoter
binding of p53 upon Aurora B inhibition

As p38 is required for activation of p53 in response to Aurora B inhibition the next step was to
examine if the subcellular localization of p53 is altered when Aurora B and p38 are inhibited
and p53 is not active any longer. After 2 h pretreatment with DMSO or SB U20S cells were
additionally treated with 1uM ZM. 24 hours later a p53 immunofluorescence staining was
performed. p53 accumulated in the nucleus after ZM treatment and this localization was
unchanged after co-treatment with the p38 inhibitor SB (Fig. 3.19 A), pointing out that p38
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is not required for translocation of p53 to the nucleus after Aurora B inhibition.

Moreover, the binding of p53 to the p21 promoter was investigated with the same treatment
conditions. DNA binding of p53 was analyzed by chromatin immunoprecipitation (ChIP)
after cells were exposed to ZM or ZM+SB for 24 hours. Chromatin was immunoprecipitated
with a specific p53 antibody or a nonspecific IgG antibody and bound p53 on the p21 and
Gapdh2 promoter was examined by RT-gPCR (Fig.3.19B). As expected p53 was enriched
on the p21 promoter upon Aurora B inhibition, which is consistent with the increased p21
expression. Additional inhibition of p38 with SB did not affect the binding of p53 to the p21
promoter. Binding of p53 to the p21 promoter is specific as no p53 binding to the Gapdh2
promoter was detectable. The ChIP data indicate that p38 is not necessary to recruit p53

to the p21 promoter in order to induce cell cycle arrest in response to Aurora B inhibition.
A DMSO ZM ZM+SB

p21 promoter Gapdh2 promoter
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Fig. 3.19: Nuclear localization and p21 promoter binding of p53 is not changed when
p38 is blocked after AuroraB inhibition

A)+B) U20S cells were pretreated with DMSO or SB for 2 hours and additionally treated with
1uM ZM for 24 hours. A) Staining of p53 was detected using immunofluorescence. Nuclei
were visualized by Hoechst 33258 staining. B) Chromatin immunoprecipitation (ChIP). Cell
lysates were incubated with IgG or p53 antibody and bound p53 on the p21 and Gapdh2
promoter was analyzed by qPCR.
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In summary, these data reveal that the p38 signaling pathway is required for transcriptional
activity of pb3 after Aurora B inhibition. However, p38 does not affect p53 stabilization,
phosphorylation, subcellular localization and DNA binding.

3.7 p38 dependent and independent gene regulation after Aurora B
inhibition

In order to examine if, besides p21, more genes are regulated in a p38 dependent manner
after Aurora B inhibition, a genome-wide microarray analysis was performed. For this, U20S
cells were pretreated with DMSO or SB for 2 hours followed by additional treatment with
1uM ZM for 36 hours. Genes that were either activated or repressed more than 2 fold were
analyzed. 636 genes were found upregulated after Aurora B inhibition. 62% of these genes
were activated dependently of p38, 38% independently of p38. 399 genes were repressed in
response to Aurora B inhibition and 72% of these downregulated genes were dependent on
p38 signaling (Fig.3.20 A).

Gene sets that were upregulated after Aurora B inhibition are involved in cell cycle arrest,
cellular stress response, DNA repair and apoptosis. Several activated genes are known p53
targets such as Alox5, Rrad and Tp53inpl. RT-qPCR analysis confirmed that induction of
these selected genes upon Aurora B inhibition was dependent on p38 as their expression was
reduced when cells were additionally treated with SB (Fig.3.20 B). This suggests that p38
dependent activation of p53 target genes in response to Aurora B inhibition is not resticted
to p21.

Genes that were repressed after Aurora B inhibition have functions in cell cycle regulation
and mitosis. Among these, many E2F target genes were found: genes that are important in
G1/S-phase of the cell cycle (Cyclin A, Cdc6, pl07) or genes necessary for the G2/M phase
transition (CyclinB, Bubl, Birc5). Validation by RT-qPCR showed that Aurora B inhibition
reduces the expression of these genes required for cell cycle progression (Fig. 3.20 C). Repres-
sion of these E2F target genes was dependent on p38 signaling as additional treatment of
the cells with SB restored their expression levels, indicating that cells override the G1 arrest

and further progress through the cell cycle when p38 function is blocked.
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Fig. 3.20: p38-dependent and independent gene regulation in response to AuroraB
inhibition

A) U20S cells were pretreated with DMSO or SB for 2 hours followed by additional treatment
with 1TuM ZM for 36 hours. RNA was isolated and subjected to microarray analysis. Diagrams
depict the percentage of genes that are up-or downregulated more than 2 fold dependent and
independent of p38. B+C) Validation of microarray data. Cells were treated as above and
gene expression was determined by RT-qPCR. B) p53 target genes. C) E2F-target genes.
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3.8 Cellular outcome in response to partial Aurora B inhibition

3.8.1 Tetraploidization is not necessary to induce cell cycle arrest via the
MAP3K4-p38 pathway

Next, it was of interest to find out whether cells have to become binucleated to induce cell
cycle arrest or if more moderate failures in mitosis are also sufficient to activate p53 via the
MAP3K4-p38 pathway. Thus, U20S cells were treated with lower doses of the Aurora B
inhibitor ZM. To study the extend of Aurora B inhibition with different ZM concentrations,
the phosphorylation status of Serine 10 on histone H3 (phosho-H3), which is a mitotic
substrate of Aurora B, was analyzed. For this purpose the cells were treated with 100ng/ml
of the microtubule depolymerization drug nocodazole for 18 hours to synchronize cells in
mitosis. One hour after exposure to 0.5uM or 1uM ZM mitotic cells were harvested and
phospho-H3 was analyzed by immunoblotting (Fig.3.21 A). Phospho-H3 levels were nearly
completely absent when 1uM ZM was used and were partially reduced with 0.5uM ZM,
suggesting that the lower amount of ZM inhibited AuroraB only in parts. Additionally the
amount of bi- and multinucleated cells after 24h treatment with 0.5uM or 1uM ZM was
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S 401 M binucleated
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0 0.5 1.0 ZM447439 [uM]
C
ctrl 0.5uM ZM447439 1TuM ZM447439
g SubG1: 0.3%| & SubG1: 0.5%]| § SubG1: 0.7%
G1: 52.1% G1: 47.7% G1: 3.7%
S: 11.8% S: 6.9% S: 1.8%
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Fig. 3.21: Weak AuroraB inhibition results in fewer binucleated cells

A) To synchronize U20S cells in mitosis, cells were treated with 100ng/ml nocodazole for 18h.
1h before harvesting mitotic cells, cells were additionally treated with 0.5 or 1uM ZM. pH3
levels were detected by immunoblotting. B)+C) Cells were treated with 0.5uM or 1uM ZM for
24h. B) Quantification of bi- and multinucleated cells, 200 cells were counted. C) Cell cycle
distribution was determined using PI-FACS analysis.
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counted (Fig. 3.21 B). Only 12% of the cells became binucleated and 3% multinucleated when
0.5uM ZM was used, but over 60% bi- or multinucleated cells were found after exposure to
1uM ZM. Analysis of cell cycle distribution with PI-FACS revealed that the fraction of cells
with 4N DNA content in G2/M was only slightly increased when using 0.5 uM ZM compared
to control cells, whereas over 70% of the cells accumulated with 4N DNA content after 1 uM
ZM treatment (Fig.3.21 C). These findings suggest that partial inhibition of AuroraB does

not result in severe cytokinesis defects.

Although fewer cells showed binucleation after treatment with lower ZM concentration, cells
also arrested in the cell cycle by induction of p21 (Fig.3.22 A, B). After 24 hour treatment
with different ZM concentrations the protein levels of p53, phospho-p38 (pp38) and p21
were analyzed by immunoblotting. 0.5uM ZM treatment resulted in accumulation of p53
and activation of p38 and p21 to a similar extent to that when cells were treated with 1 uM
ZM (Fig.3.22 A). Immunofluorescence staining confirmed the activation of p21 with 0.5pM
ZM (Fig.3.22B). To further investigate if MAP3K4 is also involved in p21 induction upon
partial Aurora B inhibition, p21 expression levels after depletion of MAP3K4 was determined
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0 05 1.0 ZM447439 [uM] ctrl  MAP3K4 siRNA
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Fig. 3.22: MAP3K4-p38 is activated to regulate p21 after partial AuroraB inhibition

A+B) U20S cells were treated with 0.5uM or 1uM ZM for 24h. A) Protein levels of p53,
phospho-p38 (pp38) and p21 were detected using immunoblot analysis. B) Cells were stained
with p21 antibody and analyzed with immunofluorescence microscopy. C) U20S cells were

transfected with ctrl sSiRNA or MAP3K4 siRNA. 48h after transfection cells were treated with
0.5uM ZM for 24h and p21 protein levels were analyzed by immunoblotting.
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by immunoblot analysis (Fig. 3.22 C). 48 hours post transfection cells were exposed to 0.5 uM
ZM for 24 hours. Reduced protein levels of p21 could be observed after MAP3K4 knockdown
compared to ctrl siRNA treated cells.

These analyses suggest that not only tetraploidization but also subtle mitotic defects are
sufficient to induce cell cycle arrest via the MAP3K4-p38 pathway in response to Aurora B
inhibition.

3.8.2 Increase in chromosome missegregation after partial Aurora B inhibition

As visible in the immunofluorescence staining in Fig.3.22B, p21 is not only expressed in
binucleated but also in mononucleated cells. This fact raised the question if induction of cell
cycle arrest after partial inhibition of Aurora B might be due to chromosomal missegregation.

In order to test this, centromere FISH (c-FISH) analysis in interphase cells was performed.

A DMSO 0.5uM ZM

chr7 chr8
B
100 M chr7 ctrl
90 + B chr7 ZM cells off the
801 W chr8 ctrl mode (%)
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= m chr8 ZM ctrl | ZM
= chr7|41,2 64,5
8 chr8| 338146
g

signals per cell

Fig. 3.23: Increase in chromosomal missegregation when AuroraB is partially inhibited
A) U20S cells were treated with DMSO or 0.5uM ZM for 24h. Interphase cells were fixed and
stained with centromere-specific, fluorescently-labeled probes against chromosome 7 (red)
and 8 (green). Nuclei were visualized with Hoechst 33258 (blue). B) Quantification of FISH
signals per cell. Table shows percentage of cells differing from the modal position (cells off the
mode). The differences between DMSO and ZM treated cells were statistically significant for
chromosome 7 and 8 (p< 0.0001, Fisher's exact test). 650 cells were counted.
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U20S cells are aneuploid cells with a near triploid status (Niforou et al., 2008), but show
only low chromosomal instability compared to other osteosarcoma cell lines (Al-Romaih
et al., 2003). U20S cells were either treated with 0.5uM ZM or DMSO for 24 hours and
c- FISH was carried out with probes specific for chromosome 7 and 8 to determine changes
in chromosome numbers. Fig.3.23 A shows examples for FISH signals in control and ZM
treated cells. Quantification of FISH signals per cell revealed an increase in chromosome
missegregation after Aurora B inhibition with 0.5uM ZM (Fig. 3.23B). Analysis of untreated
control cells showed that chromosome 8 (green) is much more stable than chromosome 7
(red). Nearly 95% of control cells have three copies of chromosome 8 (3 signals) whereas
chromosome 7 is less stable: 60% of the counted control cells showed three and 40% four
signals for chromosome 7. When cells were treated with 0.5uM ZM the numbers of FISH
signals significantally changed for both investigated chromosomes. The deviation from the
modal chromosome number was altered from 41.2% to 64.5% for chromosome 7 and from
3.8% to 14.6% for chromosome 8, suggesting that partial inhibition of AuroraB with low
doses of ZM leads to increased chromosome missegregation and thereby causes a change in
the ploidy status of U20S cells.

In summary, partial AuroraB inhibition causes moderate mitotic defects resulting in chro-
mosome missegregation and activation of the MAP3K4-p38 pathway that regulates p21

induction.

3.9 Consequences of Aurora B and p38 Co-inhibition

3.9.1 p38 inhibition overcomes the p21 induced G1 arrest upon Aurora B
inhibition

As shown in Fig.3.16, inhibition of p38 prevents p21 induction when Aurora B activity is
blocked. Now it was of interest to analyze how cell cycle progression is affected when cells
are treated with both, Aurora B and p38 inhibitors. To investigate cell cycle distribution with
FACS analysis the lower ZM concentration (0.5 uM ZM) was chosen, as treatment with 1 pM
ZM results in binucleated tetraploid cells that arrest with 4N DNA content in a pseudo-G1
state and that can not be distinguished from cells in G2/M phase (Fig.3.10 C).

Therefore, cells were treated with 0.5 uM ZM with and without additional 2h SB pretreatment
and cell cycle distribution was studied by FACS analysis (Fig. 3.24 A). Inhibition of Aurora B
with 0.5 M ZM resulted in the accumulation of 71% of the cells in G1 compared to control
cells treated with DMSO or SB that showed about 60% cells in G1. The G1 arrest induced
by ZM was overcome when cells were treated with ZM and SB (G1: 47%), indicating
that p38 is essential for the G1 arrest induced by p2l. Furthermore co-treatment with
ZM and SB resulted in an increase in polyploid cells compared to ZM treated cells (ZM:
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5.6%, ZM+SB: 12.3% polyploid cells). Analysis of DNA synthesis by BrdU incorporation
assay further confirmed this finding. U20S cells were pretreated with DMSO or SB for
2 hours followed by additional treatment with 0.5uM ZM for 72 hours. 2 hours before
fixation cells were labeled with BrdU to detect S-phase cells. BrdU positive cells were
determined by immunofluorescence staining (Fig. 3.24 B). Cell counting demonstrated that
Aurora B inhibition reduced the number of BrdU positive cells to 20%, in contrast to about
45% of BrdU-labeled control cells treated with DMSO or SB. Co-treatment with ZM and
SB restored the number of cells that entered S-phase to nearly 40%.

The following experiment was performed to test whether the cells arrest in S-phase or proceed
further through the cell cycle into mitosis when cells are exposed to both inhibitors: After 24
hour treatment with the indicated inhibitors cells were labeled with BrdU for 30 minutes and
then treated with nocodacole for 8 hours. Cells were fixed and stained for BrdU and phospho-
H3 and the number of the respective positive cells was determined by immunofluorescence
microscopy. The number of BrdU positive cells as well as the number of mitotic cells (pH3
positive cells) was decreased in ZM treated cells (Fig.3.24 C). The amount of mitotic cells
after double treatment with ZM and SB nearly recovered to the level of control cells pointing
out that cells with blocked p38 signaling pass through S-phase into mitosis. Furthermore,
the amount of phospho-H3 positive cells that were BrdU labeled was similar for all three

treatment conditions indicating that all cells that were labeled with BrdU did enter mitosis.

Taken together, these data indicate that p38 is required for induction of cell cycle arrest after
chromosome missegregation or cytokinesis failures caused by Aurora B inhibition. Inhibiting
p38 signaling prevents cells to arrest in G1 and cells are able to proceed through the cell cycle
by entering S-phase and mitosis again. This is consistent with the restored gene expression
of G1/S phase and G2/M phase genes after p38 inhibition found in Fig3.20 C.
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Fig. 3.24: p38-inhibition overcomes the G1-arrest induced by AuroraB inhibition

A) U20S cells were pretreated with DMSO or SB for 2h followed by additional treatment with
0.5uM ZM for 72h. Cell cycle distribution was analyzed by PI-FACS analysis. B) U20S cells
were treated as in A) and additionally cells were labeled with BrdU for 2h and fixed for immu-
nofluorescence staining. BrdU (green), Hoechst 33258 (blue). For quantification 600 cells in
three independent experiments were counted. C) After 24h treatment with inhibitors as
indicated, cells were pulsed with BrdU for 30min and afterwards treated with nozodacole for
8h. Cells were fixed and immunofluorescence staining for BrdU and pH3 was performed. 100
cells were counted.
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3.9.2 Impaired cell proliferation in response to Aurora B and p38 Co-inhibition

In order to study the long term consequence of Aurora B inhibition as well as of Aurora B
and p38 co-inhibition, a colony formation assay was performed to analyze cell proliferation.
Therefore, cells were plated in a very low density (6000 cells) on 10 cm dishes and treated with
0.5uM or 1uM ZM alone or additionally with SB for 72 hours. After 10 days colonies were
stained with crystal violet (Fig.3.25). Treatment with 1pM ZM almost entirely prevented
colony formation. Cells treated with the lower ZM concentration (0.5uM) were still able to
form colonies but in a reduced manner compared to DMSO treated control cells. Interestingly,
cells that were co-treated with ZM and SB showed impaired proliferation in contrast to ZM
treatment alone, although single SB treatment had no effect on colony formation. This

effect was especially observed when cells were exposed to 0.5uM ZM.

DMSO

ctrl

Fig. 3.25: Co-inhibition of AuroraB and p38 leads to reduced proliferation

6000 cells were plated on 10cm dishes and treated with DMSO or SB for 2h and additionally
treated with 0.5uM or 1uM ZM for 72h. 10 days later cells were fixed and stained with crystal
violet.

To investigate if apoptosis could explain the reduced proliferation after co-treatment of ZM
with SB, an AnnexinV staining was carried out. U20S cells were pretreated with DMSO or
SB for 2 hours and additionally exposed to 0.5u M for 72 hours and stained for AnnexinV,
a marker for apoptotic cells. AnnexinV positive cells were analyzed by flow cytometry.
Treatment of cells with both inhibitors, ZM and SB, resulted in a significant higher number
of apoptotic cells (about 14%) when compared to cells treated with ZM only (8%) (Fig. 3.26).
This increase in apoptotic cells might explain the reduced proliferation rate of cells when
p38 is inhibited additionally to Aurora B.
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Fig. 3.26: Increase of apoptotic cells upon co-treatment with AuroraB and p38 inhibitor
U20S cells were treated with DMSO or SB for 2h followed by additional treatment with 0.5uM
ZM for 72h. Cells were harvested and stained with AnnexinV. The number of AnnexinV
positive cells was detected by flow cytometry (FACS). Three independent experiments were
performed. The differences between ZM and ZM+SB treated cells were statistically significant
(p=0.03, Students t-test).

3.10 Lin9 depletion in U20S cells activates p38 and JNK to induce
cell cycle arrest

Assays performed so far investigated signaling pathways that are activated upon defects in
mitosis and/or cytokinesis due to inhibition of AuroraB. As cytokinesis failures and p21
upregulation were also found in Lin9 depleted MEFs (Reichert et al., 2010) and (Fig.3.2B),
it was now of interest to determine if the pathways that are activated after Lin9 depletion
and Aurora B inhibition are the same.

Therefore, U20S cells were transfected with a specific Lin9 siRNA or ctrl siRNA. 48 hours
after transfection cells were harvested and protein levels of p53, p21, phospho-p38 and
phospho-JNK was analyzed by immunoblotting. The active phosphorylated forms of p38
and JNK proteins were detectable and this activation correlated with the induction of p53
and p21 (Fig.3.27 A). Knockdown of Lin9 was controlled by RT-qPCR and showed 80%
reduction of Lin9 mRNA (Fig.3.271B).

As both, p38 and JNK, act downstream of MAP3K4 it can be speculated that depletion of
Lin9 and the resulting mitotic defects leads to activation of the same pathways as observed

after Aurora B inhibition.
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Fig. 3.27: Lin9 depletion activates p38 and JNK to induce cell cycle arrest

U20S cells were transfected with ctrl or lin9si RNA. A) 48h post transfection cells were lysed
and protein expression of p53, p21 phospho-p38 (pp38), phospho-JNK (pJNK) was deter-
mined by immunoblot analysis. B) 24h after transfection knockdown of Lin9 was analyzed by
RT-gPCR.
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4 Discussion

4.1 Analysis of the senescence phenotype after Lin9 knockout

Analysis of the function of Lin9, a core-subunit of the DREAM complex, demonstrated
that loss of Lin9 in MEFs results in reduced mitotic gene expression and in the formation
of binucleated cells. Due to this cytokinesis defect cells undergo premature senescence, a
permanent cell growth arrest (Reichert et al., 2010).

The first part of this work investigated the tumor suppressor pathways that are activated in

response to Lin9 deletion in order to induce senescence.

The CDK inhibitors p16 and p21, that are linked to permanent cell cycle arrest, were up-
regulated after deletion of Lin9 in MEFs before cells became senescent (Fig. 3.2). As both,
pl6 and p21, function in two different tumor suppressor pathways, it was analyzed whether
senescence induced upon Lin9 deletion is mediated by the p53-p21 and/or the pl6-pRB
pathway. Expression of SV40 LargeT antigen, that binds p53 and pRB and thereby inhibits
their functions, no longer resulted in senescent cells, indicating that senescence is overcome
when both pathways are blocked (Fig.3.3). It was further of interest whether p53 and pRB
act together in one linear senescence pathway (p53-p21-pRB) or if both pathways are inde-
pendently required for senescence induction after Lin9 deletion. Assays with SV40 LargeT
mutants, that can no longer bind either to pRB and the related pocket proteins 107 and
p130 (SV40 LT-K1) or to p53 (SV40 LT A434-444) (Kierstead and Tevethia, 1993; Stubdal
et al., 1997) revealed that the senescence phenotype could no longer be prevented when
only one of the tumor suppressors is inhibited (Fig.3.3). Inactivation of either p53 or pRB
was therefore not sufficient to bypass induction of senescence, suggesting that Lin9 deletion
in MEFs does not activate one single linear p53-p21-pRB pathway, but that both pathways,
p53-p21 and pl6-pRB, independently mediate senescence.

These data indicate that, dependent on the nature of stress, different pathways are respon-
sible for inducing senescence in mouse fibroblasts. In contrast to the parallel activation of
both tumor suppressor pathways after mitotic stress induced by Lin9 deletion, premature
senescence caused by oncogenic activation is regulated via one linear pathway (pl9ARF-
p53-p21-pRB) (Serrano et al., 1997).

Whether p19ARF, that is known to stabilize p53 and is linked to senescence phenotype in
mouse cells (Ben-Porath and Weinberg, 2005; Dimri, 2005), also functions in premature
senescence due to Lin9 deletion has to be further analyzed. In order to examine whether the
p53-p21 pathway leading to senescence depends on p19ARF or not, one could use conditional
Lin9 knockout MEFs stably expressing shp19ARF and inhibit pRB using SV40 LT A434-444
(LT p53-bdg. mutant). Another option would be to cross conditional Lin9 knockout mice
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with mice deficient for the INK4a locus, that encodes p16 and p19ARF. MEFs derived from
these mice would elucidate the involvement of p19ARF in premature senescence caused by
Lin9 deletion.

4.2 Function of Lin9 in vivo

Using a constitutive Lin9 knockout mouse model, previous work in our group revealed that
Lin9 is required for mouse development, as loss of Lin9 caused early embryonic lethality. In
order to study the role of Lin9 in adult mice a conditional Lin9 knockout mouse model was

generated to circumvent this embryonic lethality phenotype (Reichert et al., 2010).

Deletion of Lin9 in 8-week-old mice resulted in rapid death of the mice within 6-7 days (3.2.2).
This dramatic effect indicates that Lin9 is also essential for the survival of adult mice. The
Lin9 knockout mice exhibited an almost complete atrophy of the intestinal epithelium and
showed destroyed and abnormal looking epithelium of the colon and stomach (Fig.3.5). In
contrast, histological analysis of other tissues like lung, heart, kidney or liver did not depict
abnormalities in Lin9 knockout mice (data not shown).

Loss of the epithelium in the small intestine after Lin9 deletion (Fig.3.5A) can be explained
by the continuous and rapid renewal of the gastro-intestinal epithelium in mice. In the
small intestine proliferation occurs within the crypt compartment. Rapidly cycling transit-
amplifying cells (TA), that are derived from intestinal stem cells, undergo several rounds
of cell division before they terminally differentiate at the crypt-villus junction. Within 3-5
days the TA cells migrate to the top of the villus where they are removed by apoptosis or
cell shedding (Barker et al., 2008). The atrophic phenotype observed upon loss of Lin9 in
the small intestine pointed to proliferation errors in the intestinal crypts. Defects in cell
cycle progression were confirmed by the reduced number of proliferating cells observed with
Ki-67 staining and the decreased amount of S-phase cells in Lin9 deleted crypts (Fig. 3.6).
Accordingly, it can be assumed that the diminished proliferation rate in Lin9 deficient crypts
prevents the development of new villus epithelium thereby creating the atrophic phenotype.
Lin9 knockout resulted in binucleated cells and abnormally huge nuclei in the intestinal
epithelium indicating failures in cytokinesis (Fig.3.7 A). This binucleation phenotype might
be due to the reduced expression of DREAM target genes (Aspm, Nusap, Gas2I3) that was
found upon loss of Lin9 (Fig.3.7B). Increased expression of pl6 and p21 in the intestinal
tissue of Lin9 knockout mice suggests that the tumor suppressor pathways p16-pRB and p53-
p21 are activated in order to induce cell cycle arrest and thereby avoid cell cycle progression
after loss of Lin9 in vivo (Fig.3.8). Deletion of Lin9 in p167/- mice did not prevent the
atrophic phenotype (Fig.3.9), indicating that besides the pl6-pRB pathway the p53-21
signaling might also lead to reduced proliferation in the intestinal crypts after Lin9 knockout.

This would be consistent with the findings in vitro where the single blocking of either p53
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or pRB did not overcome the cell growth arrest (Fig.3.3). To address if the atrophy of
the intestinal epithelium after Lin9 deletion occurs via both tumor suppressor pathways, a
conditional Lin9 knockout mouse model with p16/p21 or p16/p19 null background could be

generated.

In summary, the reduced expression of mitotic genes, the cytokinesis defects as well as the
increased expression of p16 and p21 observed upon Lin9 deletion in vivo are consistent with
the previous in vitro findings in conditional Lin9 knockout MEFs (Reichert et al., 2010),
(Fig.3.2B).

As the DREAM complex is required for mitotic gene expression (Schmit et al., 2007), the
reduced expression of DREAM target genes after loss of Lin9 could possibly be due to an
impaired or missing binding of the DREAM complex to target gene promoters. It could be
speculated that Lin9 depletion results in disruption of the DREAM complex and/or degra-
dation of DREAM subunits as it has been shown for the homolog DRM/synMuv complex in
C. elegans (Harrison et al., 2006).

Taken together, these studies in Lin9 knockout mice show the essential role of Lin9 in the
regulation of proper mitotic gene expression and proliferation in vivo. This is consistent with
previous Lin9 in vivo studies in zebrafish that also demonstrated the important function of
Lin9 as regulator of mitotic progression (Kleinschmidt et al., 2009).

4.3 Analysis of pathways activating p53 after cytokinesis failures

Failures in cell division result in tetraploid cells that arrest in a p53 dependent manner to
prevent aneuploidy and tumorigenesis. The upstream pathways that are involved in the
activation of p53 following cytokinesis defects are not well understood so far (Ganem and
Pellman, 2007; Stukenberg, 2004). In order to examine the regulation of these pathways
more precisely, inhibition of the mitotic kinase Aurora B in U20S cells was used as a robust
and reproducible cellular system. Inhibiting Aurora B function causes defective chromosome

alignment, chromosome missegregation and failures in cytokinesis (Ditchfield et al., 2003).

Using the potent Aurora B inhibitor ZM447439 in U20S cells resulted in a high fraction of
bi- and multinucleated cells (Fig.3.10 A,B), assuming a complete inhibition of cytokinesis.
FACS analysis revealed an increase in polyploidy over time (Fig. 3.10 C), indicating that some
cells did not directly arrest as tetraploid cells but escaped the G1 arrest and endoreduplicated
before they arrest with DNA content > 8N. This effect has been reported earlier in different
cell lines treated with the Aurora B inhibitor ZM (Ditchfield et al., 2003). There was only
a slight increase in the amount of cells in the Sub-G1 fraction observed with FACS analysis
(Fig.3.10 C), suggesting that Aurora B inhibition does not strongly induce apoptosis in U20S
cells. Instead, U20S cells underwent senescence when treated with the Aurora B inhibitor
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(Fig.3.11D) in order to prevent cellular proliferation after cytokinesis errors. The response
to Aurora B inhibition seems to depend on the cell type, as ZM treatment in other cell lines
like HCT116 cells leads to induction of apoptosis (Li et al., 2010).

Aurora B inhibition in U20S cells caused accumulation of p53 and its downstream target p21
(Fig.3.11 A). Using a p53-specific shRNA prevented upregulation of p21 after ZM treatment
and confirmed that p21 induction is dependent on p53 (Fig.3.11B,C).

Thus, it can be concluded that tetraploidization in U20S cells in response to AuroraB
inhibition results in activation of p53 followed by p21 mediated cell cycle arrest. This cellular
system seemed suitable for analyzing the upstream pathways that activate p53 due to failed

cytokinesis in more detail.

4.3.1 MAP3K4-p38 regulates activation of p21 upon Aurora B inhibition

A high throughput siRNA screen was performed to identify kinases that are required for p21
activation after Aurora B inhibition. Induction of p21 by immunofluorescence staining was
used as readout for the screen (Fig. 3.12 A). p21 specific siRNA and control siRNA were taken
as positive and negative controls because validation showed a strongly reduced expression of
p21 in cells transfected with a p21 specific siRNA compared to the control siRNA transfected
cells in response to Aurora B inhibition (Fig.3.12B).

The siRNA screen identified those kinases as potential hits, that showed strongly reduced p21
levels after Aurora B inhibition when downregulated with their specific siRNAs. Beside other
kinases, MAP3K4 (also MEKK4, MTK1) was one of these potential hits. This kinase was
selected as it is a known activator of the stress MAP kinases p38 and JNK. Validation with
the four specific MAP3K4 siRNAs, that were used in the screen, revealed that MAP3K4 is
required for p21 induction when Aurora B is inhibited (Fig. 3.13). Each of the four individual
siRNAs reduced the expression of MAP3K4 and p21 to a similar extent, for which reason
off-target effects could be excluded.

MAP3K4 is a MAP3 kinase that is found on top of the stress MAPK signaling cascade and
phosphorylates the MAP2 kinases MKK3/6 and MKK4 that in turn activate the stress MAP
kinases p38 and JNK, respectively (Takekawa et al., 1997) (see Fig 1.1). Both downstream
targets of MAP3K4, p38 and JNK, were activated after Aurora B inhibition, as determined
with phospho-specific antibodies (Fig. 3.14). Phosphorylation of p38 and JNK correlated with
increased p53 and p21 levels, suggesting that mitotic stress induced by inhibiting Aurora B
activates MAP3K4 and the downstream stress kinases.

Using the p38 inhibitor SB202190, that blocks the isoforms p38c and p38P, revealed that
p38 is required for p21 activation after Aurora B inhibiton, as expression of p21 was strongly
reduced when cells were treated with ZM and SB (Fig.3.16 A). To address whether p38a
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and p38P are both involved in the activation of p21 after ZM treatment, specific siRNAs
against these p38 isoforms were used. Interestingly, this assay showed that only p3883, but
not p38a., regulates the induction of p21 in response to Aurora B inhibition (Fig.3.15). As
depletion of MAP3K4 prevented p38 phosphorylation after ZM treatment (Fig.3.16 C), it
is assumable that in response to Aurora B inhibition MAP3K4 and p38 actually act in one
stress signaling pathway that mediates induction of p21. Involvement of p38 in inducing
cell cycle arrest after Aurora B inhibition is consistent with recent findings that showed that
the p38 stress kinase is implicated in cell growth arrest of aneuploid cells (Thompson and
Compton, 2010).

How the JNK kinase is involved in regulating the downstream pathways after mitotic stress
could not be analyzed in more detail since the specific JNK inhibitor SP600125 itself caused
cell cycle arrest in G2/M phase (data not shown). This is consistent with studies in different
tumor cell lines that demonstrated that SP600125 is implicated in inhibition of proliferation
and G2/M arrest (Du et al., 2004; Mingo-Sion et al., 2004).

The mechanism of MAP3K4 activation in response to Aurora B inhibition requires further in-
vestigation. In general, MAP3K4 exists in an auto-inhibited state and activation of MAP3K4
is controlled by interaction with other proteins (Bettinger and Amberg, 2007). In unstressed
cells the N-terminal autoinhibitory domain of MAP3K4 is bound to its C-terminus thereby
inhibiting the C-terminal kinase domain (Miyake et al., 2007).

One protein that has been linked to the activation of MAP3K4 is the stress sensor protein
GADD45 (growth arrest and DNA-damage inducible protein) (Takekawa and Saito, 1998).
The GADDA45 proteins (GADD45 o,-B,-y) play important roles in cellular stress responses
like cell cycle arrest, DNA repair and apoptosis and are induced upon DNA damage or other
environmental stress signals (Liebermann and Hoffman, 2008). GADDA45 can bind to the
N-terminus of MAP3K4 thereby interrupting the N-C interaction and mediating the dimer-
ization of MAP3K4. Dimerization facilitates the autophosphorylation in the kinase domain
of MAP3K4 leading to full catalytic activation (Miyake et al., 2007).

It has recently been reported that missegregated chromosomes can be damaged during cy-
tokinesis resulting in DNA double-strand break induced stress response (Janssen et al., 2011).
However, in response to mitotic stress caused by Aurora B inhibition no evidence for DNA
damage could be provided. In cells treated with the Aurora B inhibitor neither DNA damage
positive y-H2AX foci nor a clear involvement of ATM could be determined (data not shown).
Whether GADD45 is induced independently of DNA damage upon Aurora B inhibition and
whether it is involved in activation of MAP3K4 needs to be further analyzed.

MAP3K4 activation in response to AuroraB inhibition could also be triggered by other
known MAP3K4 interacting proteins, like the scaffold proteins Axin and TRAF4 or the Rho-
GTPases Cdc42/Rac. Axin and TRAF4 have been shown to bind the kinase domain of
MAP3K4 leading to MAP3K4 oligomerization and activation of p38 and JNK (Abell et al.,
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2005, 2007). Axin, a negative regulator of the Wnt signaling pathway, has been reported to
be a microtubule-associated protein and to localize to centrosomes and to the mitotic spindle
during mitosis (Kim et al., 2009). Conceivably, disruption of the mitotic spindle apparatus
due to Aurora B inhibition might be sensed by Axin resulting in MAP3K4 activity.

Cdc42 and Rac are GTPases that are associated with actin cytoskeletal structures and were
found to bind to MAP3K4 and to activate downstream MAP kinases (Fanger et al., 1997,
Zhang et al., 1995). Cdc42 might also be attributed a role in mitosis, as it was concidered
to regulate microtubules attachment to kinetochors (Narumiya and Yasuda, 2006). Thus,
it could be speculated that Cdc42 senses either mitotic spindle damage or disruption of the
actin cytoskeleton leading to MAP3K4 activation after Aurora B inhibition.

Further investigations are needed to elucidate whether one of these described MAP3K4
interacting proteins functions as signal transducer regulating MAP3K4's activity in response

to defective mitosis.

Other possible mechanisms mediating activation of MAP3K4 might be metabolic changes
or proteomic stress due to extra chromosomes in aneuploid or polyploid cells after incorrect

mitosis.

4.3.2 Regulation of pb53 activity by p38 after Aurora B inhibition

After demonstrating that the MAP3K4-p38 pathway is required for p53 mediated p21 upreg-
ulation after inhibition of AuroraB (Fig.3.13,3.14,3.15), it was of interest to analyze how
p38 regulates the function and activity of p53 and the induction of p21.

It could be shown that phosphorylation, stabilization, nuclear accumulation and promoter
binding of p53 occur independently of p38 signaling, whereas the transcriptional activition

of pb3 target genes requires the activated p38 pathway.

When p38 was inhibited by SB202190 or when either p38B or MAP3K4 were depleted with
specific siRNA in additition to Aurora B inhibition, p21 transactivation was prevented al-
though p53 was still accumulated (Fig.3.16). These assays indicate that p38 signaling is
indeed necessary for pb3 activity but not for its stabilization. Therefore, stabilization of
p53 seems to be meditated via a second, p38-independent pathway in response to Aurora B
inhibition.

p53 is a substrate of JNK, the second stress kinase activated by MAP3K4. It has been
reported that JNK phosphorylates p53 leading to increased stabilization and transcriptional
activity of p53 in response to different stress stimuli (Buschmann et al., 2001). Even though
the direct evidence that phosphorylation of JNK is prevented when MAP3K4 is depleted could
not be shown, the fact that p53 is still stabilized upon MAP3K4 depletion (Fig. 3.16 C) might
exclude the possibility of JNK stabilizing p53 after Aurora B inhibition.

Instead, stabilization of p53 could even occur directly through inhibition of AuroraB. It
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has recently been shown that AuroraB and pb3 exist in one complex and that AuroraB
can phosphorylate p53 thereby facilitating its ubiquitin dependent degradation (Gully et al.,
2012; Wu et al., 2011). Inhibiting the Aurora B function with ZM might therefore lead to
accumulation of p53. Another possible p38-independent mechanism triggering the stabiliza-
tion of p53 might be the disruption of the mitotic spindle apparatus. It is assumable that
mitotic proteins sense the spindle damage after Aurora B inhibition leading to p53 stabiliza-
tion. For instance, the spindle checkpoint protein BubR1 has been proposed to be important

for phosphorylation and stability of p53 in response to spindle damage (Ha et al., 2007).

Assays with p53 site- and phosphospecific antibodies revealed that p53 was phosphorylated at
all investigated serine residues (Ser1b, Ser20, Ser33, Ser37, Ser46 and Ser392) after Aurora B
inhibition (Fig.3.17). This phosphorylation status of p53 was not altered when p38 was
inhibited, demonstrating that p38, although it is required for p21 induction (Fig. 3.15, 3.16),
does not regulate the activity of p53 by direct phosporylation. This result was unexpected, as
it has been reported in several studies that p38 can directly phosphorylate p53 leading to its
activation in response to different kinds of stress signals. For instance, p53 is phosphorylated
by p38 on Ser33 when cells are exposed to UV light, osmotic shock or chemotherapeutic
agents (Bulavin et al., 1999; Kishi et al., 2001; Sanchez-prieto et al., 2000). UV irradiation
also leads to p38 mediated phosphorylation of p53 on Ser15, Ser46 and Ser392 (Bulavin et al.,
1999; Huang et al., 1999; Keller et al., 1999; She et al., 2000). Furthermore, phosphorylation
of Ser37 is facilitated through previous phosphorylation of Ser33 and Ser46 by p38 after UV
irradiation (Bulavin et al., 1999). Ser20 of p53 is not phosphorylated by p38 directly but
by its downstream target MAPKAPK2 (She et al., 2002). As the assays in the studies
mentioned above were performed using p38 inhibitors that target p38a and p38p, it cannot
be ruled out that p53 phosphorylation is mediated only by one of these isoforms. The fact
that only p38B and not p38a regulates p21 activation after Aurora B inhibition (Fig.3.15)
leads to the assumption that in general phosphorylation of p53 might be mediated by p38a
and that p38B per se does not phosphorylate p53.

Thus, it seems likely that other stress kinases act in parallel to p38 in order to phosphorylate
p53 in response to mitotic failures. These phosphorylations are not sufficient to activate p53
but might rather lead to further stabilization and/or DNA binding of p53. As the nuclear
localization as well as the p21 promoter binding of p53 was not influenced by the p38 pathway
after inhibition of Aurora B (Fig. 3.19), it can be supposed that p53 is stabilized, translocated
to the nucleus and recruited to the p21 promoter by p38 independent pathways.

p38 has been shown to regulate p21 stability through phosphorylation of the RNA binding
protein HuR after y-irradiation (Lafarga et al., 2009). However, in response to AuroraB
inhibition the half-life of p21 mRNA was not changed when cells were additionally treated
with the p38 inhibitor SB (data not shown). This excluded the possibility of p38 affecting
the stability of p21 mRNA when Aurora B is inhibited.
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Instead, p38 is required for transcriptional activity of p53 as it could be examined with a
p53-responsive reporter assay (Fig.3.18). Aurora B inhibition resulted in increased activity
of a p53 reporter construct and this activity was remarkably impaired when both, Aurora B
and p38, were blocked, indicating that transcriptional activity of p53 depends on the p38
signaling pathway upon Aurora B inhibition.

p38 might indirectly regulate the activity of stabilized promoter-bound p53 by targeting one
of the transcriptional co-factors of p53 that are required for p53 induced gene expression.
The transcriptional co-factor PGCla could be a possible target of p38 in order to regulate
p53 activity after AuroraB inhibition. PGCla has been shown to bind to p53 and to
enhance p53-mediated transactivation of pro-arrest target genes among others of p21 (Sen
et al., 2011). p38 can directly phosphorylate PGCla leading to stabilization and enhanced
transcriptional activity of this co-activator (Fan and Rhee, 2004; Puigserver et al., 2001).
Whether PGCla is actually required as co-factor of p53 in the mitotic stress induced pathway

remains to be further investigated.

4.3.3 Chromosomal missegregation is sufficient to activate the
MAP3K4-p38-p53 pathway upon partial Aurora B inhibition

Complete inhibition of AuroraB with 1uM ZM resulted in failed cytokinesis with bi- and
multinucleated cells and activation of the MAP3K4-p38-p53 pathway in order to induce cell
cycle arrest via p21 upregulation (Fig.3.10,3.13,3.16, 3.18).

The complete inhibition of Aurora B's kinase activity was verified by analyzing the phospho-
rylation status of the Aurora B substrate histone H3 (Fig.3.21 A). When lower ZM concen-
trations were used (0.5uM), AuroraB was only partially blocked and this caused only few
binucleated and polyploid cells as compared to complete Aurora B inhibition (Fig.3.21 B, C).
However, in response to partial Aurora B inhibition p53 was stabilized, p38 phosphorylated
and p21 upregulated to an extent similar to that observed after complete inhibition of Au-
roraB (Fig.3.22 A). Depletion of MAP3K4 and partial inhibition of AuroraB further led to
reduced p21 expression levels suggesting that the same MAP3K4-p38-p53 pathway is acti-
vated under these conditions (Fig.3.22 C). Immunofluorescence staining revealed that p21
was not only expressed in binucleated but also in mononucleated cells after partial Aurora B
inhibition (Fig.3.22B), leading to the assumption that chromosomal missegregation could
lead to the activation of the mitotic stress signaling pathway. FISH analysis confirmed this
surmise (Fig.3.23): When Aurora B was partially blocked, cells exhibited a significant in-
crease in the number of chromosomal missegregation for the investigated chromosomes 7
and 8, as compared to untreated cells, indicating that induction of the MAP3K4-p38-p53

pathway is due to these subtle defects occurring in mitosis.

These data reveal that not only tetraploid cells that arise from cytokinesis failure activate
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the pb3-mediated cell cycle arrest but that also chromosomal missegregation is sufficient to
induce the mitotic stress signaling pathway. Thus, these results support the challenge of
the existence of an independent 'tetraploidy checkpoint’ (Uetake and Sluder, 2004; Wong
and Stearns, 2005), that was proposed to monitor chromosome or centrosome number to
induce p53 mediated G1 arrest after cytokinesis failure (Andreassen et al., 2001). The results
are also consistent with the finding of Thompson and Compton (2010), who reported that
missegregation of single chromosomes in diploid cells activates the p53 pathway to induce

cell cycle arrest and to limit proliferation of aneuploid cells.

Recent work in our group could show that although Aurora B is already inhibited in interphase,
induction of p21 only occurs when cells have passed mitosis (G.Kumari, unpublished data),
evidencing that the MAP3K4-p38-p53 pathway is indeed activated by defects in mitosis or

cytokinesis.

4.3.4 Consequences of Aurora B and p38 co-inhibition

The essential function of p38 in inducing p53 mediated G1 arrest following defects in mito-
sis or cytokinesis was further demonstrated with analyses of Aurora B and p38 co-inhibition
(Fig.3.24). When both kinases, AuroraB and p38, were inhibited, cells overcame the G1
arrest resulting in increased polyploidization (Fig.3.24 A). The inhibition of DNA synthesis
in S-phase and the reduced number of cells in mitosis after Aurora B inhibition was restored
when p38 signaling was additionally blocked (Fig. 3.24 B, C), indicating that cells continue to
proliferate. The progression through the cell cycle observed after co-inhibition of Aurora B
and p38 was further confirmed by restored expression of E2F regulated genes, that were
found in microarray-analysis to be induced in a p38 dependent manner (Fig.3.20C). Ex-
pression of G1/S genes (CyclinA, Cdc6, p107) and G2/M genes (CyclinB, Bubl, Birch) was
decreased when cells were treated with the Aurora B inhibitor and repression of these genes
was abolished when p38 was inhibited in addition. Repression of E2F target gene induction
might by regulated by p38 via activation of the p53-p21 pathway. p21 prevents the release of
E2Fs from repressive E2F /pRB complexes by inhibiting cyclin-CDK complexes (Polager and
Ginsberg, 2009). When the p38 pathway is blocked, activation of p21 and thus repression of
E2F /pRB is prevented, leading to expression of E2F target genes and to further progression
through the cell cycle.

The cellular outcome of long term inhibition of Aurora B and p38 was analyzed using colony
formation assay (Fig.3.25). Treatment of cells with 1uM ZM resulted in nearly complete
prevention of colony formation, whereas partial inhibition of Aurora B with 0.5uM ZM showed
only a slight reduction in formation of colonies as compared to the control. Interestingly,
combined inhibition of AuroraB and p38 did not augment colony formation although the

cells had overcome the G1 arrest (Fig.3.24). In contrast, co-inhibition resulted in impaired
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cell proliferation. This reduced proliferation could be explained by the increased number
of apoptotic cells after co-inhibition of AuroraB and p38 (Fig.3.26). Thus, p38 seems to
have an anti-apoptotic function what is consistent with studies reporting that p38 inhibition
enhances the apoptotic effect of DNA damaging agents (Cappellini et al., 2005; Kurosu
et al., 2005). It is supposable that cells, that overcome the G1 arrest induced by Aurora B
inhibition, progress further through the cell cycle and undergo cell death, possibly via mitotic
catastrophe, due to severe cellular damage.

The finding of a synergistic effect on cancer cell proliferation with combined inhibition of
Aurora B and p38 might provide an approach for cancer therapy. Several Aurora kinase
inhibitors have already been tested in preclinical and clinical trials. Although preclinial studies
were promising, in clinical studies the effects in patients with solid tumors were not satisfying.
Thus, combined therapy of Aurora kinase inhibitors with chemotherapy or other anticancer
agents seems to be a more efficient strategy (Boss et al., 2009). The combined treatment
with Aurora B and p38 inhibitors might therefore offer a possible way to a more efficient

cancer therapy.

4.3.5 MAP3K4-p38-p53 - a common pathway activated after cytokinesis
failure?

In order to address whether the MAP3K4-p38-p53 signaling is a common pathway activated
after mitosis or cytokinesis failure to induce cell cycle arrest or whether it is only restricted

to Aurora B inhibition, a Lin9 depletion assay was performed.

Depletion of Lin9 with specific siRNA in U20S cells resulted in accumulation of p53 and
increased expression of its target p21, which is consistent with findings in senescent Lin9
knockout MEFs (Fig.3.2, 3.3). Further the MAP3K4 downstream targets p38 and JNK
were phosphorylated and activated which makes MAP3K4 likely to be activated in response
to Lin9 depletion in order to trigger the p38-p53 pathway. Whether MAP3K4 is actually
involved in the stress pathway, that is induced after mitotic failures due to downregulated
Lin9, needs to be further investigated with Lin9 and MAP3K4 co-depletion assays.

It is conceivable that mitotic errors due to Lin9 depletion activate the same MAP3K4-p38
pathway as observed upon AuroraB inhibition. Mitotic genes regulated by Lin9/DREAM
have functions in chromosome segregation, spindle checkpoint and cytokinesis (Osterloh
et al., 2007; Reichert et al., 2010) (Fig.1.2). Therefore, downregulated expression of Lin9
target genes might cause damage to the mitotic spindle or to the cytoskeleton, that was
discussed as a possible trigger for MAP3K4 activation (4.3.1). Altered expression of some
Lin9 target genes have been implicated in inducing a p53 responsive cell cycle arrest. For

instance, reduced expression of either the spindle checkpoint proteins Bubl or the centromere
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protein CENP-A results in p53 activation (Gjoerup et al., 2007; Maehara et al., 2010),

possible due to disruption of the mitotic spindle apparatus.

It can be hypothesized that the MAP3K4-p38-p53 signaling serves as a common pathway that
is activated after defects in mitosis or cytokinesis in order to prevent cell cycle progression

of aneuploid or polyploid cells.

4.3.6 Model of the mitotic stress induced pathway

The findings of these studies can be summarized in a model of the mitotic stress induced
pathway (Fig.4.1): Partial or complete inhibition of the mitotic kinase AuroraB results
in chromosome missegregation or cytokinesis failure. In order to limit the proliferation of
aneuploid, a p53 mediated cell cycle arrest is induced. In this process the function of p53
is regulated by two separate pathways: p53 is possibly stabilized by inhibition of AuroraB
itself or by damage of the mitotic spindle apparatus. This stabilization event is not sufficient
to activate p53 and a second pathway, the MAP kinase signaling pathway MAP3K4-p38,
is required for transcriptional activation of p53. MAP3K4 might be activated by mitotic
spindle disruption and trigger the signal to p38B. Presumably, p38B targets a transcriptional
co-factor of p53 leading to full activity of p53 and induction of p21.

The cell growth arrest induced by these pathways might prevent chromosomal instability and

might therefore suppress tumorigenesis.
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Fig. 4.1: Model of mitotic stress induced signaling pathways

Partial or complete inhibition of AuroraB results in chromosomal missegregation or
cytokinesis failure. In order to prevent aneuploidy two stress pathways are activated. p53
might be stabilized by AuroraB inhibition or mitotic spindle damage. Transcriptional activity of
p53isregulated by the MAP3K4-p38p pathway that might activate a p53 transcriptional
cofactor. Induction of p21 causes cell cycle arrest and might prevent chromosomal instability
(CIN) thereby suppressing tumorigenesis.
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5 Summary

Precise control of progression through mitosis is essential to maintain genomic stability and
to prevent aneuploidy. The DREAM complex is an important regulator of mitotic gene
expression. Depletion of Lin9, one core-subunit of DREAM, leads to reduced expression of
G2/M genes and impaired proliferation. In conditional mouse knockout cells (MEFs) Lin9
deletion causes defects in mitosis and cytokinesis and cells undergo premature senescence in

order to prevent further proliferation.

In this work it could be shown that the senescence phenotype in Lin9 knockout MEFs is
independently mediated by the two tumor suppressor pathways p53-p21 and p16-pRB.

Studies using the conditional Lin9 knockout mouse model demonstrated an important func-
tion of Lin9 in the regulation of mitotic gene expression and proliferation in vivo. Deletion of
Lin9 caused reduced proliferation in the intestinal crypts resulting in atrophy of the intestinal

epithelium and in rapid death of the animals.

In the second part of this work, the pathways leading to p53 mediated G1 arrest after failed
cytokinesis were analyzed by using a chemical inhibitor of the mitotic kinase AuroraB. In
a high throughput siRNA screen the MAP kinase MAP3K4 was identified as an upstream
activator of p53. It could be shown that MAP3K4 activates the downstream stress kinase
p38PB to induce the p53 mediated cell cycle arrest of tetraploid cells. p38f was required for
the transcriptional activation of the p53 target gene p21 in response to Aurora B inhibition. In
contrast, phosphorylation, stabilization and recruitment of p53 to the p21 promoter occured
independently of p38 signaling. Partial inhibition of Aurora B demonstrated that chromosome
missegregation also activates the MAP3K4-p38-p53 pathway, suggesting that subtle defects
in mitosis are sufficient for inducing this stress signaling pathway. Although p38 was required
for the G1 cell cycle arrest after mitotic failures, long-term co-inhibition of p38 and Aurora B
resulted in reduced proliferation probably due to increased apoptosis.

Presumably, MAP3K4-p38-p53 signaling is a common pathway that is activated after errors

in mitosis or cytokinesis to arrest cells in G1 and to prevent chromosomal instability.
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6 Zusammenfassung

Eine genaue Kontrolle des Verlaufs durch die Mitose ist entscheidend fiir die Gewahrleis-
tung genomischer Stabilitdt und fiir die Vermeidung von Aneuploidy. Der DREAM Kom-
plex ist ein wichtiger Regulator der Expression von mitotischen Genen. Die Depletion der
DREAM-Untereinheit Lin9, fiihrt zu einer verrminderten Expression von G2/M Genen und
beeintrachtigt die Proliferation. In konditionellen knockout Mauszellen (MEFs) verursacht
das Ausschalten von Lin9 Defekte in Mitose und Zytokinese und lost vorzeitige Seneszenz

aus, um eine weitere Zellproliferation zu verhindern.

In dieser Arbeit konnte gezeigt werden, dass der seneszente Phanotyp in Lin9 knockout MEFs
unabhangig von den beiden Tumorsuppressor-Signalwegen p53-p21 und pl6-pRB induziert
wird. Untersuchungen mit dem konditionellen Lin9 knockout Mausmodell verdeutlichten
die wichtige Funktion von Lin9 in der Regulierung der mitotischen Genexpression und der
Proliferation in vivo. Das Fehlen von Lin9 fiihrte zu einer verringerten Proliferation in den
Krypten des Diinndarms und verursachte eine Atrophie des Darmepithels und einen schnell

eintretenden Tod der Tiere.

Im zweiten Teil der Arbeit wurden Signalwege untersucht, die nach fehlerhafter Zytoki-
nese zu einem pb3 vermittelten G1l-Arrest fiihren. Hierfiir wurde ein chemischer Inhibitor
der mitotischen Kinase Aurora B verwendet. Mit Hilfe eines Hochdurchsatz siRNA Screens
wurde die MAP Kinase MAP3K4 als Aktivator des p53 Signalwegs identifiziert. Es konnte
gezeigt werden, dass MAP3K4 die Stresskinase p38B aktiviert, um den p53 vermittelten
Zellzyklusarrest in tetraploiden Zellen auszulésen. Dabei wurde p38f nach Hemmung von
Aurora B fiir die transkriptionelle Aktivierung des p53 Zielgens p21 bendtigt. Im Gegenteil
dazu erfolgte die Phosphorylierung, Stabilisierung und die Rekrutierung von p53 an den p21
Promoter unabhangig von p38. Die teilweise Hemmung von Aurora B zeigte, dass fehler-
hafte Segregation von Chromosomen auch den MAP3K4-p38-p53 Signalweg aktiviert und
lasst darauf schlieBen, dass subtile Defekte in der Mitose ausreichen diesen Stress-Signalweg
zu induzieren. Obwohl p38 fiir den G1 Zellzyklusarrest nach mitotischen Schaden erforderlich
war, fiihrte die gleichzeitige Inhibierung von p38 und Aurora B iiber einen langeren Zeitraum
zu einer verringerten Proliferation, vermutlich aufgrund verstarkter Apoptose.

Es ist anzunehmen, dass der MAP3K4-p38-p53 Signalweg generell nach Defekten in der
Mitose oder Zytokinese aktiviert wird um Zellen in G1 zu arretieren und um chromosomale

Instabilitat zu vermeiden.
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