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1. Abstract

Cells employ an extensive signalling network to protect their genome integrity, termed DNA
damage response (DDR). The DDR can trigger cell cycle checkpoints which prevent cell cycle
progression and allow repair of DNA damage. The failures in these safeguarding mechanism are
represented by serious human malignancies, most predominantly by cancer development. This work aims
to contribute to the understanding of how do the cells negatively regulate DDR and cell cycle checkpoint
signalling. We focused mainly on Wip1 (PPM7D) phosphatase, which is a major negative regulator of
DDR and is indispensable for checkpoint recovery. Firstly, we have shown that Wip1 is degraded during
mitosis in APC-Cdc20 dependent manner. Moreover, Wip1 is phosphorylated at multiple residues during
mitosis, resulting in inhibition of its enzymatic activity. We suggest that the abrogation of Wip1 activity
enables cells to react adequately even to low levels of DNA damage encountered during unperturbed
mitosis. In the following publication, we have investigated why the mitotic cells trigger only early events
of DDR and do not proceed to the recruitment of DNA repair factors such as 53BP1. We showed that
53BP1 is phosphorylated within its ubiquitination-dependent recruitment domain by CDK1 and Plk1.
These phosphorylations prevents 53BP1 to bind ubiquitinated histones, to localize to the sites of DNA
damage and ultimately hampers DNA repair. In included unpublished results we showed that Wip1 is
phosphorylated upon genotoxic stress by MK2 and p38 kinases. The functional relevance of these
modifications still remains to be elucidated. In next part, we identified novel gain-of-function mutations
of PPM1D which result in expression of C-terminally truncated Wipl. The truncated Wip1 retains its
catalytic activity, while exhibit increased protein stability. As result, cells have more of catalytically active
Wip1, that efficiently shut down the p53-dependent G1 checkpoint. These mutations were identified in
cancer cell lines U20S and HCT116 and importantly also in peripheral blood of breast and colorectal
cancer patients. We propose that these mutations could predispose to cancer development. Finally, we
showed 77 vitro that inhibition of Wip1 by small molecule drug GSK2830371 specifically sensitizes breast
cancer cells with amplified PPM7D and wild-type p53 to chemotherapy treatment with DNA damaging
drugs and to Mdm2 antagonist such as Nutlin3. In conclusion, the results obtained during the work on
this thesis contribute to our knowledge of how the cells negatively regulate DDR. We believe that better
understanding to molecular regulation of DDR will eventually lead to better diagnostics and to

development of more targeted cancer treatments.



2. Introduction

2.1. DNA damage response and cell cycle checkpoints

DNA damage, particularly in form of double-strand breaks, represent a serious danger to the
maintenance of genome integrity. The broken DNA cannot be correctly replicated nor properly
segregated into daughter cells. To cope with DNA damage eukaryotic cells evolved sophisticated
mechanisms which allow them to stop cell cycle progression (so-called checkpoints), repair the damaged
DNA and then eventually re-enter the cell cycle and continue to proliferate (also termed checkpoint
recovery). Alternatively, if the damage is too severe to be repaired, cells can permanently stop in cell cycle
(senescence) or trigger programmed death (apoptosis). The failures in safeguarding mechanism of DNA
damage response and in tight control of cell division are represented by serious human malignancies,

most predominantly by cancer development (Jackson and Bartek, 2009).

2.1.1. G1 checkpoint signaling

During the G1 phase the DNA double-strand breaks activate ATM signaling. ATM
phosphorylates and thus activates diffusible effector kinase Chk2 on threonine 86 (Schwarz et al., 2003).
Fully activated Chk2 spreads the DDR signaling further through the nucleus. Among other substrates,
Chk2 phosphorylates a CDK activatory phosphatase Cdc25A on serine 76. Phosphorylated Cdc25A is
subsequently ubiqutinated by SCF/bTtCP ubiqutin ligase complex and destined to degradation (Mailand
et al., 2000).

The maintenance of arrested state is facilitated by a slower transcriptional response that crucially
depends on tumour suppressor p53. Both ATM and Chk2 phosphorylate p53 within its N-terminus (at
serine 15 and threonine 18 and serine 20, respectively), which results in its stabilization (Canman and
Lim, 1998; Khanna et al., 1998; Shieh et al., 2000). The p53 acts as a master transcriptional regulator of
both cell cycle progression and cell death. From perspective of G1 checkpoint its most important
transcriptional target is p21.

The p21 binds CDK4/6-cyclin D and CDK2-cyclin E complexes and blocks progtession trough
cell cycle. The loss of either p53 or p21 results in abrogation of G1 checkpoint (Abbas and Dutta, 2009).
The importance of p53 is reflected by the fact that p53 is most frequent mutated tumor-suppressor in

cancer.



2.1.2. S-phase and G2/M checkpoint signaling

The emergence of sister chromatids during S-phase enables cells to shift from error-prone repair
via NHE] of some DSBs to precise repair via homologous recombination (HR). This shift in DNA repair
is interconnected with extensive processing of DNA broken ends and distinctive DNA damage response.
The Mrell and CtIP endonuclease resect the DNA ends, producing a 3’ ssDNA overhang (Jazayeri et
al., 2006; Sartori et al., 2007). The ssDNA generated during the resection triggers the ATR/Chk1/Weel
signalling pathway. ATR/Chk1/Weel signalling is activated also by stretches of ssDNA which arise
during the DNA replication and particularly during the replication stress at stalled replication forks. Here,
the ATR/Chk1/Weel signalling is essential as it keeps the level of endogenous replication stress is under
tight control and ensure a proper DNA replication rate during the S-phase progression.

ATR phosphotylates C-terminal regulatory domain of Chkl on several SQ/TQ sites, including
serine 317 and 345 that are assumed to be crucial for Chkl activation (Liu et al., 2000). Chkl
phosphorylates Cdc25A on serine 76 (Kasahara et al., 2010). Phosphorylated Cdc25A is subsequently
ubiqutinated by SCF/bTtCP ubiqutin ligase complex and destined to degradation (Busino et al., 2003;
Jin et al., 2003).

Chk1 also phosphorylates and thus prevent form actions CDC25B and Cdc25C phosphatases.
Cdc25B is phosphorylated on serine 323, this site is then bound by 14-3-3 that blocks Cdc25B catalytic
site and inhibits its activity (Forrest and Gabrielli, 2001). Cdc25C phosphorylated on serine 216 is
recognized by 14-3-3 and sequestrated into cytoplasm, which averts its actions against nuclear CDK
(Graves et al., 2001).

The p53/p21 axis acts again G2 and contributes to the checkpoint signalling, however the G2/M
checkpoint does not strictly depends on p53 as opposed to G1 checkpoint (Bunz et al., 1998). While
ATM/Chk2 plays a role in initiation of checkpoint, it is the ATR/Chk1 signalling which is indispensable
prolonged G2/M checkpoint maintantance (Liu et al., 2000; Painter and Young, 1980; Rainey et al., 2008;
Shibata et al., 2010; Takai et al., 2000). In addition to inhibition of CDC25 phosphatases by Chk1 and
direct inhibition of CDK1 by Weel, checkpoint signaling also targets Plk1 and its co-activators Aurora

kinase A and Bora (Krystyniak et al., 2006; Qin et al., 2013; Smith, 2000).
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Figure 3.: Comparison of DNA damage response and cell cycle checkpoint signalling in different phases of cell cycle -
G1 checkpoint depends crucially on ATM-Chk2-p53-p21 pathway. On contrary in S phase the p21-dependent response
is absent and checkpoint is further promoted by ATR-Chk1-Wee1 signalling. In G2, although the ATM-Chk2-P53-p21
contributes to the checkpoint, major role plays again ATR-Chk1-Weel signalling. For further details see text above

(adapted with modifications from (Shaltiel et al., 2015).

2.2. DNA damage response is interconnected with DNA repair

DNA damage response signalling is closely interconnected with the DNA repair machinery. Prior
to DNA repair, the chromatin in the vicinity of the DNA lesions is extensively modified by several types
of posttranslation modifications. These PTMs then serves as platforms for efficient accumulation of
DNA repair proteins. In addition to ATM/ATR-dependent phosphorylation of chromatin proteins, the

protein ubiquitination plays major signaling role in DNA repair (Doil et al., 2009).



The 53BP1 is a bivalent reader of chromatin modifications. The ubiquitination-dependent
recruitment (UDR) motif of 53BP1 binds the Lys63-linked monoubiquitination of H2A at K13 and K15
(Fradet-Turcotte et al., 2013). Additionally, 53BP1 contains Tudor domain which recognize dimethylated
histone H4K20-me2 (Botuyan et al., 2000; Sanders et al., 2004).

BRCAI1 itself does not contain any MIUs, but it associates with ubiquitinated histones through
interaction with adaptor proteins Abraxas and RAP80, where RAP80 provides MIUs for BRACA1-
Abraxas-RAP80 complex (Wang et al., 2007). While 53BP1 promotes the DNA repair trough non-
homologous end-joining, BRCA1 stimulates repair via homologous recombination. There is antagonistic
relationship between 53BP1 and BRCA1 which orchestrates repair pathway choice. 53BP1 interacting
protein Rifl blocks the binding of Brcal to sites of DSBs in G1. Conversely, Brcal prevents the
interaction between 53BP1 and Rifl in S/G2 (Chapman et al., 2013; Di Vitgilio et al., 2013; Esctibano-

Diaz et al., 2013; Zimmermann and de Lange, 2014; Zimmermann et al., 2013).

2.3. Checkpoint Recovery

Once cells successfully repair the damaged DNA, it is desirable to re-enter cell cycle and to
continue in proliferation. This process is termed checkpoint recovery. As described above checkpoint
signaling depends heavily on post-translation modification and protein phosphorylation in particularly.
The critical step in checkpoint recovery is reversal of these modification. Several protein phosphatase
has been proposed to play role in dephosphorylation of checkpoint components and it seems that they
can act in redundant manner (Lee et al., 2014; Shaltiel et al., 2014). Here will focus on role of Wip1

phosphatase.

2.3.1. Wild-type p53-induced phosphatase 1 - Wip1

Wip1 is a magnesium-dependent serine/threonine monomeric phosphatase that belongs to the
protein phosphatase 2C (PPC2) family (Fiscella et al., 1997). The Wip1 protein (605aa) consist of two
major domains — N-terminal domain, which comprise of PP2C catalytic domain (1-372 aa) and
noncatalytic C-terminal domain (376-605 aa; (Yoda et al., 2006). Within the otherwise conserved PP2C
catalytic domain of Wipl resides an unique positively charged segment, termed B-loop (235268 aa).
The B-loop has been reported to be crucial for Wipl substrate specificity (Chuman et al., 2009;
Yamaguchi et al., 2007). Importantly, the B-loop is bound by an allosteric Wip1 inhibitor GSK2830371
(Gilmartin et al., 2014). C-terminal domain is unique for Wip1l and its functional relevance remains

unknown.
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2.3.1.1. Role of Wip1 in checkpoint recovery

Wip1 exhibits specificity toward two different motives — to pSQ/pTQ and to pTXpY. SQ/TQ
motif is phosphorylated by ATM and ATR kinases. Wipl therefore counteract the activate DDR
signaling on multiple levels and dephosphorylate virtually all major players in DDR — including ATM,
gH2AX, Chkl, Chk2 and most importantly p53 itself. In addition to inhibition of upstream p53
activators, Wipl also remove inhibitory phosphorylations from Mdm?2, further leading to p53 (Van
Maerken et al., 2009, figure 2009).

Lindquist et al.,, further demonstrated that in Wipl-deplated cells p53 signaling is able to
downregulate cyclin B levels below threshold that is needed for preserving the minimal CDK1-cyclin B1
activity, which is needed to maintain recovery competence (Lindgvist et al., 2009). To conclude, Wip1
acts as homeostatic regulator of DDR by dephosphotylating the substrates of ATM/ATR kinases, most
importantly it counterbalances p53-dependet repression of CDKI1 signalling and thus ensures checkpoint

recovery COl’antCl’lCC.

(wip1) Figure 10. Inactivation of p53 represents

a major function of Wip1.
Wip1 dephosphorylates and thus inactivates upstream activators
of p53 - ATM, ATR, Chk1, Chk2, p38. Moreover, Wip1 also remove

938 P inhibitory phosphorylations from Mdm2, further leading to p53
MDM2 ’
P) Ch«2 ATM downregulation. At least but not last Wipl directly

('w:p1:j —) Conki _) P (_ ATR dephosphorylates p53 itself. Adapted with modifications from

(Van Maerken et al., 2009).
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3. Aims of the study

This work aims to contribute to the understanding of how do the cells negatively regulate DNA
damage response and cell cycle checkpoint signalling. We focused mainly on Wipl (PPMT7D)
phosphatase, which is a major negative regulator of DNA damage and is indispensable for checkpoint
recovery. While the role of Wipl in the regulation of DNA damage has been established in numerous
studies, its regulation remains largely unexplored. During the work on this thesis, we were also interested
in the regulation of DNA damage during the mitosis. There is an increasing amount of evidence that
DNA damage response is organized differentially in mitosis compared to interphase. Nonetheless, the

underlying molecular mechanisms remains poorly understood.
Specific aims of this thesis can be summarized as follows:

- Characterize the regulation of Wipl phosphatase during the cell cycle.
- Investigate the negative regulation of DNA damage response in mitosis,
with the focus on post-translational modifications of 53BP1.
- Characterize the newly identified mutations of PPMI1D (Wip1) on a molecular level.
- Describe the effect of Wip1 inhibition in cancer cell lines.
- Determine the functional relevance of mutual regulation between Wipl and p38/MK2

pathway upon genotoxic stress

4. List of methods

Molecular cloning and standard molecular biology techniques

RNA isolation, cDNA synthesis and quantitative RT-PCR

Standard biochemistry techniques including SDS-PAGE, immunoblotting, immunoprecipitations
Tissue cultures, plasmid and siRNA transfections, preparation of stable cell lines

Cell fractionation

Immunocytochemistry

Fluorescence microscopy, live-cell microscopy, confocal microscopy, laser micro-irradiation,
high-content & high-throughput microscopy and corresponding image analysis

Flow cytometry

12



5. Discussion

5.1. Downregulation of Wipl phosphatase modulates the cellular threshold of DNA damage

signalling in mitosis

The role of Wipl as a major negative regulator of DNA damage response has been established
in numerous studies. Nonetheless, the regulation of Wipl itself remained largely unknown. In the
presented study, we have investigated how is the Wip1 regulated during the cell cycle progression.

We have shown that protein levels of Wipl gradually increases from G1 to G2 phase. The
increase of Wipl might reflect that as Wipl can be induced by various stress stimuli, including the
endogenous stress that occurs even in unperturbed S-phase. The higher level of Wip1 in G2 phase may
be functionally relevant. Even though that Wip1 is not essential for mitotic entry, its depletion results in
delayed mitotic entry (Lindqvist et al., 2009). We could hypothesize that increased Wipl levels
counterbalance the ATR and eventually ATM activity that was induced during replication and DNA
breakage.

Upon the mitotic entry, the Wip1 levels drop down rapidly. We have demonstrated that this
decrease is caused by the degradation of Wip1 protein as the levels of Wipl mRNA remained unaltered
between G2 and M. Moreover, the decrease of Wip1 levels was prevented by treatment with proteasomal
inhibitor MG132. Finally, we tested which ubiquitin ligase is responsible for Wip1 degradation. We aimed
for SCF and APC-Cdc20 complexes as both of these are active early in mitosis. We have demonstrated
that depletion of Cdc20 resulted in stabilization of Wipl levels as opposed to depletion of SCF
components. Taken together we propose that Wip1 is degraded by the proteasome in mitosis in APC-
Cdc20 dependent manner.

In addition to the degradation, we have found that Wip1 protein is extensively phosphorylated
during the mitosis. We have shown that Serine 40 is major phosphosite of CDKI1. As the mutation
analysis of Serine 40 did not reveal any apparent phenotype, we extended the mutational analysis to other
7 residues within the catalytic domain that have been identified in the mass-spec analysis of mitotic
phosphoproteome. Strikingly, the 7D phosphomimetic mutant lost the phosphatase activity. We were
unable to resolve whether the endogenous Wipl phosphorylation is required for its subsequent
degradation or not. Alternatively, the phosphorylation dependent inactivation of Wip1 may cooperate
with its degradation to ensure that that Wip1 activity is completely removed from mitosis.

To investigate the functional relevance of Wipl degradation we established a tetracycline

inducible system that allows us to induce high levels of Wip1 during the mitosis. We have observed no
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defects in the timing of mitotic progression, cytokinesis, nor any defects in spindle assembly upon
induction of catalytically active Wip1 (data not shown).

Next, we focused on how the ectopic expression of Wipl would affect the DNA damage
response in mitosis. Notably, in contrast to interphase, mitotic cells trigger only very early events of DDR
but do not proceed to the later activation of checkpoint kinases nor to the recruitment of repair factors.
Induction of double-strand breaks during mitosis leads to activation of ATM, subsequent
phosphorylation of H2AX and recruitment of MDC1 but later phases of response are actively inhibited
by multiple mechanisms (Giunta et al., 2010; Nelson et al., 2009).

We hypothesized that the removal of Wip1 may allow the persistence of the yH2AX marks on
damaged DNA through the mitosis to subsequent G1 phase, where they can be further processed to
efficient repair. Even though the G2/M checkpoint prevents the cell from entering into mitosis with
damaged DNA, cells are still able to do so in presence of few DNA breaks (Harrison and Haber,
20006)(Harrison and Haber et al., 2000).

Alternatively, DNA damage could arise directly in mitosis and even without exogenous
perturbations. Lukas et al. showed that unresolved replication intermediates that arise during the normal
replication and to larger extent upon replication stress are converted to DNA breaks during the mitotic
progression. The mechanism of this conversion to breaks may be attributed to chromatin induced
ruptures or to aberrant resolution of ultra-fine chromatin bridges. Subsequently, these lesions are
transmitted to daughter cells, where they become shielded by 53BP1 nuclear bodies (Lukas et al., 2011).

We have shown that forced expression of Wip1 leads to an approximately two-fold reduction of
yH2AX foci number in mitosis. Correspondingly, we have also observed similar decrease in a number of
53BP1 bodies in subsequent G1 phase. In conclusion, we propose that combination of proteasome
degradation and phosphorylation-mediated inhibition of Wip1 enables the fine-tuned sensing of DNA
damage that arises during unperturbed mitosis and allows the persistence of early chromatin marks of

the lesions to the subsequent G1 phase where the repair of DNA can continue.

5.2. Polo-like kinase 1 inhibits DNA damage response during mitosis

As described above DNA damage response and DNA repair is organized differentially during
interphase and in mitotic cells. In the presented study, we have investigated the molecular mechanism
underlying the question why do not mitotic cells proceed to the recruitment of repair factors, such as
53BP1, during the mitosis and wait with the DNA repair to subsequent G1.

The 53BP1 protein is a bivalent reader of chromatin posttranslational modifications. The

ubiquitination-dependent recruitment (UDR) motif of 53BP1 binds the RNF168-dependent
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monoubiquitination of H2A at K13 and K15. In addition, 53BP1 contains Tudor domain that recognizes
dimethylated histone H4K20-me2. We have hypothesized whether the compromised ability to bind to
the site of DNA lesions could be attributed to posttranslational modifications of 53BP1 during the
mitosis. We have shown that major mitotic kinases Cdk1 and Plk1 phosphorylate 53BP1 within its UDR
domain at Thr1609 and Ser1618 respectively. Importantly these phosphorylations interfere with 53BP1
ability to bind ubiquitinated histones, to localize to sites of DNA damage and ultimately hampers DNA
repair. Correspondingly, the inhibition of Plk1 increased of DNA repair capacity in mitotic cells.

While we have demonstrated that phosphomimicking mutants 53BP1-T1609D-S1618D failed to
localize properly to sites of DNA damage during the interphase, the non-phosphorylatable mutants
53BP1-T1609A-S1618A did not rescue the recruitment of 53BP1 to DNA lesions during the mitosis
(data not shown). This suggests the existence of yet another mechanism that prevents proper function
of 53BP1 during the mitosis. In parallel to our study, Orthwein et al. showed that in addition to 53BP1,
RNF8 ubiquitin ligase is phosphorylated during the mitosis by CDK1 at Thr198. The phosphorylation
of Thr198 abrogated the RNF8 binding to MDC1 and thus prevented the ubiquitination of histone H2A
in the vicinity of DNA lesions. Importantly, once the combination of non-phosphorylatable mutants
RNF8-T198A and 53BP1-T1609A-S1618A was introduced into mitotic cells, the recruitment of 53BP1
to the damaged chromatin was restored (Orthwein et al., 2014).

Taken together, cells efficiently suppress theirt DNA repair mechanisms during mitosis. The
active and multiple regulations of this suppression suggest that the DNA repair during mitosis is highly
undesirable. Indeed, once the DNA repair was artificially restored by expression of non-phosphorylatable
mutants of RNF8 (T198A) and 53BP1 (T1609A/S1618A), the mitotic cells were even further sensitized
to DNA damage and exhibited genome instability. In particular, they were prone to sister telomere
fusions and shown increased rates of missegregation of chromosomes, ultimately leading to micronuclei
formation and aneuploidy (Orthwein et al., 2014). This suggests that mitotic telomeres are particularly
prone to uncapping and subsequently to fusions as results of aberrant DNA repair. The protective protein
complex, termed Shelterine, normally inhibits the DNA repair in telomeric regions during the interphase
(de Lange, 2009). Among the proteins of Shelterin, particulatly the protector of telomeres 1 (POT1) and
telomere repeat binding factor 2 (TRF2) have been suggested to protect the telomete ends from fusions
by inhibition of ATM and ATR activity (Denchi and de Lange, 2007). In contrary to interphase, it has
been proposed that mitotic telomeres are present in an underprotected state due to the dissociation of
TRF2. Interestingly, the TRF2 dissociation could be reversed by inhibition of Aurora B (Hayashi et al.,
2012). Nonetheless, the particular details of both functional relevance and molecular mechanism of this

phenomenon are not fully understood.
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5.3. Gain-of-function mutations of PPM1D/Wip1 impair the p53-dependent
G1 checkpoint.

Here we described novel gain-of-function mutations in PPM7D gene that encodes Wipl
phosphatase. Initially, we identified the Wipl mutation in cancer cell lines U20S and HTCI116.
Moreover, we found similar mutations in colon and breast cancer patients. The mutations were detected
in peripheral blood, suggesting that they are not a mere consequence of genome instability in tumours.
These mutations occur exclusively in mutation hotspot in exon 6 and give rise to a C-terminally truncated
protein.

Truncated Wip1 retains intact catalytic domain and exhibit similar catalytic activity to the full-
length protein. Importantly, we show that the truncated Wip1 protein has increased stability, with half-
life more than 6 hours in contrast to 1-2h in full-length Wip1. As result, cells have a more of catalytically
active Wipl, that efficiently shutdowns p53 dependent signalling. This explains the observation that
U208 and HCT116 cell lines, fail to efficiently arrest in G1 checkpoint, while they retain the wild-type
alleles of p53. In support of this notion, we have shown that G1 checkpoint in these cell lines was restored
upon Wip1 depletion.

The function of Wip1 C-terminus is currently unknown, our data suggest that the C-terminus
renders the Wip1 unstable and controls its proteasomal degradation. We hypothesize that C-terminus
cither mediates Wip1 interaction with ubiquitin ligase and/or the lysines within the C-terminus are the
substrates of poly-ubiquitination that targets Wip1 to degradation.

While the number of patients in our study was insufficient to statistically show that the identified
mutations predispose to cancer development, a parallel extensive case controlled study by Ruark et al.,
confirms the clinical significance of Wip1 truncation mutations (Ruark et al., 2013).

Based on our data from cancer cell lines, it seems that the major contribution of Wip1 mutations
to cancer predisposition is due to the defects in G1 checkpoint. In the current model, during the cancer
development, the cells firstly acquire a gain-of-function mutation in pro-proliferative oncogenes, such a
Myc or Ras. This leads to increased proliferation, yet also to increase in replication stress, DNA breakage
and subsequent activation of DNA damage response and cell cycle checkpoint signalling. In presence of
persisting DNA damage, cells trigger in a p53-dependent manner either an apoptosis or permanent cell
cycle arrest, termed senescence. However, if the p53 is inactivated either by loss-of-function mutation or
by gain-of-function mutation of Wip1, the cells loss the tumor-suppressive protection of checkpoint and
the precancerous lesions can escape apoptosis and senescence and progress to become cancer (Bartkova

et al., 2005; Di Micco et al., 2007; Gorgoulis et al., 2005; Halazonetis et al., 2008).
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Similarly, to patients with amplification of PPM7D, the subset of patients with Wip1 truncating
mutations might represent suitable candidates to pharmacological inhibition of Wipl. The

pharmacological effects of Wip1 inhibitors iz vitro were recently described by our group and others.

5.4. Inhibition of WIP1 phosphatase sensitizes breast cancer cells to genotoxic stress and to
MDM2 antagonist nutlin-3

There is an increasing amount of evidence that Wip1 act as an oncoprotein. Wip1 overexpression
and stabilizing mutation have been identified in human tumours. Moreover, it was shown that overall
survival rate for lung adenocarcinoma and non-small cell lung cancer patients with Wipl-positive
expression group was significantly lower than that of the Wip1-negative group (Satoh et al., 2011; Zhao
et al, 20106). Therefore, Wip1 represent a potential therapeutic target for these tumours with increased
Wip1 levels. In the presented study, we validated specificity and tested pharmacological effects of two
commercially available Wip1 inhibitors GSK2830371 (Gilmartin et al., 2014) and CCT007093 (Rayter et
al., 2008) on cancer cell lines.

While CCT007093 suppressed cell proliferation, this effect was independent on Wip1 as CRISPR
induced PPM7D knockout exhibit the same decrease in proliferation rate. Moreover, we have not
observed any increase in phosphorylation of well-established Wip1 targets such p53-pS15 and yH2AX
upon DNA damage. Therefore, we suggest that CCT007093 does not inhibit Wip1 activity in cell lines.

In contrast to CCT007093, GSK2830371 inhibited cell proliferation in Wip1-dependent manner.
In addition, phosphorylation of yH2AX and pS15 p53 was greatly increased upon GSK2830371
treatment. These findings thus confirm that GSK2830371 inhibits Wip1 phosphatase.

Importantly Wip1 inhibition reduces cell proliferation only in transformed cell lines that express
high levels of Wip1, while it did not affect the proliferation non-transformed cells with low levels of
Wipl. Moreover, the anti-proliferative effect of Wip1 inhibition was strictly dependent on p53 status as
p53-/- cells were unaffected by Wip1 inhibition. Again this supports the notion that p53 is functionally
most relevant target of Wipl. We have observed that Wip1 depletion in transformed p53 positive cells
resulted in the accumulation of these cells in G2 phase. This is in agreement with previous studies which
showed that Wip1 depletion cause delay in G2/M transition (Lindqvist et al., 2009).

While the inhibition of Wip1 alone inhibited the cellular proliferation it did not induce the cell
death. However, we were able to show that Wip1 inhibition potentiated the cell death induced by a DNA
damaging agent doxorubicin. The synergy between boosting up the p53 response and doxorubicin

treatment have been described before using Nutlin-3.
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We have further shown that combined treatment with Wip1 inhibitor and Nutlin-3 potentiates
the effect of doxorubicin by induction of both senescence and apoptosis. In addition, we observed that
combination of Wipl inhibitor and Nutlin-3 lead to hyperactivation of p53 pathway, even without
genotoxic stress and also resulted in induction of senescence and cell death.

Taken together, our 7z vitro data suggest that the treatment with Wip1 inhibitor could be beneficial
for the subset tumours with increased Wip1 levels and p53 wild-type status. While the inhibition of Wip1
alone slows down the proliferation of cancer cells, it is not sufficient to eradicate them. On the other
hand, Wip1 inhibitors specifically sensitize the cancer cells to genotoxic drugs, such as doxorubicin, or
to Mdm2 antagonists. Thus the Wip1 inhibitors could improve the response to these drugs and eventually

reduced their effective dose, which would lessen the harmfull effects of chemotherapy on healthy cells.
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6. Conclusions

In conclusion, the results obtained during the work on this thesis contribute to our knowledge
of how the cells negatively regulate DNA damage response. The dysregulation of DNA damage response
plays a fundamental role in both cancer development and cancer treatment. Therefore, we believe that
better understanding of molecular regulation of DDR will eventually lead to better diagnostics and to

development of more targeted cancer treatments

The novel findings achieved during the work on this thesis can be summarized as follows:

- We described the regulation of Wip1 during the cell cycle. Wip1 protein levels increase from G1 to G2
and declines in mitosis. Decreased of Wipl during mitosis is caused by APC-Cdc20 dependent
proteasomal degradation. Moreover, Wip1l is phosphorylated at multiple residues during mitosis, which
results in inhibition of its enzymatic activity. We suggest that the combination of degradation and
inhibition of Wipl in mitosis enables mitotic cells to retain early marker of DDR, such as yH2AX,
through the mitosis to subsequent G1, where they can continue with distant part of DDR and proper
DNA repair. The abrogation of Wip1 activity during the mitosis thus enables cells to react adequately

even to low levels of DNA damage encountered during unperturbed mitotic progression.

- In contrast to interphase, mitotic cells trigger only very early events of DDR and do not proceed to the
recruitment of DNA repair factors such as 53BP1. Here we have shown, that 53BP1 is phosphorylated
within its UDR domain at Thr1609 and S1681 by CDK1 and Plk1 respectively. These phosphorylations
prevent 53BP1 to bind ubiquitinated histones, to localize to sites of DNA damage and ultimately hampers
DNA repair. We showed that both 53BP1 and Plk1 localize during the mitosis to the kinetochores and
thus we suggested that kinetochores may represent a compartment which promotes the Plk1 dependent-

phosphorylation of 53BP1.

- We identified novel gain-of-function mutations of PPM7D. These mutations result in expression of C-
terminally truncated Wip1. The truncated Wip1 retains its catalytic activity, while exhibit increased protein
stability. As result, cells have more of catalytically active Wipl, that efficiently shut down the p53-
dependent G1 checkpoint. These mutations were identified in cancer cell lines U20S and HCT116 and
importantly also in the peripheral blood of breast cancer patients. We propose that these newly identified

mutations could predispose to cancer development.
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- Using the cell CRISPR-Cas9 knock-out model we validated specificity and characterize the effects of
Wipl inhibitor GSK2830371. Inhibition of Wipl significantly reduced the cell proliferation in
transformed cell lines that express high levels of Wip1, while it did not affect the proliferation non-
transformed cells with low levels of Wipl. In addition, we showed that inhibition of Wipl by
GSK2830371 sensitizes breast cancer cells with amplified PPM7D and wild-type p53 to chemotherapy

treatment with DNA damaging drugs and to Mdm2 antagonist such as Nutlin-3.

- Our unpublished results show that Wip1 is phosphorylated upon UVC irradiation by MK2 at serine 46
in vitro and in vivo. In addition, we have demonstrated that Wip1 is also phosphorylated by p38 on multiple
residues. These phosphorylations do not alter catalytic activity of Wipl or its localization and their
functional relevance remain to be elucidated. We were unable to reproduce previously reported
obsetrvations that p38/MK2 pathway regulates YH2AX levels upon UVC irradiation, that the p38-pT180
tis a substrate of Wipl in human cells and that the Wip1 regulates the removal of CPDs upon UVC
irradiation. The functional relevance of interplay between Wip1 and p38/MK2 signalling upon genotoxic

stress remains unclear.
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9. Abstrakt

Pro udrzeni integrity genomu vyuzivaji bunky extenzivni signalni sit’ nazyvanou bunécna
odpovéd na poskozeni DNA (DNA damage response). DDR je schopna aktivovat kontrolni body
bunécéného cyklu (checkpoints), které brani dalsimu priichodu bunéénym cyklem a umoznuji burce
opravit poskozenou DNA. Poruchy téchto ochrannych mechanismu se projevuji zavaznymi lidskymi
onemocnénimi, pfedevsim rozvojem rakoviny. Cilem této prace je pfispét k porozuméni déju, jak bunky
negativné reguluji DDR a signalizaci kontrolnich bodu bunééného cyklu. Zaméfili jsme se zejména na
fosfatazu Wipl (PPMT1D), ktera je hlavnim negativnim regulatorem DDR a je nezbytna pro zotaveni z
kontrolnich bodu. Nejprve jsme ukazali, ze Wipl je degradovana béhem mitdézy APC-Cdc20-
dependentnim mechanismem. Wipl je dale v prabéhu mitézy fosforylovana na nékolika
aminokyselinach, coz vede k inhibici jeji enzymatické aktivity. Navrhujeme, Ze inhibice Wip1l umoznuje
bunkam adekvatné reagovat i na nizkou hladinu poskozeni DNA, ke kterému dochazi i pfi nenarusené
mitéze. V nasledujici publikaci jsme se zabyvali tim, pro¢ mitotické bunky spoustéji pouze ¢asnou DDR
a nepokracuji k akumulaci opravnych faktord jako je 53BP1. Ukazali jsme, ze 53BP1 je fosforylovan
kinazami CDKI1 a Plk1 uvnitf motivu, ktery je zodpovédny za jeho vazbu na ubiquitin. Tyto fosforylace
brani 53BP1 vazat se na ubiquitinované histony, dostat se do mist poskozen{ DNA a ve vysledku branf
efektivni opravé DNA. V zahrnutych nepublikovanych datech jsme ukazali, ze Wip1 je po genotoxickém
stresu fosforylovana kindzami MK2 a p38. Funkéni vyznam téchto fosforylaci je vsak nutné dale objasnit.
V daldi ¢asti prace jsme identifikovali nové aktivacni (gain-of-function) mutace genu PPM7D, které
zpusobuji expresi C-terminalné zkraceného proteinu Wipl. Zkracena varianta Wip1 je katalyticky aktivni
a vykazuje zvysenou stabilitu. Ve vysledku maji bunky vice katalyticky aktivni Wip1, ktera u¢inné vypina
p53-dependentni kontrolni bod v G1. Tyto mutace jsme objevili v bunéénych linif U20S a HTC116 a
rovnéz v periferni krvi pacientd s rakovinou prsu a konecniku. Navrhujeme, Ze tyto mutace mohou
predisponovat nositele k rozvoji rakoviny. Nakonec jsme 7 vitro ukazali, ze inhibice Wipl drogou
GSK2830371 specificky senzitizuje bunky rakoviny prsu s amplifikaci PPM7D a wild-type alelou p53 k
ucinkam latek poskozujicich DNA a k antagonistim Mdm2, jako je Nutlin-3. V souhrnu ziskané vysledky
pfispivaji k porozuméni toho, jak bunky negativné reguluji DDR. Véfime, ze lepsi porozuméni

molekularnim mechanismam DDR pfispéje k lepsi diagnostice a vyvoji cilenych 1éciv proti rakoving.
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10. Uvod

10.1. Poskozeni DNA a kontrolni body bunécéného cyklu

Poskozeni DNA, zejména pak dvoufetézcové zlomy, vazné ohrozuje integritu genomu.
Poskozena DNA nemuze byt bezchybné replikovana a rovnéz nemuze byt spravné rozdélena do
dcefinych bunék. Eukarytické bunky disponuji sofistikovanymi mechanismy, které jim v ptipadé
poskozeni DNA umoznuiji zastavit jejich bunécny cyklus (tzv. kontrolni body bunééného cyklu), opravit
DNA a pfipadné pak znovu pokracovat v prichodu bunéénym cyklem a délenim. Pokud je poskozeni
DNA piili$ velké, mohou bunky permanentné zastavit své déleni (tzv. bunécna senescence) nebo ukoncit
svou existenci programovanou bunécnou smrti (apoptéza). Selhani ochrannych mechanismi udrzujicich
integritu genomu a kontrolujicich bunécné déleni se projevuje fadou vaznych onemocnéni,

nejvyznamnéji pak rozvojem rakoviny (Jackson and Bartek, 2009).

10.1.1. Signalizace kontrolniho bodu v G1 fazi bunécného cyklu

V priubéhu G1 faze aktivuji dvoufetézcové zlomy signalni kaskadu kinazy ATM. ATM nasledné
fosforyluje na threoninu 86 a tim aktivuje difusibilni efektorovou kinazu Chk2 (Schwarz et al., 2003).
Plné aktivni Chk2 §iff signal bunéénym jadrem. Chk2 fosforyluje Cdc25A, fosfatazu aktivujici CDK
kindzy na serinu 76. Fosforylovani Cdc25A je potom ubikvitinovana komplexem SCF/bTtCP a urcena
k degradaci (Mailand et al., 2000).

Udrzovani kontrolntho bodu je zajisténo pomalejsi odpovédi na trovni transkripce a zasadné
zavisi na tumor-supresoru p53. ATM a Chk2 fosforyluji N-terminalni konec p53 a tim stabilizuji p53
(Canman and Lim, 1998; Khanna et al., 1998; Shieh et al., 2000). p53 funguje jako hlavni transkripéni
regulator G1 kontrolniho bodu a programované bunécné smrti. Ve vztahu ke kontrolnimu bodu G1 faze
je jeho klicovym transkripénim cilem p21. p21 vaze komplexy CDK4/6-cyklin D and CDK2-cyklin E,
inhibuje jejich funkci a tim brani bunice v dal$im postupu bunéénym cyklem. Vyznam p53 odrazi

skutecnost, ze pfedstavuje nejcasteji mutovany tumor-supresor v rakovine.
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10.1.2. Signalizace kontrolniho bodu v S fazi a G2/M pifechodu

Piitomnost sesterské chromatidy v prabéhu S fiaze umoznuje bunkim nahradit relativné
chybovou opravu DNA nehomolognim spojovanim konct (non-homologous end joining; NHE])
pfesnéjsi opravou pomoci homologni rekombinace. Tato zména v opravé DNA je provazena vyraznymi
zménami konct DNA a odlisnou signalni odpovéd{ na poskozeni DNA. Endonukleazy Mrell a CtiP
generuji na koncich DNA jednofetézcové 3’ pfesahy (Jazayeri et al, 2000; Sartori et al., 2007).
Jednofetézcova DNA (single-stranded DNA, ssDNA) aktivuje signilni kaskidu ATR/Chk1l/Weel.
ATR/Chk1/Weel jsou rovnéz aktivovany ssDNA, kterd je generovana v prabéhu DNA replikace, ve
vy$$i mife pak béhem replika¢niho stresu. Zde hraji ATR/Chkl/Weel klicovou ulohu v regulaci
endogenniho stresu v prubé¢hu replikace a umoznuji butice bezpecny prachod S-fazi.

ATR fosforyluje C-terminalni konec Chkl. Zejména fosforylace serind 317 a 345 jsou
povazovany za nezbytné pro aktivaci Chk1 (Liu et al, 2000). Chk1 fosforyluje Cdc25A na serinu 76, ktera
je nasledné urcena k degradaci ubiquitinaci komplexem SCF/bTtCP (Busino et al.,2003; Jin et al., 2003;
Kasahara et al., 2010). Chk1 rovnéz fosforyluje a tim inhibuje funkci Cdc25B a Cdc25C fosfataz. Cdc25
je fosforylovana na serinu 323. Ten je nasledné rozpoznan 14-3-3, ktery blokuje katalytické misto Cdc25B
a tim inhibuje jeji aktivitu (Forrest and Gabrielli, 2001). Cdc25C je fosforylovana na serinu 216, nasledné
rozpoznana 14-3-3 a sekvestrovana do cytoplazmy, coz znemoznuje jeji interakci s jadernymi CDK
(Graves et al., 2001).

Ackoliv ke kontrolnimu bodu v G2/M rovnéz piispiva signalizace p53/p21, G2/M bod na ni
oproti situaci v G1 zcela nezavisi (Bunz et al., 1998). Signalizace ATM/Chk2 sice hraje ulohu v iniciaci
kontrolnitho bodu G2/M, pro jeho udrzeni je vsak nezbytna ATR/Chk1 draha (Painter and Young, 1980;
Liu et al., 2000; Takai et al., 2000; Rainey et al., 2008; Shibata et al 2010). Kromé pfimé inhibice CDK1
kinazou Weel, checkpointova signalizace brani vstupu do mitézy rovnez inhibici Plkl a jejiho ko-

aktivatoru kinazy Aurory A a proteinu Bora (Smith, 200; Krystyniak et al., 2006; Qin et al., 2013).
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Figure 3.: Srovnani kontrolnich bodu v rliznych fazich bunééného cyklu

Kontrolni bod v G1 zdvisi zdsadné na ATM-Chk2-p53-p21 draze. Oproti tomu v S fazi p21-dependentni odpovéd chybi a
kontrolni bod je udrzovan signalizaci ATR-Chk1-Weel. V G2 fazi ATM-Chk2-P53-p21 sice pfispiva k ustanoveni
kontrolniho bodu, ale hlavni roli hraje opét signalizace ATR-Chk1-Weel (Shaltiel et al., 2015).

10.2. Odpovéd’ na poskozeni DNA je tzce propojena s mechanizmy opravy DNA

Odpoved na poskozeni DNA je tzce propojena s mechanizmy opravy DNA. Pied tim nez dojde
k opravé DNA, je chromatin v blizkosti poskozené DNA extenzivné modifikovan fadou post-
translacnich modifikaci. Tyto modifikace nasledné slouzi jako platformy k acinné lokalizaci proteint
zodpovédnych za opravu DNA, jako jsou napt. 53BP1 a Brcal. Kromé fosforylaci kindzami ATM/ATR,

jsou pro ucinnou opravu DNA dulezité zejména ubiquitinace histonu.
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Protein 53BP1 se vaze na modifikované histony v mistech poskozeni DNA. Jeho UDR-motiv
rozpoznava lysin 63-monoubiqutinaci na lysin 13 a 15 histonu H2B (Fradet-Turcotte et al., 2013). Dale
53BP1 rozpoznava skrze Tudor-domény dimetylované histony H4K20 (Sanders et al., 2004; Botuyan et
al., 2000).

Brcal sama o sobé nema domény schopné rozpoznavat ubiquitinované histony. Jeji vazbu
zprostiedkovava adaptorovy komplex Abraxas-RAP80 (Wang et al., 2007). 53BP1 stimuluje opravu
DNA prostfednictvim NHE]J. Oproti tomu Brcal podporuje opravu homologni rekombinaci.
Antagonisticky vztah 53BP1 a BRCA1 urcuje volbu zptusobu opravy DNA. Rifl, ktery interaguje s
53BP1, znemoznuje vazbu BRCA1 do mist poskozeni DNA v G1 fazi. V §/G2 fazi BRCA1 brani
interakci Rifl s 53BP1 (Chapman et al.,, 2013; D1 Virgilio et al.,, 2013; Escribano-Diaz et al., 2013;

Zimmermann and de Lange, 2014; Zimmermann et al., 2013).

10.3. Ukonceni kontrolnich bodu bunééného cyklu

V piipadé, ze bunka taspésné opravi poskozenou DNA, je Zzadouci, aby znovu vstoupila do
bunécného cyklu a pokracovala v proliferaci. Jak je popsano vyse, signalizace kontrolnich bodu zavisi na
post-transla¢nich modifikacich, zejména na fosforylaci zucastnénych proteint. Kritickym krokem v
ukonceni kontrolnfho bodu je tedy opétovné odstranéni téchto modifikaci.

U fady proteinovych fosfataz bylo navrzeno, ze hraji tlohu v ukonceni kontrolnich bodu a zda
se, ze pfinejmensim nékteré z nich, mohou hrat zastupitelnou tlohu (Lee et al., 2014; Shaltiel et al., 2014).

Zde se zaméfime na ulohu fosfatazy Wipl.

10.3.1. Wild-type p53-induced phosphatase 1 - Wip1

Wip1 je hof¢ik-dependentni serin/threoninova fosfatiza patiici do rodiny fosfatiz 2C (PPC2;
Fiscella et al., 1997). Protein Wip1 (605 aminokyselin) se sklada z dvou hlavnich domén — N-terminalni,
ktera obsahuje katalytickou doménu PP2C (1-372) a C-terminalni (376-605, Yoda et al., 2006). Uvnitf
jinak evolu¢né konzervované katalytické domény se nachazi unikatni kladné nabity segment, nazyvany
B-smycka. B-smycka urcuje substratovou specificitu Wipl a rovnéz je mistem kam se vaze alostericky
inhibitor Wipl GSK2830371 (Gilmartin et al., 2014). C-terminalni doména je pro Wipl sekvencné

unikatni a jeji funkce neni znama.

10.3.1.1. Uloha Wip1 v ukon&eni kontrolnich bodu
Wipl ma specificitu ke dvéma motivaim - pSQ/pTQ a k pTXpY. SQ/TQ odpovidd motivu

fosforylovanému kinazami ATM a ATR. Wipl je tak schopna branit aktivité bunécné signalizace na
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poskozeni DNA na mnoho trovnich této kaskady a defosforyluje prakticky vsechny hlavni hrace — ATM,
gH2AX, Chkl, Chk2 a v prvni fadé p53 (Van Maerken et al., 2009, figure 2009). Lindquist et al., ukazal,
ze v bunkach s depletovanou Wip1 je signalizace p53 schopna snizit hladinu cyklinu B pod hranici nutnou
pro zachovani minimaln{ aktivity CDK1-cyklin B1, ktera je nezbytna pro zotaveni z kontrolniho bodu
(Lindquist et al., 2009). V souhrnu Wipl funguje jako homeostaticky regulator bunééné odpovedi na
poskozeni DNA skrze defosforylovani substrath ATM/ATR, pfedevsim pak vyvazuje p53 dependentni

represi CDK1 signalizace a tim udrzuje schopnost burky zotavit se z kontrolnfho bodu.

€ w,p‘" Figure 10. Inaktivace p53 predstavuje hlavni tlohu Wip1

Nakonec Wipl defosforyluje pfimo aktivacni fosforylace p53.

Wip1 defosforyluje a tim inaktivuje hlavni aktivatory p53 - ATM,

ATR, Chkl1, Chk2, p38. Dale pak Wipl odstrafiuje inhibi¢ni

fosforylace z Mdm2 a tim opét pfispivd k destabilizaci p53.
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11. Cile prace

Cilem této prace je ptispét k pochopeni toho, jak bunky reguluji odpovéd’ na poskozeni DNA a
jak reguluji signalizaci kontrolnich bodi bunééného cyklu. Zaméfili jsme se pfedevsim na fosfatazu Wip1,
ktera je hlavnim negativnim regulatorem odpovédi na poskozeni DNA a je nezbytna pro ukonceni
signalizace kontrolniho bodu. Ackoliv je uloha Wipl v regulaci téchto procesi podpofena mnohymi
studiemi, vlastn{ regulace Wip1 zlstava z velké ¢asti neobjasnéna. V pribéhu této prace jsme se zajimali
rovnéz o regulaci odpovédi na poskozeni DNA v pribéhu mitézy. Nartstajici mnozstvi dikazu ukazuje,
ze tato odpoved je v mitéze organizovana odlisné od interfaze, nicméné molekularni mechanismy této

regulace zistavaji neznamé.

Konkrétni cile prace lze shrnout nasledovné:

- Charakterizovat regulaci fosfatazy Wipl v prabéhu bunééného cyklu.

- Pfispét k objasnéni negativni regulace odpovédi na posSkozeni DNA v prib¢hu mitoézy a zejména se
zaméfit na regulacni tlohu post-transla¢nich modifikaci 53BP1.

- Charakterizovat nami nové objevené mutace PPM1D (Wip1) na molekularni Grovni.

- Popsat farmakologické ucinky inhibitoru Wip1 na vybranych rakovinnych bunécnych liniich.

- Urdit funkéni relevanci vzajemné regulace mezi Wip1 a drahou p38/MK2 po genotoxickém stresu.

12. Pfehled metod

Molekularni klonovani a standardni metody molekularni biologie

Izolace RNA, syntéza cDNA a kvantitativni RT-PCR

Standardni biochemické techniky véetné SDS-PAGE, imunoblotu a imunoprecipitaci

Tkanové kultury, transfekce plasmida a siRNA, pfiprava stabilnich bunéénych linif

Frakcionace bunék

Imunocytohistochemie

Fluorescenc¢ni mikroskopie, live-cell mikroskopie, konfokalni mikroskopie, mikroiradiace laserem, high-
content a high-throuput mikroskopie s odpovidajici analyzou obrazu

Pratokova cytometrie

30



13. Diskuze

13.1. Inhibice funkce Wipl moduluje bunécnou signalizaci na poskozeni DNA v mitéze

Uloha Wipl jako hlavniho negativniho regulitoru odpovédi na poskozeni DNA je dobie
dokumentovana mnohymi studiemi. Nicméné to, jak je Wip1 regulovana zuastava z velké casti neznamé.
Zde jsme se zaméfili na regulaci Wipl v prab¢hu bunécéného cyklu.

Ukazali jsme, ze hladiny proteinu Wip1 postupné rostou z G1 do G2 faze. Tento narast muze
odrazet fakt, ze exprese Wipl je indukovana rozlicnymi typy bunécného stresu, véetné endogenniho
stresu, vznikajictho v prabéhu S-faze. Ackoliv Wipl neni nezbytna pro vstup do mitdzy, jeji deplece
zpusobuje zpozdéni vstupu bunc¢k do mitdzy (Lindqvist et al., 2009). Zvysena hladina Wipl tak
potencialné muze vyvazovat aktivitu ATR a pfipadné ATM, které mohou byt indukovany pfi replikaci a
poskozeni DNA. Pfi vstupu do mitézy hladina Wip1 rychle klesa. Tento pokles je zptisoben degradaci
Wip1, hladina mRNA ztstava neména a pokles proteinovych Wipl je mozné zvratit proteasomalnim
inhibitorem MG132. Ukazali jsme, Zze deplece Cdc20 stabilizuje Wip1. Wip1 je tedy degradovana v mit6ze
APC-Cdc20 dependentnim mechanismem. Dale jsme ukazali, ze Wip1 je v prabé¢hu mitézy extenzivné
fosforylovana. Jako hlavni fosforylacni misto kinazy CDK1 jsme identifikovali serine 40. Vzhledem k
tomu, ze mutacni analyza serinu 40 neodhalila Zadny patrny fenotyp, rozhodli jsme se rozsifit tuto analyzu
o dalsich 7 aminokyselin, které byly identifikované analyzou mitotického fosfoproteomu pomoci
hmotnostni spektrometrie. Fosfomimeticky 7D mutatnt ztratil katalytickou aktivitu. Nebyli jsme schopni
urcit zda-li je fosforylace Wip1 nezbytna pro jeho degradaci ¢i nikoliv. Alternativné inhibice katalytické
aktivity Wip1 skrze fosforylace muze kooperovat s degradaci Wipl a tim zabezpecit uplnou funkcni
inhibici Wip1 béhem mitdzy.

Za ucelem studia funkéni relevance degradace Wipl v prub¢hu mitézy jsme pfipravili
tetracyklinem inducibilni systém, ktery nam umoznil indukovat vysokou hladinu Wipl v mitéze. Po
indukci katalyticky aktivai Wipl jsme nepozorovali zadnou zménu v nacasovani mitotické progrese,
cytokinezi ani defekty v organizaci mitotického vieténka.
Dale jsme se zaméfili na to, jak ektopicka exprese Wipl ovlivni odpovéd na poskozeni DNA v mitoze.
Mitotické bunky na rozdil od interfaznich aktivuji pouze ¢asnou DDR, ale nepokracuji k aktivaci
checkpointovych kinaz ani k akumulaci proteint zodpovédnych za opravu DNA. Dvoufetézcové zlomy
v mitéze aktivuji ATM, vedou k fosforylaci H2AX a vazbé MDCI, ale pozd¢jsi faze odpovédi jsou
aktivné inhibovany (Nelson et al., 2009; Giunta et al., 2010).

Odstraneni funkeni Wipl v prubéhu mitézy by mohlo umoznovat pretrvani gH2AX znacek na

poskozené DNA do nasledujici G1 faze, kde muze byt poskozena DNA dale zprocesovana a opravena.
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Ackoliv kontrolni bod G2/M brani bunkim s poskozenou DNA vstoupit do mitdzy, burky s malym
poctem DNA zlomu jsou toho stale schopné (Harrison and Haber et al., 20006).

Alternativné, poskozeni DNA muze pfimo vzniknout i v exogenné nenarusené mitdze. Lukas et
al. ukazala, ze nezprocesované intermediaty replikace, které mohou vznikat v priabéhu normalni replikace
a ve vetsf mife za pritomnosti replikacniho stresu, jsou v prabé¢hu mitédzi pfeménény na dvoufetézcové
zlomy. Dochazet k tomu muze jednak rupturou téchto intermediati zpisobenou kondenzaci chromatinu
anebo aberantni resoluci tzv. ultra-fine chromatin bridges.

Ukazali jsme, ze ektopicka exprese Wiplv mitéze vede k pfiblizné dvojnasobnému naristu poctu
gH2AX foci v mitéze. Tomu odpovida obdobné zvyseni poctu 53BP1 foci v nasledujici G1 fazi. V
souhrnu navrhujeme, ze kombinovana inhibice a degradace Wipl umoznuje bunkam adekvatné

odpovidat i na nizkou troven poskozeni DNA, ktera vznika pfi nenarusené mitdze.

13.2. Polo-like kinaza 1 inhibuje bunécnou odpovéd na poskozeni DNA v prabéhu mito6zy.

Zde jsme se zaméfili na to, pro¢ na rozdil od interfaze, mitotické bunky aktivuji pouze ¢asnou
cast odpovedi na poskozeni DNA, ale nepokracuji vsak v aktivaci opravnych faktord, jako je napf.
53BP1. Protein 53BP1 se vaze na modifikované histony v mistech poskozeni DNA. Jeho UDR-motiv
rozpoznava lysin 63-monoubiqutinaci na lysinu 13 a 15 histonu H2B. Daéle 53BP1 rozpoznava skrze
Tudor-domény dimetylované histony H4K20. Rozhodli jsme se testovat, zda-li defekt ve schopnosti
53BP1 vazat se na mitoticky chromatin muze byt zpusoben jeho mitotickymi postranslacnimi
modifikacemi. Ukézali jsme, Zze 53BP1 je fosforylovan uvnitf své UDR domény na T1609 a S1681
kinazami CDKI1 a Plk1. Tyto fosforylace zabranuji 53BP1 vazat se na ubiquitované histony, lokalizovat
do mist poskozeni DNA a ve finale tak brani opravé DNA.

Ackoliv fosfomimetické mutanty 53BP1-T1609D-S1618D nedokazali lokalizovat na do mist
poskozeni v prabéhu interfaze, ne-fosforylovatelné mutanty 53BP1-T1609A-S1618A nevedly k obnové
vazby 53BP1 na mitoticky chromatin. Paralelné¢ k nasi studii, Orthwein et al., ukazal, ze krom 53BP1 i
RNF8 je béhem mitézy fosforylovan CDKI1 a to na Thr198. Tato fosforylace brani vazbé RNF8 na
MDC1 a tudiz i nasledné ubiquitinaci histonia H2A v blizkosti poskozené DNA. Pfi kombinaci obou ne-
foforylovatelnych mutant RNF8-T198A a 53BP1-T1609A-S1618A doslo k obnoveni vazby 53BP1 na
chromatin i v prabéhu mitdzy.

Ve souhrnu bunky efektivné inhibuji své opravné mechanismy v prabéhu mitézy. Tato aktivni a
mnohotroviova inhibice naznacuje, ze oprava DNA v prub¢hu mitézy je pro n¢ vysoce nezadouci.

Skutecné, pokud byla oprava DNA obnovena vnesenim ne-fosforylovatelnych mutant RNF8-T198A a
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53BP1-T1609A-S1618A byly mitotické bunky jesté vice senzitizovany k poskozeni DNA a vykazovaly
vysokou nestabilitu genomu. Pfedevsim byly nachylné k fazim sesterskych telomer, zvysené mife mis-
segregac{ chromosomu, formaci mikrojader a aneuploidii (Orthwein et al., 2014). Zda se, Zze mitotické
telomery jsou velmi nachylné ke ztraté ochrannych koncti a k nasledné fuzi zptisobené nezadouci opravou
DNA. Proteinovy komplex, nazyvany Shelterin chrani za normalnich okolnosti konce telomer v interfazi
(de Lange et al., 2009). Mezi jeho soucasti patif proteiny protector of telomeres 1 (POT1) a telomere
repeat binding factor 2 (TRF2), které chrani konce telomer pfed fuzi skrz pfimou inhibici ATM a ATR
(Denchi et al., 2007). Narozdil od interfaze, v prabéhu mitdzy jsou telomery v ne zcela chrainéném stavu
z divodu disociace TRF2. Disociaci TRF2 Ize patrné zvratit inhibici aurory B (Hayashi et al., 2012).

Nicméné¢ molekularni detaily a funkéni relevance tohoto mechanismu nejsou znamé.

13.3. Aktiva¢ni (Gain-of-function) mutace PPM1D/Wip1 vedou k poruseni
kontrolniho bodu G1 faze

Popsali jsme nové aktivacni (gain-of-function) mutace v genu PPM1D, ktery kéduje fosfatazu
Wip1. Pavodné jsme identifikovali tyto mutace v rakovinnych linif U208 a HTC116. Dale jsme podobné
mutace nalezli rovnéz u pacient s rakovinou konecniku a prsu. Tyto mutace jsme detekovali v bunikach
ziskanych z periferni krve, coz naznacuje, Ze nejsou pouhym nasledkem genomové nestability nadoru.
Tyto mutace se vyskytuji vyhradné v exonu 6 a davaji vzniknout C-terminalné zkracené varianté¢ Wipl.

Zkracena Wipl si zachovava neporusenou katalytickou doménu a vykazuje podobnou
katalytickou aktivitu jako nezkracena varianta. Ukazali jsme, ze zkracena varianta v§ak vykazuje zvysenou
stabilitu. Polocas zkracené formy je vyssi nez 6 hodin v porovnani s 1-2h u nezkracené verze. Ve vysledku
tak maji bunky vice katalyticky aktivni Wip1, ktera efektivne inhibuje kontrolni bod v G1. Toto vysvétluje
pozorovani, ze obé linie U20S a HCT116 postradaji efektivni kontrolni bod v G1, pfestoze maji
zachované wild-type alely p53. V souladu s timto, jsme ukazali, ze deplece Wip1 v téchto liniich vede k
obnoveni funkénifho kontrolntho bodu v G1.

Funkce C-terminalni ¢asti Wip1 neni znama. Nase data naznacujf, ze C-konec destabilizuje Wip1
a kontroluje jeji proteasomalni degradaci. Navrhujeme proto, ze C-konec Wip1 bud’to zprostfedkovava
interakci Wip1 s ubiquitin ligazou anebo obsahuje lysiny, které slouzi jako substraty polyubiquitinace a
zpusobuji degradaci Wipl.
Pocet pacientt v nasf studii nebyl dostatec¢ny pro statisticky potvrzeny dukaz, ze identifikované mutace
zpusobuji predispozici k rozvoji rakoviny. Nicméné soubézné s nas$i studii Ruark et al., potvrdil v
extenzivni kontrolované studii klinickou signifikanci téchto mutaci.

Na zakladé nasich dat z bunéc¢nych linif se zda, Ze mutace Wip1 predisponuji k rozvoji rakoviny
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popsanym defektem kontrolniho bodu v G1. Ve stavajicim modelu rozvoje rakoviny se pfedpoklada, ze
bunky nejprve ziskaji aktivacni mutaci v pro-proliferativnich onkogenech jako jsou Ras nebo Myc. To
vede nejen ke zvysené proliferaci bunék, ale rovnéz ke zvysenému replikacnimu stresu, k poskozeni DNA
a k checkpointové signalizaci. V pfitomnosti pfetrvavajictho poskozeni DNA spousti burka p53
dependentni odpoveéd’ — bud’to apoptdzu nebo permanentni zastaveni bunééného cyklu, tzv. senescenci.
Nicméné pokud je p53 inaktivni, napf. ztraitovou mutaci p53 nebo aktivacni mutaci Wipl, pak burka
ztrac{ tumor-supresivni bariéru checkpointu a precancerézni Iéze mohou uniknout apoptdze a senescenci
a stat se rakovinnymi (Bartkova et al., 2005, 2006; Gorgoulis et al., 2005; Di Micco et al., 2006; Halazonetis
et al., 2008).

Podobné jako pacienti s amplifikaci PPM1D i pacienti s mutacemi PPM1D pfedstavuji
potencialné¢ vhodné kandidaty na farmakologickou inhibici Wipl. Farmakologické efekty inhibitora

Wip1 i vitro byly recentné popsany nasi skupinou 1 dal§imi.

13.4 Inhibice fosfatazy Wip1 senzitizuje buiiky odvozené z rakoviny prsu ke genotoxickému
stresu a k antagonistu MDM2 nutlinu-3

Narustajici mnozstvi dukaza ukazuje, ze Wipl funguje jako onkoprotein. Zvysena exprese a
stabilizujici mutace Wip1 byly popsany v lidskych nadorech. Bylo ukazano, ze zvysena exprese Wipl
signifikantné¢ koreluje s hor$i prognézou pieziti pacientd s plicnim adenokarcinomem a s
nemalobunécnym karcinomem plic (Satoh et al,, 2011; Zhao et al, 2016). Wipl tudiz pfedstavuje
potencialni terapeuticky cil lécby u nadord se zvysenou hladinou Wipl. V této praci, jsme validovali
specificitu a testovali u¢inky dvou komeréné dostupnych inhibitora Wipl - GSK2830371 (Gilmartin et
al., 2014) a CCT007093 (Rayter et al., 2007) na modelu rakovinnych bunéénych linif.

CCT007093 sice potlacoval bunécnou proliferaci, ale ¢inil tak nezavisle na Wipl — knock-out
PPM1D bunky pfipravené technologii CRISPR vykazovaly stejny pokles v proliferaci jako PPM1D wild-
type. Rovnéz jsme u CCT007093 nepozorovali zadny nariast ve fosforylaci zavedenych substratd Wipl
jako p53-pS15 a gH2AX. Navrhujeme, ze CCT007093 neinhibuje aktivitu Wip1 v lidskych bunkach.

V kontrastu k nespecifickému CCT007093, GSK2830371 inhiboval proliferaci bunek v zavislosti
na stavu Wip1. Stejné tak jsme pozorovali ocekavany nartst fosforylace gH2AX a p53-pS15 po inkubaci
bunck s GSK2830371. Potvrdili jsme, ze GSK2830371 inhibuje fosfatazu Wip1.

Inhibice Wipl potlacovala proliferaci pouze u transformovanych linif, které exprimuji vysoké
hladiny Wipl. Proliferace ne-transformované linie s normalni hladinou Wipl nebyla inhibici Wip1
ovlivnéna. Dale pak anti-proliferacni efekt zavisel na stavu p53, linie bez p53 (p53-/-) nebyly inhibici

Wip1 ovlivhény. Toto znovu potvrzuje p53 jakozto funkéné hlavni substrat Wip1l. Pozorovali jsme, ze
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inhibice Wip1 v transformovanych p53 pozitivnich liniich vedla k akumulaci buné¢k v G2, coz je v souladu
z dffve publikovanymi studiemi, které ukazaly, ze deplece Wip1 zpuasobuje zpozdeéni v G2/M tranzici
(Lindqvist et al., 2009).

Ackoliv samotna inhibice Wipl zptisobovala supresi bunééné proliferace, nezpusobovala
bunécnou smrt. Nicméné jsme byli schopni ukazat, ze inhibice Wip1 potencuje indukci bunééné smrti
doxorubicinem - latkou poskozujici DNA. Dale jsme ukazali, ze kombinace inhibitoru Wip1 a Nutlinu-
3, antagonista Mdm2, dale potencuje efekt doxorubicinu v indukci senescence a bunécné smrti.
Pozorovali jsme rovnéz, ze i samotna kombinace inhibice Wip a Mdm2, bez genotoxického stresu, je
dostatecna k hyperaktivaci p53 drahy a vedla k indukci senescence a bunééné smrti.

Shrnuto, nase vysledky naznacuji, ze pouziti inhibitoru Wip1 by mohlo byt Zadouc{ u tumort se
zvysenou hladinou Wipl a zachovanym wild-type p53. Inhibice Wip1 snizuje proliferaci rakovinnych
bunck, ale neni dostatecna k jejich eradikaci. Avsak inhibitory Wipl mohou specificky senzitizovat
rakovinné bunky k uc¢inkim genotoxickych drog a antagonistim Mdm2. Pouziti inhibitoru Wip1 tedy
muze zlepsit odpovéd’ na tyto drogy a piipadné umoznit snizeni jejich uc¢innych davek, coz by vedlo ke

snizeni nezadoucich tcinkt chemoterapie na zdravé burky.
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14. Zavér

Vysledky ziskané béhem vypracovavani této prace pfispivaji k poznani mechanismd, jak bunky
negativné reguluji odpovéd’ na poskozeni DNA. Deregulace téchto mechanismu hraje zasadni dlohu v
rozvoji rakoviny. Véfime, ze detailnéjsi porozuméni molekularnim mechanismim regulujicich odpoved

na poskozeni DNA povede k lepsi diagnostice a vyvoji cilenych protinadorovych léciv.

Nové poznatky dosazené béhem vypracovani této prace této prace Ize shrnout nasledovné:

- Popsali jsme regulaci fosfatazy Wip1 v prabéhu bunééného cyklu. Hladina proteinu Wip1 stoupa
z G1 do G2 faze a nasledn¢ klesa v mitéze. Tento pokles je zpusoben proteasomalni degradaci
Wipl, ktera je regulovana APC-Cdc20. Dale jsme ukazali, ze Wipl je v prub¢hu mitdzy
extenzivné fosforylovana a to vede k inhibici jeji katalytické aktivity. Navrhujeme, ze kombinace
poklesu hladiny a inhibice Wip1 umoznuje mitotickym bunkam udrzet ¢asné markery poskozeni
DNA, jako je napt. gH2AX, do nasledujici G1 faze, kde mohou burky pokracovat v dalsi kaskad¢
odpovedi a opravou DNA. Inhibice aktivity Wipl béhem mitézy umoznuje bunkam adekvatné
reagovat i na nizkou hladinu DNA poskozeni, se kterou se buniky setkavaji i prub¢hu exogenné

nenarusené mitozy.

- Na rozdil od interfaze, mitotické bunky aktivuji pouze ¢asnou cast odpovedi na poskozeni
DNA, nepokracuji vSak v aktivaci opravnych faktort, jako je napft. 53BP1. Ukazali jsme, Ze
53BP1 je fosforylovan uvnitf své UDR domény na T1609 a S1681 kinazami CDK1 a Plk1. Tyto
fosforylace zabranuji 53BP1 vazat se na ubiquitované histony, lokalizovat do mist poskozeni
DNA a ve findle tak branf opravé DNA. Dale jsme ukazali, ze 53BP1 a Plk1 lokalizuji v prab¢hu
mitézy na kinetochorech, pficemz kinetochory mohou slouzit jako kompartmenty, které

podporuji fosforylaci 53BP1 kinazou Plk1.

- Identifikovali jsme nové gain-of-function mutace genu PPM1D. Tyto mutace vedou k expresi
C-terminalné zkraceného proteinu Wipl. Zkracena forma Wip1 si zachovava svou katalytickou
aktivitu a vykazuje vyssi proteinovou stabilitu. Ve vysledku maji mutované bunky vyssi hladinu
katalyticky aktivni Wip1, kterd efektivné vypina kontrolni bod zavisly na p53. Tyto mutace jsme
objevili u rakovinnych bunécnych linii U20S a HCT116 a rovnéz u bunék v periferni krvi

pacientt s rakovinou prsu. Navrhujeme, Ze tyto mutace mohou predisponovat k rozvoji rakoviny.
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- S wvyuzitim CRISPR-Cas9 knock-out bunééného modelu jsme ovéfili specificitu  a
charakterizovali ucinky inhibitoru Wipl GSK2830371. Inhibice Wipl signifikantné snizila
bunécnou proliferaci transformovanych linii, které exprimuji vysokou hladinu Wip1. Oproti tomu
nem¢la efekt na proliferaci netransformovanych linif s nizkou hladinou Wip1. Dale jsme ukazali,
ze inhibice Wipl prostfednictvim GSK2830371 senzitizuje bunécné linie s amplifikovanym
genem PPMI1D a wild-type p53 k chemoterapii latkami zptisobujicimi poskozeni DNA a

antagonistim Mdm?2 jako je Nutlin-3.

- Nase nepublikované vysledky ukazuji, ze Wip1 je fostorylovana po UVC ozafeni kinazou MK2
na serinu 46 i vitro a in vive. Wipl je rovnéz fosforylovana kinazou p38 na nékolika
aminokyselinach. Tyto fosforylace neméni katalytickou aktivitu Wip1, nemén{ ani jeji lokalizaci a
jejich funkéni vyznam je tfeba dale objasnit. Nepotvrdili jsme dffve publikovana pozorovani, ze
p38/MK2 driha ovliviuje hladinu gH2AX po UVC ozafeni, ze p38-pR180 je substratem Wip1
v lidskych bunkach a ze Wip1 reguluje resoluci cyklobutanovych pyrimidinovych dimerta (CPDs)
po UVC ozifeni. Funkéni viznam vztahu Wip1 a signalizace p38/MK2 po genotoxickém stresu

z0stava nejasny.
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