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1. Abbreviations 

 
β-TrCP1   β-transducin repeat containing; F-box and WD repeats protein β-TrCP 
βTrCP-SCF   β-transducin repeat-containing protein-Skp1-Cullin-F-box 
14-3-3    14-3-3 protein family; a large family of signal-transducing adaptor proteins 
14-3-3γ    14-3-3γ protein; protein of the 14-3-3 family 
53BP1    tumour suppressor p53-binding protein 1 
9-1-1   Rad9-Rad1-Hus1 complex 
APAF-1  apoptotic protease-activating factor 1 
ATM    ataxia telangiectasia mutated 
ATR    ataxia telangiectasia and Rad3-related protein 
ATRIP    ATR interacting protein; required for checkpoint signalling after DNA damage; 
BAX    BCL2 associated X protein 
Bcl-2    B-cell CLL/lymphoma 2  
BER    base excision repair 
BRCA1    breast cancer type 1 susceptibility protein 
CDC25A   M-phase inducer phosphatase 1 
CDC25B   M-phase inducer phosphatase 2 
CDC25C   M-phase inducer phosphatase 3 
CDK(s)    cyclin-dependent kinases 
Chk1   checkpoint kinase 1 
Chk2   checkpoint kinase 2 
CtIP    CtBP-interacting protein 
DAXX    death domain-associated protein 6 
DBSs    DNA double-strand breaks 
DDR    DNA Damage Response Pathways 
DNA-PK   DNA-dependent protein kinase 
E1A    early E1A 32 kDa protein 
E4F1    transcription factor; E3 ubiquitin-protein ligase 
ERK    extracellular-signal-regulated kinase 1 
EYA1    eyes absent homolog 1 (Drosophila); in human, a tyrosine phosphatase 
FACS    fluorescence-activated cell sorting 
FAS    tumour necrosis factor receptor superfamily member 6 
FAT    RAP-ATM-TRRAP (FAT) domain;  
FHA    forkhead-associated; domain that mediates phospho-peptide interactions 
G1    cell cycle growth phase 1 
G2    cell cycle growth phase 2 
Gadd45    growth arrest and DNA damage-inducible protein GADD45 alpha 
GAPDH   glyceraldehyde-3-phosphate dehydrogenase 
GFP    green fluorescent protein 
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H2A    a type of histone; a part of nucleosome core particle 
H2AX    histone that replaces conventional H2A in a subset of nucleosomes 
HAUSP    ubiquitin carboxyl-terminal hydrolase 
HTC116   human colorectal carcinoma cell line 
HUS1    checkpoint protein; component of the 9-1-1 
IGFBP3    insulin-like growth factor-binding protein-3 
JNK    c-Jun N-terminal kinases 
MAP    mitogen activated protein kinases 
MAPKAP-K2   MAP kinase-activated protein kinase 2; MK2 
MDC1    mediator of DNA damage checkpoint protein 1 
Mdm2    E3 ubiquitin-protein ligase 
MdmX    murine double minute 
MEFs    murine embryonic fibroblasts 
MIU    motif interacting with ubiquitin 
MK2    MAP kinase-activated protein kinase 2, MAPKAP-K2 
MKK3    dual specificity mitogen-activated protein kinase kinase 3 
MKK4    dual specificity mitogen-activated protein kinase kinase 4 
MKK6    dual specificity mitogen-activated protein kinase kinase 6 
MMSET   probable histone-lysine N-methyltransferase NSD2 
MRE11    meiotic recombination 11 
MRN    heterotrimeric protein complex consisting of Mre11, Rad50 and Nbs1 
Myt1    myelin transcription factor 1 
NBS1    Nijmegen breakage syndrome protein 1; nibrin; p95 
Nek11   never in mitosis A-related kinase 11 
NF-κB    nuclear factor of κ light polypeptide gene enhancer in B-cells 1 
NIH-3T3   mouse embryonic fibroblasts cell line 
NLS    nuclear localization signal 
NOXA    phorbol-12-myristate-13-acetate-induced protein 1 
p16INK4A   cyclin-dependent kinase inhibitor 2A 
p19ARF    cyclin-dependent kinase inhibitor 2A isoform 3 
p21    cyclin-dependent kinase inhibitor 1; CDK-interacting protein 1 
p38MAPK  mitogen-activated protein kinase 14; mitogen-activated protein kinase p38 alpha 
p53    cellular tumour antigen; acts as a tumour suppressor in many tumour types 
p65    human transcription factor 65; nuclear factor NF-κB p65 subunit;  
PARN    poly(A)-specific ribonuclease 
PARP    poly ADP ribose polymerase 
PCAF    histone acetyltransferase KAT2B 
PCNA    proliferating cell nuclear antigen 
PIKK    phosphoinositide three-kinase-related kinase 
Plk-1    polo-like kinase 1 
PP1    serine/threonine protein phosphatase 1 
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PP2    serine/threonine protein phosphatase 2 
PP2A    serine/threonine-protein phosphatase 2A 
PP2C    serine/threonine-protein phosphatase 2C 
PP5   serine/threonine-protein phosphatase 5; 
pSQ/pTQ   ATM/ATR phosphorylable serine or threonine with glutamine at the +1 position 
PTEN    phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase 
PUMA    JFY-1; Bcl-2-binding component 3; essential mediator of apoptosis 
RAD1    cell cycle checkpoint protein; component of the 9-1-1 
RAD50    DNA repair protein; component of the MRN complex 
RAD9    cell cycle checkpoint control protein RAD9A; component of the 9-1-1 
RAP80    receptor-associated protein 80 
RHINO    Rad9, Rad1, Hus1 interacting nuclear orphan 
RING    Really Interesting New Gene; protein structural domain of zinc finger type 
RNF168   E3 ubiquitin-protein ligase; RING finger protein 168 
RNF8    E3 ubiquitin-protein ligase; RING finger protein 8 
ROS    reactive oxygen species; chemically-reactive molecules containing oxygen 
RPA    replication protein A 
ssDNA    single stranded DNA 
TAO    thousand and one amino acid kinases 
TIAR    nucleolysin; TIA-1-related protein 
Tip60    histone acetyltransferase KAT5 
TopBP1    DNA topoisomerase 2-binding protein 1 
U2OS    human osteosarcoma cell line 
UBC1    ubiquitin-conjugating enzyme 1 
UBC13    ubiquitin-conjugating enzyme E2 13 
UNG2    uracil-DNA glycosylase 2 
Wee1    Wee1-like protein kinase 
Wip1    wild-type p53-induced phosphatase 1 
WSTF    Williams–Beuren syndrome transcription factor 
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2. 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 (PPM1D) 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 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 elucidated.  In next part, we identified novel gain-of-function 

mutations of PPM1D which 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 Wip1, that efficiently shut down the p53-dependent G1 checkpoint. These 

mutations were identified in cancer cell lines U2OS 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 in vitro that inhibition of Wip1 by small molecule drug 

GSK2830371 specifically sensitizes breast cancer cells with amplified PPM1D 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. 
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3. Abstrakt 

Pro udržení integrity genomu využívají buňky extensivní signální síť nazývanou buněčná 

odpověď na poškození DNA (DNA damage response). DDR je schopná aktivovat kontrolní body 

buněčného cyklu (checkpoints), které brání dalšímu průchodu buněčným cyklem a umožňují 

buňce opravit poškozenou DNA. Poruchy těchto ochranných mechanismů se projevují závažnými 

lidskými onemocněními, především rozvojem rakoviny. Cílem teto práce je přispět k porozumění 

toho jak buňky negativně regulují DDR a signalizaci kontrolních bodu buněčného cyklu. Zaměřili 

jsme se zejména na fosfatázu Wip1 (PPM1D), která je hlavním negativním regulátorem DDR a je 

nezbytná pro zotavení z kontrolních bodu. Nejprve jsme ukázali, že Wip1 je degradovaná během 

mitózy APC-Cdc20-dependetním mechanismem. Wip1 je dále v průběhu mitózy fosforylována na 

několika aminokyselinách, což vede k inhibici její enzymatické aktivity. Navrhujeme, že inhibice 

Wip1 umožňuje buňkám adekvátně reagovat i na nízkou hladinu poškození DNA, ke kterému 

dochází i při nenarušené mitóze. V následující publikaci jsme se zabývali tím, proč mitotické buňky 

spouštějí pouze časnou DDR a nepokračují k akumulaci opravných faktoru jako je 53BP1. Ukázali 

jsme, že 53BP1 je fosforylován kinázami CDK1 a Plk1 uvnitř motivu, který je zodpovědný za jeho 

vazbu na ubiquitin. Tyto fosforylace brání 53BP1 vázat se na ubiquitinované histony, dostat se do 

míst poškození DNA a ve výsledku brání efektivní opravě DNA. V zahrnutých nepublikovaných 

datech jsme ukázali, ze Wip1 je po genotoxickém stresu fosforylovaná kinázami MK2 a p38. 

Funkční význam těchto fosforylací je však třeba dále objasnit. V další části práce jsme identifikovali 

nové aktivační (gain-of-function) mutace genu PPM1D, které způsobují expresi C-terminálně 

zkráceného proteinu Wip1. Zkrácená varianta Wip1 je katalyticky aktivní a vykazuje zvýšenou 

stabilitu. Ve výsledku mají tedy buňky více katalyticky aktivní Wip1, která účinně vypíná p53-

dependentí kontrolní bod v G1. Tyto mutace jsme objevili v buněčných linií U2OS a HTC116 a 

rovněž v periferní krvi pacientů s rakovinou prsu a konečníku. Navrhujeme, že tyto mutace mohou 

predisponovat nositele k rozvoji rakoviny. Nakonec jsme in vitro ukázali, že inhibice Wip1 drogou 

GSK2830371 specificky senzitizuje buňky rakoviny prsu s amplifikací PPM1D a wild-type alelou 

p53 k účinkům drog poškozujících DNA a k antagonistům Mdm2, jako je Nutlin-3. Ve shrnutí, 

získané výsledky přispívají k porozumění toho jak buňky negativně regulují DDR. Věříme, že lepší 

porozumění molekulárních mechanismů DDR přispěje k lepší diagnostice a vývoji cílených léčiv 

proti rakovině.  
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4. 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 Wip1 (PPM1D) 

phosphatase, which is a major negative regulator of DNA damage and is indispensable for 

checkpoint recovery. While the role of Wip1 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 Wip1 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 PPM1D (Wip1) on a molecular level. 

 

- Describe the effect of Wip1 inhibition in cancer cell lines. 

 

- Determine the functional relevance of mutual regulation between Wip1 and 

p38/MK2 pathway upon genotoxic stress 
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5. Introduction 
 

5.1. Molecular control of cell cycle 

 The cell division is fundamental principle of life.  In order to ensure that genetic 

information will be transmitted in single unaltered copy to daughter cells, eukaryotic cell progresses 

through highly ordered process termed cell cycle. The cell cycle is commonly organized into four 

phases. First is a Gap 1 phase (G1), second is synthesis phase (S) in which most of the DNA 

replication takes place, S phase is followed by Gap 2 phase (G2) and subsequently the segregation 

of chromosomes and cell division is executed in M-phase.  

The decision to enter the cell cycle as well as the progression from one phase to another 

are tightly regulated events. The central core of the cell cycle control consists of cyclin dependent 

kinases CDKs and their cofactors, cyclins. While the protein levels of CDKs remain constant, 

levels of cyclins oscillate during the cell cycle and individual cyclins accumulate in different phases 

of cell cycle (figure 1.). Binding of cyclin to CDK leads to conformational change of CDK and to 

exposure of T-loop. Subsequently, the Cdk-activating kinase (CAK) phosphorylates the conserved 

threonine residue (T161 in case of CDK1) and activates CDK. The different availability of cyclins 

thus restricts the function of the CDK-cyclin complexes only to particular cell cycle phase 

(Morgan, 1995); (Russo et al., 1996).	 

 In addition to cyclins, activity of CDKs is regulated on posttranslational level by 

phosphorylation on threonine 14 and tyrosine 15. The Wee1 and Myt1 kinases phosphorylate these 

sites and inhibit the CDKs, whereas the family of CDC25 phosphatases remove the inhibitory 

phosphorylations and thus contribute to CDK activation (Parker et al., 1993). There are three 

CDC25 phosphatases – CDC25A, B and C, each with different importance at various stage of cell 

cycle (Donzelli and Draetta, 2003).  

CDK-cyclins complexes activate the transcriptional programs that define each cell cycle 

phases, foremostly they trigger the DNA replication, condensation of chromosomes and structural 

reorganization of the cell during the mitosis. While different CDKs act in different cell cycle 

phases, their substrates are partly overlapping. Interestingly it has been shown that whereas CDK1 

is indispensable kinase for cell cycle progression, the other CDKs are only required for 

proliferation of specialized cell types (Santamaria et al., 2007); (Malumbres and Barbacid, 2009). It 

can be said that general activity of CDK kinases rises from G1 to mitosis, where is reset by APC/C-

dependent degradation of cyclins. 
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Figure	1.:	The	core	of	 the	cell	 cycle	 control	 consists	of	 cyclin	dependent	kinases	CDKs	and	 their	 cofactors,	

cyclins	

While	the	protein	levels	of	CDKs	remain	constant,	levels	of	cyclins	oscillate	during	the	cell	cycle	and	individual	

cyclins	accumulate	in	different	phases	of	cell	cycle.	Major	regulatory	cyclins	and	CDKs	are	shown	in	the	scheme	

in	corresponding	phases	of	the	cycle.	See	the	main	text	for	further	details.	

 

 The entry to cell cycle is regulated by D-type cyclins, which expression is triggered by 

external growth factors. Cyclins D form complexes with CDK4/6, which in turn phosphorylates 

pocket proteins, such as Retinoblastoma protein. Pocket proteins binds and repress E2F 

transcription factors. Once the Pocket proteins are phosphorylated, they release E2F transcription 

factors, which trigger expression of G1/S transition genes, including cyclin E and cyclin A. Cyclin 

E-CDK2 further phosphorylates Pocket proteins thus forming a positive feedback loop (Stevens 

and La Thangue, 2003). The activation of CDK-cyclin complexes is counterbalanced by CDK 

inhibitor protein p27. Moreover, APC/C ubiquitin ligase targets the cyclin A for degradation, 

preventing its accumulation. APC/C triggers also degradation of Skp2, which otherwise facilities 

the degradation of p27 (role of APC/C in cell cycle is extensively reviewed in (Bassermann et al., 

2014). Nonetheless, once CDK passes certain threshold it triggers degradation of both the APC/C 

and p27. In addition, CDK2 promotes its activation by boosting the activity of CDC25A. This 

complex system of feedback regulatory loops gives rise to a bi-stable system that ensures that the 

decision to enter to the S-phase is an irreversible event. 

 As cells enter the S-phase and start DNA replication, Cyclin E gets degraded. During the 

S-phase, the CDK2 activity regulates the disassembly of pre-replicative complexes and therefore 

ensures that origins will be fired just once per cell cycle. In late S phase, CDK/Cyclin A triggers 
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FoxM-dependent Cyclin B transcription and thus initiates the transition to G2 phase (Bertoli et 

al., 2013). In addition, FoxM1 also activate transcription of CDC25 phosphatase and Plk1, that 

play important role in G2/M transition (Laoukili et al., 2005; Wierstra and Alves, 2007). 

 During the G2 the levels of cyclin B continually rise, while the activity of CDK1 is inhibited 

by Wee1 and Myt kinases. Nonetheless once cyclin B levels raise enough, the CDK1 activity 

prevails and activates CDC25A/B/C phosphatases which leads in positive feedback to rapid 

increase of CDK activity. The balance is tipped toward CDK activation additionally by Plk1. Plk1 

triggers the destruction of Myt, inhibits Wee1 and activates CDC25C (Stark and Taylor, 2006). 

Similarly, to G1/S transition a system of feedback loops give rise to a bi-stable switch that leads 

to irreversible nuclear envelope breakdown and mitotic entry. 

During the mitosis, the high activity of CDK1 regulates a plethora of functions connected 

with the need to establish mitotic spindle and equally divide the set of chromosomes (McIntosh, 

2016). CDK1 also promotes the activity of ubiquitin ligase complex APC/C. Until the 

metaphase/anaphase transition, the APC/C is kept inactive by the spindle checkpoint. Once all 

kinetochores are correctly attached the spindle checkpoint is silenced, APC/C in complex with 

CDC20 triggers the degradation of cyclin B and thus resets the CDK activity to allow the 

progression through a new cell cycle (Bassermann et al., 2014). 

 

5.2. 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). 

 It should be stressed that the DNA damage response signalling not only affects the cell 

cycle progression but the cell cycle signalling also largely influence the DNA damage response. 

The cell-cycle dependent variations of DNA damage response are closely interconnected with the 

availability of repair processes – particularly with the shift from simple re-ligation of the ends by 

non-homologues end joining in G1 to homologous recombination in G2/M. Following part 
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discuss how the DNA damage response and cell cycle checkpoint signalling is coordinated through 

the different phases of cell cycle (summarized in figure 2. and 3.). 

 

 
	

Figure	2.:	The	key	players	of	DNA	damage	response	and	cell	cycle	checkpoint	signalling	 
The	DNA	damage	response	is	primarily	governed	by	kinases	of	the	phosphatidyl-inositol	3-kinase-related	(PIKK)3	

kinase	family	-	ATM	and	ATR.	ATM/Chk2	signalling	is	triggered	by	DNA	double-strand	breaks.	ATR/Chk1	signalling	

is	activated	by	exposed	ssDNA	which	arise	either	during	replication	stress	or	during	DNA	repair	processes	which	

involve	resection	of	DNA	ends.	Besides	canonical	ATM	and	ATR	pathways,	p38/MK2	signalling	is	supposed	to	

play	role	in	activation	and	maintenance	of	checkpoint.		All	mentioned	pathways	converge	to	deactivate	CDC25	

phosphatase	and	to	stabilize	p53,	which	in	turns	trigger	transcription	of	CDK	inhibitor	p21.	For	further	details	

see	text	below	(Benada	and	Macurek,	2015). 
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5.2.1. G1 checkpoint signalling 

During the G1 phase, the DNA double-strand breaks activate Ataxia telangiectasia 

mutated (ATM) signalling. Firstly, the site of the break is recognized by MRN complex. MRN 

complex consist of MRE11 (meiotic recombination 11), Rad50 and NBS1 (Nijmegen breakage 

syndrome) subunits (Grenon et al., 2001; Nelms et al., 1998). While Mre11 recognize the DNA 

ends, the NBS1 recruits and stimulates activation of ATM (Lee and Paull, 2004). 

The DDR signalling spreads troughs the multiple posttranslational modifications of 

chromatin in the vicinity of DNA lesions. These chromatin modifications and subsequent 

recruitment of numerous factors serve for the further amplification of DDR signalling and at the 

same time is essential for DNA repair. The ATM kinase phosphorylates histone variant H2AX on 

serine 139. Phosphorylated γH2AX is recognized by adaptor protein MDC1 (Burma et al., 2001). 

MDC1 further cooperate with NBS1 in activation of ATM (Melander et al., 2008). This positive 

feedback loop enables efficient activation of ATM and spreading of signalling through chromatin.  

ATM in turn phosphorylates diffusible effector kinase Chk2 on threonine 86 (Ahn et al., 

2000). This priming phosphorylation is followed by a sequence of Chk2 autophosphorylation 

events on threonine 383 and threonine 387, within the Chk2 activation loop and additionally on 

serine 516, all contributing to activation of Chk2. The autophosphorylation of Chk2 can happen 

both in cis and in trans, proposing that oligomerization of Chk2 may promote its activation 

(Schwarz et al., 2003) (Schwarz et al., 2003). Fully activated Chk2 spreads the DDR signalling 

further through the nucleus. Among other substrates, Chk2 phosphorylates Cdc25A on serine 76. 

Phosphorylated Cdc25A is subsequently ubiquitinated by SCF/bTrCP ubiquitin 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). Under normal 

conditions, the p53 half-life is very short and p53 does not accumulate at high levels (Maltzman 

and Czyzyk, 1984). The p53 levels are regulated predominantly by Mdm2 ubiquitin ligase. The 

Mdm2 interacts with p53 within its N-terminus. As the N-terminus of p53 gets extensively 

phosphorylated upon DRR signalling, the interaction with Mdm2 is disrupted and thus p53 is 

prevented from degradation. Importantly, the Mdm2 is a transcriptional target of p53 and thus 

regulate p53 in a negative feedback loop. ATM also phosphorylates Mdm2 on serine 395 and 

inhibits its ubiquitination activity toward p53 (Khosravi et al., 1999; Maya et al., 2001). In addition, 

C-terminus of p53 undergoes multiple CBP/p300–dependent acetylations. Given the fact that 
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acetylation and ubiquitination are mutually exclusive, this further contributes to the stabilization 

of p53 (Gu and Roeder, 1997). 

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. Accumulation 

of p21 is additionally promoted by mRNA binding protein HuR. In response to DNA damage, 

HuR gets phosphorylated at threonine 118 by p38 kinase, which leads to cytoplasmic accumulation 

of HuR and its enhanced binding to the p21 mRNA. While p38 can be activated by diverse stimuli, 

its activation upon DNA double-strand breaks seems to ATM-dependent (Lafarga et al., 2009). 

The p21 binds CDK4/6-cyclin D and CDK2-cyclin E complexes and blocks progression through 

cell cycle (Abbas and Dutta, 2009). The loss of either p53 or p21 results in abrogation of G1 

checkpoint. The importance of p53 is reflected by the fact that p53 is most frequently mutated 

tumour-suppressor in cancer.  

 

5.2.2. S-phase and G2/M checkpoint signalling 

 The emergence of sister chromatids during S-phase enables cells to shift from error-prone 

repair via NHEJ of some DSBs to precise repair via homologous recombination (HR). This shift 

in DNA repair is interconnected with an extensive processing of DNA broken ends and distinctive 

DNA damage response. The Mre11 and CtIP endonuclease resect the DNA ends, producing a 3’ 

ssDNA overhang (Jazayeri et al., 2006); (Sartori et al., 2007). The recruitment of CtIP to DSBs and 

thus also the resection is strictly restricted to G1 and G2 by CDK activity (Huertas et al., 2008; Ira 

et al., 2004; Sartori et al., 2007). The ssDNA generated during the resection triggers the 

ATR/Chk1/Wee1 signalling pathway.  

ATR/Chk1/Wee1 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/Wee1 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. 

Consistently, the mice knockouts in ATR/Chk1/Wee1 show early embryonic lethality (Brown and 

Baltimore, 2000; Takai et al., 2000; Tominaga et al., 2006). 

 

5.2.2.1. ATR/Chk1/Wee1 signalling 

Initially, the exposed ssDNA is instantly recognized by RPA (Wold, 1997), which in turn 

recruits the stable complex of ATR-ATRIP (Cortez et al., 2001; Zou and Elledge, 2003). ATR 

catalytic activity is stimulated by its interacting partner TopBP1 (Kumagai et al., 2006). TopBP1 

can be recruited to the side of lesion either by PCNA-related 9-1-1 complex (Delacroix et al., 2007; 



18 
 

Lee et al., 2007) and scaffold protein RHINO (Cotta-Ramusino et al., 2011) or by its direct 

interaction with MDC1 (Wang et al., 2011). Similarly, to ATM, ATR phosphorylates histone 

H2AX, and thus signalling is amplified via MDC1/TopBP1 in positive feedback loop (Ward and 

Chen, 2001).  

ATR-ATRIP complex interacts with and phosphorylates adaptor protein Claspin. 

Subsequently, phosphorylated Claspin directs ATR activity toward Chk1 (Jeong et al., 2003; 

Kumagai et al., 2004). ATR phosphorylates C-terminal regulatory domain of Chk1 on several 

SQ/TQ sites, including serine 317 and 345 that are assumed to be crucial for Chk1 activation (Liu 

et al., 2000). Additionally, dependent on both serine 317 and 345 phosphorylations Chk1 is 

autophosphorylated by an intramolecular mechanism at serine 296 (Okita et al., 2012). 

Phosphorylated serine 296 creates docking site for 14-3-3g that facilitates interaction between 

Chk1 and Cdc25A (Kasahara et al., 2010). Chk1 phosphorylates Cdc25A on serine 76 (Kasahara 

et al., 2010). Phosphorylated Cdc25A is subsequently ubiquitinated by SCF/bTrCP ubiquitin 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 Chk1 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). 

Although Chk1 shares the substrate homology with Chk2 and inhibits CDC25 

phosphatases in the analogous way, they are not mutually interchangeable. In the context of S and 

G2/M checkpoints, Chk1 is considered as main executory checkpoint kinase, while Chk2 just 

boost the signalling and seems to be dispensable (Jack et al., 2002). 

Both ATM/Chk2 and ATR/Chk1 signalling contribute to activation of p53 during the S-

phase, though their relative contribution is dependent on the type of genotoxic stress. While p53 

is stabilized, accumulation of p21 during S-phase is prevented by a cullin 4A RING E3 ubiquitin 

ligase complex containing Cdt2 (CRL4-Cdt2; (Abbas et al., 2008; Havens and Walter, 2011). The 

p21 needs to be removed during the DNA replication, as its actions interfere with the control of 

origin licensing and lead to an unfavourable re-replication (Kim et al., 2008). Without the p21 the 

S-phase checkpoint depends largely on Wee1 kinase, which directly constrains the CDK2 activity 

(Chow et al., 2003; Watanabe et al., 1995). Wee1 expression increases in S-phase and it is 

additionally activated by Chk1 (O'Connell et al., 1997; Watanabe et al., 1995). 

The role of ATR/Chk1 and Wee1 remains crucial also for G2/M checkpoint. While the 

p53/p21 axis acts again G2 and contributes to the checkpoint signalling, the G2/M checkpoint 



19 
 

does not strictly depend 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 maintenance (Brown and Baltimore, 2000; 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 Wee1, 

checkpoint signalling also targets Plk1 and its co-activators Aurora kinase A and Bora (Krystyniak 

et al., 2006; Qin et al., 2013; Smith, 2000). It was shown that forced expression of constitutively 

active Plk1 can override the G2/M checkpoint (Smits et al., 2000). ATR was reported to 

phosphorylated Bora at Thr501 upon UVC damage. Next, the phosphorylated Thr501 is 

recognized by the SCF-β-TRCP and Bora is targeted for degradation (Qin et al., 2013). Still, the 

molecular mechanisms of Plk1 regulation via checkpoint signalling are not fully understood. 

 

5.2.2.2. p38/MK2 signalling contributes to G2/M checkpoint 

In addition to canonical ATM/ATR signalling also the p38/MK2 pathway was suggested 

to promote the G2/M checkpoint. The molecular mechanism that couples p38/MK2 activation 

with DNA damage has not been completely elucidated yet. It has been reported that TAO 

(Thousand and one amino) kinases activate p38 in response to and UV irradiation and hydroxyurea 

treatment. Notably, TAO actions toward p38 seem to be dependent on ATM/ATR activity 

(Raman et al., 2007). On the other hand, p38 can in be also activated in ATM/ATR-independent 

manner. For example MKK3, MKK4 and MMK6 have been shown to activate p38 in response to 

UV-irradiation (Brancho et al., 2003). All mentioned upstream kinases activate the p38MAPK 

through its dual phosphorylation on pTXpY motif in its active loop (Askari et al., 2009). 

p38 directly activates MK2 by its phosphorylation on threonine 222, serine 272, and 

threonine 334 (Ben-Levy et al., 1998). MK2 shares a substrate homology with Chk1 and 

contributes to the establishment of checkpoint by phosphorylation of CDC25B/C phosphatases, 

which are in turn deactivated in the same way as described above (Lemaire et al., 2006; Manke et 

al., 2005; Uchida et al., 2011). In addition, p38 directly phosphorylates p53 on Serine 15 (Kim et 

al., 2002), Serine 33 (Sanchez-Prieto et al., 2000) and Serine 46 (Bulavin et al., 1999). All these 

phosphorylations further contribute to stabilization of p53. 

Aside from its role in checkpoint establishment, p38/MK2 pathway was suggested to be 

crucial particularly for prolonged maintenance of checkpoint (Reinhardt et al., 2010). Upon DNA 

damage the complex of p38/MK2 translocates from nucleus to cytoplasm. Here, MK2 

phosphorylates RNA-binding protein hnRNPA0 and PARN (Poly(A)-specific ribonuclease) 

which subsequently leads to stabilization of Gadd45 (Growth Arrest and DNA Damage 45) 
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mRNA. In parallel p38 phosphorylates and releases the translational inhibitor TIAR (TIA-1-

related protein) from TIAR/Gadd45a mRNA complex, thus further promoting the Gadd45a 

translation. In turn, Gadd45 protein interacts with p38 and potentiates p38-mediated MK2 

activation in positive feedback loop. This positive feedback loop has been proposed to be essential 

for prolonged maintenance of G2/M checkpoint.  

Importantly, (Reinhardt et al., 2007) showed that depletion of MK2 combined with 

doxorubicin treatment resulted in G2 checkpoint abrogation and mitotic catastrophe in p53-/- 

murine embryonic fibroblast. Moreover, downregulation of MK2 sensitize p53-/- tumours to 

cisplatin and doxorubicin in mice (Reinhardt et al., 2007). 

An increasing number of publications shows that p38/MK2 pathway represents an integral 

part of DNA damage checkpoints, albeit its functional relevance in context of different stress 

stimuli still needs to be further examined. 
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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-Wee1	signalling.	 For	

further	details	see	text	above	(adapted	with	modifications	from	(Shaltiel	et	al.,	2015). 
 

5.3. 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 posttranslational modifications. These PTMs then serves as platforms 

for efficient accumulation of DNA repair proteins. In addition to phosphorylation of chromatin 

proteins, which has been described above, the protein ubiquitination plays major signalling role in 

DNA repair (figure 4.).  
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Initially, MDC1 recruits RNF8 ubiquitin ligase. RNF8 in cooperation with E2 conjugating 

enzyme UBC13 ubiquitinates linker histone 1 (Thorslund et al., 2015). Importantly, UBC13 

catalyzes the ubiquitination of lysines 63. Lysine 63-linked ubiquitination does not trigger 

proteasomal degradation (Thrower et al., 2000), but serves as binding platforms for so-called 

motifs interacting with ubiquitin (MIUs). The ubiquitinated histone H1 is recognized by ubiquitin 

ligase RNF168. RNA168, again in cooperation with UBC13, ubiquitinates histones H2A at lysines 

13 and 16 (Gatti et al., 2012; Mattiroli et al., 2012). 

The action of RNF168 has self-amplifying properties as MIU of RNF168 can bind aside 

ubiquitinated H1 also the ubiquitin residues generated by itself on H2A. The Lys63-linked 

ubiquitination of chromatin in the vicinity of DSBs is essential for recruitment of crucial DNA 

repair proteins 53BP1 and BRCA1 (Doil et al., 2009). 

 

 

 
 

Figure	4.:	The	ubiquitylation	of	histones	by	 the	RNF8	AND	RNF168	plays	a	central	 role	 in	 recruiting	 repair	

proteins	to	DSBs.	

ATM	 response	 leads	 to	 recruitment	 of	 MDC1,	 which	 is	 recognized	 by	 RNF8.	 RNF8	 triggers	 the	 cascade	 of	

ubiquitylation,	which	ultimately	leads	to	recruitment	of	repair	factors	such	as	53BP1	or	BRCA1	(Schwertman	et	

al.,	2016). 
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The 53BP1 is a bivalent reader of chromatin modifications (figure 5.). The ubiquitination-

dependent recruitment (UDR) motif of 53BP1 binds the RNF168-dependent Lys63-linked 

monoubiquitination of H2A at K13 and K15 (Fradet-Turcotte et al., 2013). Additionally, 53BP1 

contains Tudor domain which recognizes dimethylated histone H4K20-me2 (Botuyan et al., 2006; 

Sanders et al., 2004). The H4 methylation is executed by histone methyltransferase MMSET, which 

is enriched at DNA damage foci through its binding to MDC1 (Pei et al., 2011). Besides its crucial 

role in promoting NHEJ, 53BP1 also contributes to amplification ATM activation by promoting 

the direct interaction between MRN and ATM (Lee et al., 2010). Conversely, ATM-dependent 

phosphorylation of 53BP1 is needed for its the interaction with RAP1-interacting factor 1 (Rif1; 

(Silverman et al., 2004) and PAX transactivation domain-interacting protein (PTIP; (Munoz et al., 

2007). 

 

 
 

Figure	5.	Primary	structure	of	53BP1	protein		

The	minimal	focus	region	is	crucial	 for	ability	of	53BP1	to	 localize	to	the	sites	of	DNA	damage.	 	 It	consists	of	

oligomerization	 domain	 (OD),	 a	 glycine	 and	 arginine	 rich	 (GAR)	motif,	 a	 tandem	 Tudor	motif	 that	 binds	 to	

dimethylated	histone	H4K20-me2	and	a	ubiquitylation-dependent	recruitment	(UDR)	motif	that	interacts	with	

Lys63-linked	monoubiquitination	of	H2A	at	K13	and	K15	(Panier	and	Boulton,	2014).	

 

BRCA1 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 through error-prone non-homologous end-

joining, BRCA1 stimulates repair via error-free homologous recombination. There is antagonistic 

relationship between 53BP1 and BRCA1 which orchestrates repair pathway choice (figure 6.). 

53BP1 interacting protein Rif1 blocks the binding of Brca1 to sites of DSBs in G1. Conversely, 

Brca1 prevents the interaction between 53BP1 and Rif1 in S/G2 (Chapman et al., 2013; Di Virgilio 

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

2013). 
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Figure	 6.	 Cell	 cycle	 dependent,	 antagonistic	 relationship	 between	 53BP1	 and	 BRCA1	 orchestrates	 repair	

pathway	choice.	

53BP1	interacting	protein	Rif1	prevents	the	binding	of	Brca1	to	sites	of	DSBs	in	G1.	Conversely,	Brca1	blocks	the	

interaction	between	53BP1	and	Rif1	in	S/G2	(Zimmermann	and	de	Lange,	2014).	

 

5.3.2. Non-homologous end joining (NHEJ) 

In principle, non-homologous end joining (NHEJ) involves direct ligation of DNA ends, 

eventually including a minor modification of DNA ends by excision or synthesis prior to ligation 

if they cannot be ligated directly (van Gent and van der Burg, 2007). Initially, DNA ends are 

recognized by Ku70/80 heterodimers, which in turn recruit DNA protein kinase catalytic 

subunit (DNA-PKcs). If needed, PTIP and DNA-PKcs activates endonuclease Artemis, which is 

able to remove excess ssDNA and generates ends that can be directly ligated (Wang et al., 2014). 

The ligation itself is executed by complex of Ligase IV, X-ray repair cross-complementing 

protein 4 (XRCC4) and XRCC4-like factor (XLF; (van Gent and van der Burg, 2007). 

 

5.3.3. Homologous recombination (HR) 

During HR the DNA ends are primary resected to expose 3′ ssDNA tails. The resection 

is initialized by the MRE11-RAD50-NBS1 (MRN) complex in cooperation with CtIP (Longhese 

et al., 2010; Sartori et al., 2007). The resection is further extended by EXO1 exonuclease. While 

the ssDNA is initially recognized by RPA, RPA is quickly exchanged for recombinase RAD51 in 

BRCA2 dependent-manner (Pellegrini et al., 2002; Thorslund et al., 2010). In turn, Rad51 

nucleofilament invades the template, displacing an intact strand to form displacement (D) -loop 

(Thorslund et al., 2010). The formed structure can be resolved either by synthesis-dependent 
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strand annealing (SDSA) or by canonical double strand break repair (DSBR; (Heyer et al., 2010; 

San Filippo et al., 2008). 

 

 
 
Figure	 7.	 Simplistic	 scheme	 of	 repair	 mechanisms	 of	 DNA	 double-strand	 breaks	 by	 non-homologous	 end	

joining	and	homologous	recombination	

For	further	details	see	text	above	(Brandsma	and	Gent,	2012). 
 

5.4. Checkpoint Recovery 

5.4.1. Reversal of phoshorylations 

 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 signalling depends heavily on post-translation modification and protein 

phosphorylation in particularly. The critical step in checkpoint recovery is reversal of these 

modifications.  

Several protein phosphatases has been proposed to play role in dephosphorylation of 

checkpoint components and it seems that they can act in a redundant manner (Shaltiel et al., 2015), 

figure 8..). Among these PP1, PP2A, PP6 and Wip1 have been reported to be regulated by distinct 
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mechanisms upon DNA damage. In addition, PP2A and Wip1 have been shown to localize to 

sites of DNA damage (Chen et al., 2014; (Chowdhury et al., 2005; Dozier et al., 2004; Guo et al., 

2002; Macurek et al., 2010; Naito et al., 2012; Shouse et al., 2011). PP2A regulates the DNA repair 

and its depletion results in persistence of DNA damage (Chen et al., 2014; (Chowdhury et al., 

2005). Nonetheless, for the checkpoint recovery, the most important phosphatases seem to be 

PP4 and Wip1. It has been proposed that PP4 plays dominant role in recovery from G1 whereas 

Wip1 is essential for G2/M recovery (Lindqvist et al., 2009; Shaltiel et al., 2014). In G1 checkpoint 

recovery, the PP4 dephosphorylates Krüppel-associated box domain-associated protein 1 (Kap1) 

at S473 which results in repression of p53-dependent activation of p21 (Shaltiel et al., 2014). Given 

the fact that Wip1 represents a major focus of this thesis, it will be discussed in larger details in the 

following section. 

 

 
Figure	8.	Reversal	of	DNA	damage	induced	PTMs	is	crucial	for	checkpoint	recovery	

Prime	role	plays	the	dephosphorylation	of	ATM/ATR	substrates.	Several	protein	phosphatases,	including	Wip1,	

PP2A,	 PP1,	 PP5	 and	 PP6	 (in	 red),	 has	 been	 proposed	 to	 execute	 the	 dephosphorylation	 of	 checkpoint	

components	and	it	seems	that	they	can	act	in	redundant	manner.	Besides	dephosphorylation,	the	DNA	damage-

induced	ubiquitination,	acetylation	and	PARylation	are	removed	by	corresponding	enzymes	–	for	further	details	

see	(Shaltiel	et	al.,	2015). 
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5.4.2. Wild-type p53-induced phosphatase 1 - Wip1 

 Wip1 (wild-type p53-induced phosphatase 1, alternatively PP2C delta or PPM1D; EC 

3.1.3.16) was firstly described by (Fiscella et al., 1997) as a phosphatase which is induced in 

response to DNA damage in a p53-dependent manner. Originally it was hypothesized that Wip1 

could contribute to growth inhibition, similarly to p21. Nonetheless later reports established that 

Wip1 acts as negative regulator of DNA damage response and it is crucial for checkpoint recovery, 

predominantly through direct dephosphorization of p53.  

 Wip1 is a magnesium-dependent serine/threonine monomeric phosphatase that belongs 

to the protein phosphatase 2C (PPC2) family. In contrast to PP1 and PP2A phosphatases, it is not 

inhibited by okadaic acid (Fiscella et al., 1997). In human, Wip1 is encoded by PPM1D gene, which 

is located at locus 17q23. PPM1D expression is ubiquitous, with highest levels in testes (Choi et 

al., 2000). Wip1 is localized exclusively to the cell nucleus and it is tightly bound to chromatin 

(Fiscella et al., 1997; Macurek et al., 2010). 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; (Lu et al., 2008; Yoda et al., 2006). Within the otherwise conserved 

PP2C catalytic domain of Wip1 resides an unique positively charged segment, termed B-loop (235–

268 aa).  The B-loop has been reported to be crucial for Wip1 substrate specificity (Yamaguchi et 

al., 2007). Importantly, the B-loop is bound by an allosteric Wip1 inhibitor GSK2830371 

 – figure 9 (Gilmartin et al., 2014). 

 

 
	

Figure	9.	In	silico	predicted	structure	of	Wip1			

In	silico	predicted	Wip1	model	based	on	PPM1A	crystal	structure.	In	green,	flap	region,	which	includes	B-loop	

(blue);	purple	-	Mg2+;	pink	-	residues	of	the	catalytic	site	(R18,	E22,	D23,	D105,	G106,	D192,	K218,	D314	and	

D366,	(Gilmartin	et	al.,	2014).	The	crystal	structure	of	Wip1	has	not	been	determined. 
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C-terminal domain is unique for Wip1, does not share homology to other PPC2 

phosphatases and its functional relevance remains unknown. Even though two putative nuclear 

localization signals (NLS) were identified in the C-terminal domain at 535–552 aa and 581–589 aa, 

the Wip1 mutants missing these C-terminal NLS still localized to cell nucleus (Yoda et al., 2006). 

 

5.4.2.1. Regulation of Wip1 

5.4.2.1.1. Transcriptional regulation 

Wip1 transcription is induced by genotoxic stress predominantly in p53 dependent manner 

(Fiscella et al., 1997). Nonetheless other transcription factors have been also described to bind 

PPM1D promotor and to trigger PPM1D transcription, these include CREB, NF-kappaB, 

ERalpha, c-jun, and E2F1.  

Cyclic AMP response element binding protein (CREB) was suggested to regulate basal 

transcription of PPM1D, independently on genotoxic stress (Rossi et al., 2008). Nuclear Factor-

kappa B (NF-kappaB) and c-jun contribute to transcriptional regulation WIP1 upon stress stimuli 

(Lowe et al., 2010; Song et al., 2010). NF-kappaB triggers Wip1 transcription after DNA damage 

and also upon stimulation with lipopolysaccharide (LPS) and cytokine Tumour Necrosis Factor-

alpha (TNF-alpha; (Lowe et al., 2010). C-jun contributes to PPM1D induction upon UVC 

irradiation. While p53 was shown to bind PPM1D promoter immediately and transiently upon 

UVC irradiation, c-jun was described to bind in later time-points, suggesting that c-jun might help 

to sustain the Wip1 levels necessary for checkpoint recovery (Song et al., 2010). PPM1D expression 

was reported to be further regulated in steroid-dependent manner, by Estrogen Receptor-alpha 

(ER-alpha; (Han et al., 2009). These findings are in good correlation with described overexpression 

of Wip1 in breast cancer even without gene amplification (Yu et al., 2007). Lastly, E2F1 was 

described to bind PPM1D promoter and increase Wip1 expression in p53 independent manner 

(Hershko et al., 2006). 

 

5.4.2.1.2. Co- and Post-Transcriptional regulation 

Two alternatively spliced variants of PPM1D transcript were identified, first corresponds 

to the full-length protein (PPM1D605) and the second gives rise to shorter version (PPM1D430) 

which contains 420 residues of the full-length Wip1 (PPM1D605) and additional a stretch of 

PPM1D430-specific 10 amino acids.  While expression of PPM1D605 is ubiquitous, PPM1D430 is 

expressed mainly in the testis and leukocytes (Chuman et al., 2009). Given the unclear role of Wip1 

C-terminus, it is similarly unclear whether these alternatively spliced variants have different 

functional relevance. 
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The stability of PPM1D mRNA is controlled by microRNA-196 and by BRCA-IRIS. miR-

16 is expressed upon DNA damage in p53 dependent manner (Zhang et al., 2010). miR-16 binds 

to the 12-base region of the 3′UTR of Wip1 mRNA and stimulates its degradation. This might 

seem conflicting with role of p53 as Wip1 inducer. It should be highlighted that miR-16 is 

expressed in early time-points after DNA damage, when it is desirable to downregulate the Wip1 

to promote full activation of DDR. Later on miR-16 expression is reduced and Wip1 levels 

increase to promote checkpoint recovery (Zhang et al., 2010). In opposing fashion to miRNA-16 

the PPM1D mRNA is protected from degradation by BRCA-IRIS. BRCA-IRIS increases the 

expression of HuR protein, which binds to and stabilizes PPM1D mRNA (Chock et al., 2010). 

 
5.4.2.1.3. Posttranslational regulation of Wip1 

 It has been reported that homeodomain interacting protein kinase 2 (HIPK2) acts as 

homeostatic regulator of Wip1 levels (Choi et al., 2013). In unstressed condition, HIPK2 

phosphorylate Wip1 on serine 85 and thus target it to proteasomal degradation. Upon gamma-

irradiation protein kinase AMP-activated catalytic subunit alpha 2 (AMPKa2) phosphorylates in 

ATM-dependent manner the HIPK2 at T112, S114 and T1107 which mediates the dissociation of 

HIPK2 and Wip1, which subsequently leads to stabilization of Wip1. Since Wip1 can shut down 

ATM signalling this could add yet another layer of negative feedback regulation of DDR.  

 

5.4.2.2. Substrates of Wip1 and crucial role of Wip1 in maintenance of recovery competence 

Wip1 exhibits specificity toward two different motives – to pSQ/pTQ and to pTXpY. 

SQ/TQ motif is phosphorylated by ATM and ATR kinases. Wip1 therefore counteract the activate 

DDR signalling on multiple levels and dephosphorylate virtually all major players in DDR – 

including ATM, γH2AX, Chk1, Chk2 and most importantly p53 itself (summarized in Table 1.). 

In addition to inhibition of upstream p53 activators, Wip1 also remove inhibitory 

phosphorylations from Mdm2, further leading to p53 downregulation (figure 10.). While ATM, 

ATR, Chk2 and particularly Chk1 play also other important roles in activation of checkpoint 

besides phosphorylation of p53, inactivation of p53 represents a predominant function of Wip1.  

It has been shown that HCT116 p53-/- depleted of Wip1 recover from DNA damage and entered 

mitosis with no difficulties in contrast to HCT116 p53+/+ depleted of Wip1 which were unable 

to recover from checkpoint and to enter the mitosis. Therefore, Wip1 is indispensable for recovery 

competence through counteracting the p53 mediated response. Lindquist et al. demonstrated that 

in Wip1-depleted cells p53 signalling is able to downregulate cyclin B levels below threshold that 

needed for preserving the minimal CDK1-cyclin B1 activity, which is needed to maintain recovery 

competence (Lindqvist et al., 2009). To conclude, Wip1 acts as homeostatic regulator of DDR by 
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dephosphorylating the substrates of ATM/ATR kinases, most importantly it counterbalances p53-

dependent repression of CDK1 signalling and thus ensures checkpoint recovery competence. 

The main substrate of Wip1 which contains pTXpY is p38 kinase. It has been proposed 

that Wip1 can directly inhibit p38 via dephosphorylation of T180 within its activation loop 

(Takekawa et al., 2000). The p38 inhibition leads, among other things, to reduced phosphorylation 

of p53 on activatory sites p33 and S34. Given the fact that Wip1 is transcriptional target of p53, 

this establishes regulatory negative feedback loop in p38-p53 pathway. As p38-MK2 signalling has 

been proposed to contribute to the checkpoint maintenance it is possible that Wip1 promotes 

checkpoint recovery also by p38 inhibition. 

Beyond the canonical substrates, Wip1 has been reported to target also the p65 subunit of 

NF-κB transcription factor, DDR regulators LSD1, RBM38 and DAXX, base excision repair 

protein UNG2 and nucleotide excision repair proteins XPA and XPC (summarized in table). In 

all these cases Wip1 acts as a negative regulator. 

 

 

 
	

Figure	10.	Inactivation	of	p53	represents	a	major	function	of	Wip1.			

Wip1	dephosphorylates	and	thus	inactivates	upstream	activators	of	p53	-	ATM,	γH2AX,	Chk1,	Chk2.	Moreover,	

Wip1	also	remove	inhibitory	phosphorylations	from	Mdm2,	further	leading	to	p53	downregulation.	At	least	but	

not	last	Wip1	directly	dephosphorylates	p53	itself.	Adapted	with	modifications	from	(Van	Maerken	et	al.,	2009).	
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Table	1	-	Substrates	of	Wip1:	

Target	Protein	 Site(s)	 Function	 References	
	

ATM	 S1981;	S365	 DDR	 (Shreeram	et	al.,	2006)	
Chk1	 S345	 DDR	 (Lu	et	al.,	2005)	
Chk2	 S19;	S33/35;	

T68;	T432	
DDR	 (Fujimoto	et	al.,	2006)	

DAXX	 S564	 DDR	 (Brazina	et	al.,	2015)	
H2AX	 S139	 DDR	 (Macurek	et	al.,	2010)	
LSD1	 S131;	S137	 DDR	 (Peng	et	al.,	2015)	
MDM2	 S395	 regulator	of	p53	 (Lu	et	al.,	2007)	
MDMX	 S403	 regulator	of	p53	 (Zhang	et	al.,	2009)	
p38	MAPK	 T180	 stress	response	 (Takekawa	et	al.,	2000)	
p53	 S15	 DDR	 (Lu	et	al.,	2005)	
p65	 S536	 NF-KB	signalling	 (Chew	et	al.,	2009)	
RBM38	 S195	 RNA-binding	protein;	regulate	

translation	of	both	
PPM1D	and	p53	

(Zhang	et	al.,	2015)	

UNG2	 T6	 base	excision	repair	 (Lu	et	al.,	2004)	
XPA	 S196	 nucleotide	excision	

repair	
(Nguyen	et	al.,	2010)	

XPC	
	

S892	
	

nucleotide	excision	
repair	
	

(Nguyen	et	al.,	2010)	
	

	

 

5.4.2.3. PPM1D is an oncogene 

The role of Wip1 as negative regulator of p53 and other checkpoint effectors proposes 

that its deregulation could promote cancer development. In support of this notion, the 

chromosomal region 17q23–24 harboring PPM1D gene is amplified in multiple human cancers 

(summarized in figure 11.). The highest incidence of Wip1 amplification, approximately 15% of 

all cases, was reported in breast tumours (Li et al., 2002). Moreover, high Wip1 levels were shown 

to correlate with poor patient prognosis (Hirasawa et al., 2003; Saito-Ohara et al., 2003; Yang et 

al., 2015). Wip1 overexpression is almost exclusively found in tumours with functional p53, which 

supports view that the p53 is most crucial target of Wip1 (Bulavin et al., 2002). As high levels of 

Wip1 efficiently shut down the p53-dependent response there is no longer selective pressure to 

lose p53. 
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Figure	11.	PPM1D	(Wip1)	is	amplified	in	human	cancers		

A	visualization	of	PPM1D	amplifications,	deletions	and	mutations	in	indicated	large-scale	genomic	data	made	in	

cBioPortal	(http://www.cbioportal.org/;	(Salvadores	et	al.,	2013).	

 

The further evidence that Wip1 can act as an oncoprotein comes from functional studies 

on transgenic mice.  The Wip1 knockout mice were viable, although they exhibit deficiencies in 

male reproductive organs and fertility, immune system and cell proliferative and renewal capacity 

(Choi et al., 2002). Murine embryonic fibroblasts (MEFs) derived from Wip1 knockouts 

proliferated at slower rate and entered cellular senescence earlier compared to wild-type. Wip1-/- 

MEFs showed expectable increase in levels of p53, pp21 and correspondingly had enhanced G1 

checkpoint. Interestingly, they also exhibit increased levels of p19ARF and p16INK4 tumour 

suppressor. Notably, Wip1-/- MEFs were completely resistant to transformation by E1A, RAS, 

ERBB2 and MYC oncogenes, while only the combination of RAS and E1A showed limited ability 

to induce transformation (Bulavin et al., 2004). 

The overexpression of Wip1 alone was reported to not result in malignant transformation. 

Nonetheless, overexpression of Wip1 in combination with adenoviral oncogene E1A lead to 



33 
 

transformation of rat embryo fibroblast. This was strictly dependent on Wip1 catalytic activity as 

overexpression of catalytic inactive version of Wip1 in tandem with E1A failed to transform the 

fibroblasts (Bulavin et al., 2002; Li et al., 2002). Deminov et al., prepared the transgenic mice model 

with Wip1 overexpression in mammary gland. The mice did not exhibit the spontaneous 

development of mammary tumours. On contrary once Wip1 transgenic mice were crossed on 

background of tumour susceptible ErbB2 mice, the spontaneous induction of tumours was 

significantly accelerated (Demidov et al., 2007). Notably, more than 30% of breast cancers with 

PPM1D amplifications show co-amplification of the ERBB2 (Emelyanov and Bulavin, 2015). In 

conclusion, while Wip1 alone act as rather a weak oncogene, it can contribute to tumourigenesis 

and poorer prognosis. 

 

 

5.4.2. Polo-like kinase 1 – Plk1 is required for  

G2 checkpoint recovery  
The Polo Kinase 1 (Plk1) was firstly identified from genetic screens in Drosophila showing 

the striking phenotype of arrested mitotic cells with monopolar spindle, reminiscent the shape of 

“polo” mints (Sunkel and Glover, 1988). Plk1 is indeed responsible for regulation of plethora cell 

division functions including centrosome maturation, bipolar spindle formation and function, 

centromere assembly, kinetochore function and cytokinesis (Schmucker and Sumara, 2014). 

Notably, it also promotes mitotic entry and while it is non-essential in unperturbed cell cycle, it is 

indispensable for checkpoint recovery (Macurek et al., 2008).  

Plk1, similar to other members of Polo family, is structurally characterized by C-terminal 

Polo-Box domain (PBD). PBD mediates protein-protein interactions, is essential for subcellular 

localization and regulates the N-terminal serine/threonine kinase domain of Plk1 (Archambault et 

al., 2015). In inactive state, the PBD interact with kinase domain of Plk1 preventing its kinase 

activity. During G2 the Plk1 is activated by synergistic action of Aurora A and its cofactor Bora. 

Bora interacts with Plk1 and opens its closed structure to expose Thr210, which lies within the 

activation T-loop of Plk1 kinase domain. The exposed Thr210 is then phosphorylated by Aurora 

A leading to activation of Plk1 (Macurek et al., 2009; Seki et al., 2008); figure 12.  

Once activated, Plk1 counteracts the activation checkpoint kinases Chk1 and Chk2, Wee1 

and Cdc25C. Plk1 inhibits Chk2 through phosphorylation of its FHA domain. The 

phosphorylation of Ser-164 likely disrupts ligand binding-site of Chk2, while phosphorylation of 

Thr-205 and Ser-210 prevents Chk2 to form active dimers. Presumably, the interaction between 
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Plk1 and Chk2 is mediated by 53BP1, that serves as a binding platform, bringing both to the close 

proximity (van Vugt et al., 2010). 

 

 
 
Figure	12.	Polo-Box	domain	(PBD)	of	Plk1.		

(A)	 In	 inactive	 state,	 the	 PBD	 interact	 with	 kinase	 domain	 of	 Plk1	 preventing	 its	 kinase	 activity.	 Upon	

phosphorylation	by	Aurora	A	the	PBD	domain	release	the	Plk1	kinase	domain,	which	results	in	its	activation	(Barr	

et	al.,	2004).	 (B)	Crystal	 structure	of	 the	PBD	of	human	PLK1	with	bound	phosphopeptide	 (MQS(pT)PL).	The	

surface	of	the	PBD	is	coloured	based	on	the	electrostatic	potential	(red	for	positive	charge	and	blue	for	negative	

charge).	Lys540	and	His538	make	the	direct	contact	with	the	phosphate	group	of	Plk1	targeted	proteins.(Barr	et	

al.,	2004;	Cheng	et	al.,	2003).	

 

Even more importantly, Plk1 prevents Chk1 activation by triggering SCFbTrCP-

dependent degradation of its adaptor protein Claspin. βTrCP recognize a conserved canonical 

DSGxxS degron within Claspin and substitution of both serines to alanines significantly stabilize 

Claspin. Although the Plk1 activity is necessary for interaction between βTrCP and Claspin, it has 
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not been shown whether it directly phosphorylates the DSGxxS degron or whether the mode of 

regulation is more complex (Mailand et al., 2006; Mamely et al., 2006; Peschiaroli et al., 2006). 

Nevertheless, the first scenario seems more likely as it is reminiscent of Plk1- and β-TrCP–

dependent degradation of Bora where Plk1 directly phosphorylates Bora DSGxxS degron (Seki et 

al., 2008). The destruction of Wee1 β-TrCP–dependent degradation is executed by Plk1 and 

additionally by CDK1 in a similar manner (Watanabe et al., 2004). Lastly, Plk1 phosphorylates 

Cdc25 within its nuclear export sequence, which promotes its nuclear localization (Toyoshima-

Morimoto et al., 2002); figure 13. 

 

 

 
	

Figure	13.	Summary	of	Wip1	and	Plk1	roles	in	G2/M	checkpoint	recovery	

Wip1	dephosphorylates	and	thus	inactivates	multiple	effector	proteins	of	checkpoint	and	is	indispensable	for	

G2/M	checkpoint	recovery.	Plk1	primarily	counteracts	activation	of	Chk1	via	degradation	of	Claspin.		

In	addition,	Plk1	contributes	to	recovery	from	checkpoint	also	via	inhibition	of	Cdc25	phosphatases	and	Wee1.	

(Medema	and	Macurek,	2012)	
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6. List of methods 

 

Molecular cloning and standard molecular biology techniques 

 

RNA isolation, cDNA synthesis and quantitative RT-PCR 

 

Standard biochemistry techniques including SDS-PAGE and 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 
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8. Linking of publications 

 

During my work on this thesis, I was primarily interested in how do the cells negatively 

regulate the DNA damage response and checkpoint signalling. Three out of four presented 

publications are focused on the role and regulation of Wip1 phosphatase. As described in details 

in Literature overview, Wip1 is a major negative regulator of DDR, it inhibits p53 signalling and it 

is indispensable for checkpoint recovery.  

In publication “4. Downregulation of Wip1 phosphatase modulates the cellular 

threshold of DNA damage signalling in mitosis.” we have examined how is the Wip1 regulated 

during the cell cycle and particularly in mitosis. We have identified and characterized novel 

regulatory phosphorylations that occur specifically in mitosis, show that Wip1 is degraded in 

mitosis and find responsible ubiquitin ligase. 

Publication “3. Gain-of-function mutations of PPM1D/Wip1 impair the p53-

dependent G1 checkpoint.” describes our findings of novel gain-of functions mutations of 

PPM1D/Wip1. These mutations were identified in cancer cell lines and also in the peripheral blood 

of cancer patients, suggesting that they might predispose to cancer development. 

As there is increasing evidence that Wip1 act as an oncoprotein, it is also potential 

therapeutic target. In publication 1. Wip1 phosphatase inhibition sensitizes breast cancer cells 

to genotoxic stress and to mdm2 antagonist nutlin-3. we have validated currently available 

inhibitors of Wip1 and demonstrated that Wip1 inhibition by GSK2830371 could sensitize cancer 

cells to genotoxic stress and to Mdm2 antagonist. 

The last publication “2. Polo-like kinase 1 inhibits DNA damage response during 

mitosis.” is not focused on Wip1 but investigates how do the cells inhibit the general DDR and 

DNA repair in mitosis and therefore is thematically closely related to the publication 4. Here we 

show that mitotic phosphorylation of 53BP1 by Plk1 and CDK1 impairs the ability of 53BP1 to 

properly localize to site of DNA damage and thus inhibits DNA repair during the mitosis. 

In overall, publications 2 and 4 provide new insight into molecular regulation of DNA 

damage response and DNA repair during the mitosis. Publications 1 and 3 deal with role of Wip1 

as an oncoprotein, describe novel gain-of-function mutations of Wip1 and characterize the effects 

of Wip1 inhibitors on cancer cell lines.  
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9. Discussion 

9.1. Downregulation of Wip1 phosphatase modulates the cellular threshold of DNA 

damage signalling in mitosis 

 The role of Wip1 as a major negative regulator of DNA damage response has been 

established in numerous studies. Nonetheless, the regulation of Wip1 itself remained largely 

unknown. In the presented study, we have investigated how is the Wip1 regulated during the cell 

cycle progression.  

 Biochemical synchronization of cells by e.g. thymidine induce a stress response. Notably, 

expression of Wip1 is regulated by stress response proteins such p38, JNK kinases and 

predominantly by p53. To study the regulation during the unperturbed cell cycle and not upon 

stress response we complemented established biochemical methods for cell cycle studies by novel 

approaches that allowed us to analyze the unsynchronized cells. These include the high-content 

microscopical analysis of unsynchronized cells and the use of ubiquitination-based cell cycle 

indicator (FUCCI; Sakaue-Sawano et al. (2008). The FUCCI system consists of genetically encoded 

degron sequence derived from geminin tagged with GFP and degron sequence from cdt1 tagged 

with RFP. During the G1 the geminin-probe is degraded and only the red fluorescence is present 

within the nuclei. In the S and G2, the Cdt1-probe gets degraded and geminin-probe stabilized 

therefore the green fluorescence is detected.  The flow cytometry sorting of FUCCI cells based on 

intensities of expressed cell cycle markers allowed us to obtain an amount of cells large enough for 

biochemical analyses without a need for biochemical synchronization. 

 We have shown that protein levels of Wip1 gradually increases from G1 to G2 phase. The 

increase of Wip1 might reflect that as Wip1 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 Wip1 

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 Wip1 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 Wip1 levels 
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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 CDK1. 

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 Wip1 

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 Wip1 degradation we established a tetracycline 

inducible system that allows us to induce high levels of Wip1 during the mitosis. We have observed 

no 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 Wip1 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 (Nelson et al., 2009; Giunta et al., 2010). The activity of 

checkpoint kinases is suppressed by the Plk1 during mitosis similarly to the situation in G2/M 

checkpoint recovery. Plk1 inhibits Chk2 activation through phosphorylation of its FHA domain 

(von Vugt et., al 2010).  In addition, Plk1 prevents Chk1 activation by triggering SCFbTrCP-

dependent degradation of its adapter protein Claspin (Mailand et al., 2006; Mamely et al., 2006; 

Peschiaroli et al., 2006). Inactivation of the checkpoint branch of DDR is rather intuitive as it 

would interfere with the activity of kinase CDK1, which is indispensable for mitotic progression. 

Nonetheless, aside from inactivation of DDR checkpoint, mitotic cells also constrain the DNA 

repair. We will discuss the mechanism and reasoning for inhibition of DNA repair in the later 

section.  

 We hypothesized that the removal of Wip1 may allow the persistence of the γH2AX 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 
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into mitosis with damaged DNA, cells are still able to do so in presence of few DNA breaks 

(Harrison and Haber et al., 2006; Kubara et al., 2015).  

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 γH2AX 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. 

 In 2015, Jeong at al. conceived a related study that deals with the role and the regulation 

of Wip1 during the mitosis. While they confirmed our findings that Wip1 is degraded in mitosis, 

they propose that this process is APC-Cdh1 dependent and not APC-Cdc20 dependent as we have 

shown. Nonetheless, their conclusion is based solely on overexpression of Cdh1. Given the fact 

that activation of Cdh1 in normal conditions happens later in mitosis than the degradation of Wip1 

it is unlikely that Cdh1 does regulate Wip1 in mitosis. Importantly, we have not observed any 

stabilization of Wip1 levels upon Cdh1 siRNA-mediated depletion (data not shown). Moreover, 

in contrast to our study Jeong at al. claimed that overexpression of Wip1 during the mitosis results 

in a delay of metaphase-anaphase transition. This discrepancy could be attributed to the differences 

between the used cell lines – U2OS cells in our study, HeLa cells in Jeong study. As both of these 

cell lines are transformed they may not represent the suitable model for normal cell cycle 

progression. Later on in our studies, we have also investigated the effect of Wip1 overexpression 

in untransformed RPE cell line and we have not observed any defects in mitotic progression (data 

not shown). 
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9.2. 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 

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. 

 Interestingly, T198 of RNF8 is not evolutionarily conserved residue, therefore it is possible 

that additional parallel mechanisms regulate DDR in mitosis. Beside the ubiquitination by RNF8, 

it is expectable that level of the chromatin ubiquitination would be controlled also by 

deubiquitinating enzymes. Several DUBs, including USP3, USP16 and USP51, were suggested to 

regulate the monoubiquitination of H2A at K13 and K15 (Nicassio et al., 2007; Doil et al., 2009; 

Lancini et al., 2014, reviewed recently by Smeenk and Mailand et al., 2016). Notably, the 

catalytically inactive mutants USP16-C205S and USP3-C168S were enriched at mitotic chromatin 

(Cai et al. 1999, and our unpublished data respectively). Furthermore, the USP16 was reported to 
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be regulated by phosphorylation of S552 by Cdk1 during mitosis, yet the exact role of this 

regulation remains unclear (Xu et al., 2013). Alternatively, the USP51 was recently suggested as a 

major regulator of DDR, as its overexpression efficiently suppressed the formation of 53BP1 and 

BRCA1 foci (Wang et al., 2016). Nonetheless, whether the USP51 is regulated differentially in 

mitosis than in interphase is currently not known. Moreover, besides the inhibition of 53BP1, both 

CDK1 and Plk1 suppress also function of XRCC4 further suppressing the NHEJ in mitosis 

(Terasawa et al., 2014). 

 Once the cells exit the mitosis, the inhibitory phosphorylation of 53BP1 needs to be 

removed in order to enable non-homologous end-joining in G1 phase. Lee et al., 2015 revealed 

that the dephosphorylation of both T1609 and S1618 is executed by protein phosphatase complex 

PP4C/R3β. 

Taken together, cells efficiently suppress their 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 et al., 2009). Among the 

proteins of Shelterin, particularly the protector of telomeres 1 (POT1) and telomere repeat 

binding factor 2 (TRF2) have been suggested to protect the telomere ends from fusions by 

inhibition of ATM and ATR activity (Denchi et al., 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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9.3. Gain-of-function mutations of PPM1D/Wip1 impair the p53-dependent  

G1 checkpoint. 

 Here we described novel gain-of-function mutations in PPM1D gene, that encodes Wip1 

phosphatase. Initially, we identified the Wip1 mutation in cancer cell lines U2OS and HTC116.  

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 Wip1, that efficiently shutdowns p53 dependent signalling. This explains the 

observation that U2OS 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 either 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. 

estimated the relative risk of breast cancer for PPM1D mutation carriers to be 2.7 (95% confidence 

interval: 1.3–5.3; P= 5.38 x 10-3), an approximately 23% cumulative risk by age 80. The relative 

risk of ovarian cancer was estimated to be 11.5 (95% confidence interval: 4.3–30.4; P= 9.95 x 10-

7), an approximately 18% cumulative risk by age 80. 

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 
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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, 2006; Gorgoulis et al., 2005; Di Micco et al., 2006; Halazonetis et al., 2008). 

Besides the effect on the p53-dependent response the Increased levels of truncated Wip1 could 

promote the tumorigenesis also by impairing the proper activation of DDR via dephosphorylation 

of gH2AX and ATM. The defective ATM signalling would affect the ability of the cells to properly 

repair damaged DNA, leading to in increased genomic instability (Shiloh et al., 2003). Moreover, 

the high levels of Wip1 could promote the accumulation of mutations by the negative regulation 

of nucleotide excision repair as suggested by Nguyen et al., 2010. 

 After the first identification of Wip1 truncating mutations in our study and by Ruark et al., 

several reports described the similar mutations, all occurring in exon 6 hotspots in following cancer 

types - ovarian cancer (Zhang  et al., 2014) , brain stem gliomas (Nikbakht et al 2014) and lung 

cancer (Zajkowicz et al., 2015). The Wip1 truncating mutations generally occurs with low 

frequency, below 2% (Ruark et al., 2013; Zhang  et al., 2014; Nikbakht et al 2014; Zajkowicz et al., 

2015) in comparison to more frequent amplifications of PPM1D locus - up to 25% 

(http://www.cbioportal.org/; Eirew et al., 2015; Martelotto et al., 2015). Notably, the Wip1 

mutations are almost exclusive to loss of function mutations in p53 gene, further illustrating that 

p53 is the crucial target of Wip1 (Nikbakht et al 2014). 

 Remarkably, in almost all reported cases the observed ratio of mutated allele to wild-type 

allele was far lower than expected 1:1 as in case of heterozygous mutations, suggesting that the 

carriers are mosaics. This could explain limited hereditary transition, reported by Ruark et al (2013) 

and Akbarie at al. (2013). If not inherited, the Wip1 mutations could arise early in embryogenesis. 

Alternatively, Zajkowicz et al. (2015) has proposed that these mosaic mutations could be a result 

of chemotherapy as in their study the carrying patients were exposed, before the mutation analysis, 

to the treatment  with DNA-damaging agents. This hypothesis is supported by comparison of 

blood samples from the case patients prior to and post chemotherapy treatment made by Pharaoh 

et al., 2016. All mutations identified in Pharaoh et al., study were identified in post-chemotherapy 

treatment. The association of Wip1 mutations with chemotherapy, and also with age, was further 

reported by Swisher et al, 2016. Off note, while the majority of reported mutations were mosaics, 

rare cases of heterozygous mutations has been reported by Pharaoh et al (2016). Moreover, we 

have also identified PPM1D heterozygous mutations in one tumour sample (unpublished data). At 

least in these cases, it is virtually excluded that the mutations were caused by chemotherapy. 

 Even if the large subset of the Wip1 mutations would be treatment-related and thus not 

the causative driver mutation of primary tumour, they are still clinically important. The Wip1 
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mutations could contribute to acquired chemoresistance and eventually drive the rise of treatment-

induced secondary tumours. 

 Similarly, to patients with amplification of PPM1D, the subset of patients with Wip1 

truncating mutations might represent suitable candidates to pharmacological inhibition of Wip1. 

The pharmacological effects of Wip1 inhibitors in vitro were recently described by our group and 

others. 
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9.4. 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 Wip1-positive expression group was significantly lower than that of the Wip1-negative group 

(Satoh et al., 2011; Zhao et al, 2016). 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., 2007) on cancer cell lines.  

 While CCT007093 suppressed cell proliferation, this effect was independent on Wip1 as 

CRISPR induced PPM1D 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 γH2AX upon DNA damage.  

 The original article that described CCT007093 the as Wip1 inhibitor, supported its 

specificity solely by in vitro phosphatase assay and indirect read-outs such as that CCT007093 

decreased the proliferation of cells that overexpressed Wip1 (Rayter et al., 2007). A later report by 

questioned the specificity of  CCT007093 and suggested that the pharmacological effects of  

CCT007093 are at least partly attributed to attenuation of JNK signalling, independently of Wip1 

status (Lee et al., 2014). The data we present here 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 γH2AX 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 Wip1. 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 Wip1. 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.  
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 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.  

Nutlin-3 inhibits the interaction between p53 and its negative regulator Mdm2 (IC50 = 

0.09 µM), which results in stabilization of p53 and high expression of its transcriptional targets 

(Vassilev  et al., 2004). The analogs of Nutlin-3 are currently tested in early phases of clinical trials. 

The clinical activity of Nutlin-3 analog RG7112 was reported particularly in the acute myeloid 

leukemia cohort, whereby 5 out of 30 tested patients achieved either a complete or partial response, 

and another 9 patients had stable disease (Andreeff et al., 2016). The combination of Nutlin-3 

analogs with other cytotoxic drug seemed beneficial, in order to lower the administered doses of 

both drugs to lesser the undesirable side-effects of treatment. The high incidence of hematological 

toxicities of Nutlin-3 analogs was reported  by several studies (reviewed by Burgess et al., 2016).  

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 Wip1 inhibitor and Nutlin-3 lead to hyperactivation of p53 

pathway, even without genotoxic stress and also resulted in induction of senescence and cell death. 

The cooperative effect of Wip1 inhibitor and Mdm2 inhibitors was independently confirmed also 

by Sriraman  et al., 2016 and Esfandiari et al., 2016. 

 Taken together, our and others' in 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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10. Supplement – Unpublished data 
 

10.1. The regulatory interplay between Wip1 and p38/MK2 signalling upon 

genotoxic stress 
 

Wip1 proteins levels are generally low in unstressed conditions and only rise in p53-

dependent manner in time-delay upon genotoxic stress. Subsequently, Wip inactivates in negative 

feedback loop the DNA damage response by reversal of ATM/ATR-dependent SQ/TQ 

phosphorylation (see Chapter 5. Introduction for further details). While low in levels, Wip1 is still 

present at the early times upon genotoxic stress time when the DNA damage response network 

should be triggered and hence it could interfere with efficient propagation of ATM/ATR-

dependent phosphorylations. It is reasonable to expect that the cells would have ability to inhibit 

the Wip1 activity at early timepoints upon the genotoxic stress. Therefore, we aimed to investigate 

whether Wip1 is regulated by post-translational modifications upon the genotoxic stress. 

 

A)     B) 

 
 

Figure	14.	Wip1	is	phosphorylated	on	SQ/TQ	motif	upon	UVC	

U2OS	cells	were	treated	with	20	J/m2	UVC.	Immunoprecipitated	FLAG-Wip1	was	analyzed	by	

immunoblotting	with	SQ/TQ	antibody	(This	preliminary	observation	was	also	reported	in	Benada,	

2011). 
  

We have found that Wip1 is phosphorylated on SQ/TQ motif shortly upon exposure to 

UVC irradiation (<1h) and that the level of this phosphorylation then gradually declines (figure 

14.). Given that SQ/TQ motif is canonical substrate of ATM/ATR kinases and fact that UVC-

irradiation primarily activates the ATR, we expected that this phosphorylation executed by ATR 

kinase. Nonetheless, we tested a panel of candidate stress kinases which are triggered by UVC 

irradiation. This panel included besides ATR, also its downstream kinase Chk1, p38, MK2 and 
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JNK kinase. Using both siRNA knockdown and selective inhibitors of selected kinases we show 

that the SQ/TQ phosphorylation of Wip1 is actually p38/MK2-dependent (figure 15.). 

Complementary to inhibition of p38/MK2 pathway, we further demonstrated that forced 

activation of p38/MK2 by overexpression of constitutively active mutant of p38 upstream kinase 

MKK6 is sufficient for Wip1 phosphorylation even in absence of DNA damage (figure 16.). 

 

A) B)   

 
 

Figure	15.	SQ/TQ	phosphorylation	of	Wip1	is	dependent	on	p38/MK2	pathway	

U2OS	cells	were	treated	with	indicated	siRNAs	(A)	or	indicated	inhibitors	of	selected	kinases	(B)	and	irradiated	

with	20	J/m2	UVC	and	analyzed	by	immunoblotting.	

 

Figure	16.	Forced	activation	of	MKK6/p38/MK2	pathway	is	sufficient	for	phosphorylation	of	Wip1 	

U2OS	cells	were	transfected	with	constitutively	active	MKK6	and/or	treated	with	p38	inhibitor	and	20	J/m2	

UVC	and	analyzed	by	immunoblotting.	
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As we observed the loss of SQ/TQ phosphorylation upon inhibition of both p38 and its 

downstream kinase MK2, we aimed to test whether the MK2 could directly phosphorylate Wip1. 

We also aimed to determine on which exact residue is Wip1 phosphorylated. Wip1 primary 

sequence contains four SQ/TQ sites, in particular Y25, S46, Y214, S403. Among these, S46 and 

S570 have been reported in phosphoproteomic screens to be phosphorylated. We decided to 

primarily focus on the S46, as it resides within the catalytic domain of Wip1, on contrary the S570 

resides within ill-defined C-terminus of Wip1. Using in vitro kinase assay we have demonstrated 

that MK2 can directly phosphorylate Wip1 in vitro (figure 17.). Moreover, we observed the 

complete loss of autoradiography signal in case of Wip1 serine 46 to alanine mutant, suggesting 

that the serine 46 is the only SQ/TQ site phosphorylated by MK2. No loss of signal was observed 

in case of control mutant in neighbouring serine 40. 

 

 

 
 

Figure	17.	MK2	phosphorylates	Wip1	on	Ser46	in	vitro	

Purified	His-Wip1	or	His-Wip1-S40A	or	His-Wip1-S46A	were	subjected	to	in	vitro	kinase	assay	with	MK2	in	

presence	or	absence	of	MK2	inhibitor,	separated	on	SDS-PAGE;	phosphorylation	was	detected	by	

autoradiography	or	by	immunoblotting	with	SQ/TQ	antibody.	

 

 

Notably, phosphorylated serine 46 constitutes the binding motif for 14-3-3 proteins. This 

is illustrated also by the fact that antibody against 14-3-3 recognize the phosphorylated form of 

Wip1 (figure 16.). Using in vitro pull down assay we were able to demonstrate that phosphorylated 

Wip1 interacts with purified 14-3-3g (figure 18.). The 14-3-3 proteins are regulatory scaffold 

proteins that bind to serine/threonine-phosphorylated residues in a context specific manner 

(Tzivion, 2007). Their binding can influence the localization, stability or activity of targeted 
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proteins. The various outputs of their actions are well illustrated on the example of regulation of 

Cdc25 phosphatases (Introduction Chapter). The MK2-dependent interaction of 14-3-3 with 

Wip1 in vivo needs to be further investigated. 

 

 
 

Figure	18.	Wip1	phosphorylated	at	S46	binds	14-3-3γ	in	vitro	

Purified	GST-14-3-3γ	was	incubated	with	the	extract	from	U2OS-FLAG-Wip1-S46A	or	Wip1-AAA	cells	treated	

with	20	J/m2	UVC.	and	analyzed	by	immunoblotting.	

 

In addition, we tested whether the p38 kinase itself can phosphorylate Wip1. We have 

shown that p38 can phosphorylate Wip1 in vitro. p38 exhibits consensus phosphorylation site 

specificity toward TP/SP motif (Sheridan et al., 2008). Using the pTP antibody we were able to 

show that Wip1 is phosphorylated on this motif upon UVC irradiation (figure 19.). Among several 

TP/SP motifs in Wip1 sequence we TP/SP motifs within Wip1 sequence we have prepared 

combined triple-alanine mutant for T410, S412 and T416 (hereafter referred as “AAA”). The 

residues reside just before the truncation mutation cluster (amino acids 420+) and hence are 

preserved in truncated mutants of Wip1, which otherwise of increased stability displays normal 

localization and catalytic activity. In vitro kinase assay with p38 and Wip1, either wild-type, control 

mutant S40A and S46A and also AAA mutant we showed that most of the radiography signal is 
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lost in case of AAA mutant in contrast to others (figure 20.). Notably, there is still some remaining 

signal detectable in AAA mutant suggesting that though major phosphorylation site(s) corresponds 

to T410, S412 and T416, p38 can phosphorylate Wip1 also on other residues. 

 

A)       B) 

 
	

Figure	19.	Wip1	is	a	substrate	of	p38	in	vitro	and	is	phosphorylated	at	p38	consensus	site	(pTP	motif)	after	

UVC	in	cells		

(A)	Wip1	is	a	substrate	of	p38	in	vitro	-	Purified	His-Wip1-DEAD	was	subjected	to	in	vitro	kinase	assay	with	

p38.	Phosphorylation	was	detected	by	autoradiography.	

(B)	Wip1	is	phosphorylated	at	p38	consensus	site	(pTP	motif)	after	UVC	in	vivo	-	U2OS	cells	were	treated	with	

20	J/m2	UVC.	Immunoprecipitated	Wip1	was	analyzed	by	immunoblotting	with	pTP	antibody.		

	

 

Figure	20.	p38	phosphorylates	Wip1	at	its	C-terminus	in	vitro	

Purified	His-Wip1-WT	or	Wip1-AAA	or	S40A	or	S46A	were	subjected	to	in	vitro	kinase	assay	with	p38.	

Phosphorylation	was	detected	by	autoradiography.		
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We have determined that Wip1 is phosphorylated by MK2 on serine 46 and by p38 on 

several residues in vitro and in vivo. Next, we aimed to investigate the functional relevance of these 

phosphorylations. To this end we have prepared phosphomimetic mutants in MK2 site (DD) and 

p38 sites (DDD) and also non-phoshorylable mutants (AA and AAA, respectively). All mutants 

exhibited nuclear localization, same as the wild-type (data not shown). To test the phosphatase 

activity of Wip1 mutant in cells, we have established a high-content microscopy assay using 

γH2AX, a well established substrate of Wip1, as a read-out. All tested mutants efficiently 

dephosphorylate the γH2AX upon neocarcinostatin (NCS) treatment and UVC irradiation (figure 

22.). The catalytically dead mutant of Wip1, used as control, did not decrease the γH2AX levels, 

confirming the functionality of assay.	

 

A)       B) 

 

 
 

Figure	22.	S46A/D	(MK2	site)	and	AAA/DDD	(p38	sites)	mutations	do	not	seem	to	alter	Wip1	activity 	

U2OS	Wip-/-	cell	lines	were	transfected	by	Wip-WT,	catalytically	DEAD,	S46A/D	and	AAA/DDD	mutants	and	

treated	with	10	nM	neocarcinostatin	(NCS)	(A)	or	20	J/m2	(B).	Average	nuclear	intensity	of	γH2AX	signal	was	

quantified	using	automated	high-content	microscopy.	Transfected	cells	were	gated	based	on	Wip1	antibody	

staining.	Each	dot	represents	a	single	cell,	mean	and	SD	are	indicated.	The	differences	between	WT	and	

individual	Wip1	mutants	(not	including	negative	control	-	DEAD)	are	not	statistically	significant.	
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Next, we focused on whether the p38/MK2-dependent phosphorylations could alter the 

ability of Wip1 to bind to chromatin. While we observed chromatin localization of Wip1 in all 

tested mutants, as the Wip1 overexpressed is easily visible on mitotic chromatin (data not shown), 

we aimed to look for potential minor alternation using FRAP approach. In FRAP experiment we 

compared catalytically dead Wip1 in combination with p38 inhibitor treatment (to ensure no 

p38/MK2 phosphorylations will be present), Wip1-DEAD in combination with overexpression 

constitutively catalytically active MKK6 (super-phosphorylated state of Wip1, catalytically inactive 

version was used to ensure that overexpressed Wip1 would not eventually reverse the p38/MK2 

phosphorylations) and also DDD mutant. In all tested conditions we determined the bound 

fraction of Wip1 molecules to be approximately 55% and therefore p38/MK2 signalling did not 

alter Wip1 ability to bind to the chromatin (figure 23.). 

 

 
Figure	23.	p38/MK2	pathway	does	not	influence	Wip1	binding	to	the	chromatin	

U2OS	cells	were	transfected	by	Wip1	catalytically	DEAD	alone	and	in	combination	with	constitutively	active	

MKK6-FLAG	(1:10	ratio),	Wip1-DDD	mutant.	Cells	were	treated	with	p38	inhibitor	as	indicated.	Fraction	of	

bound	molecules	was	determined	by	FRAP.	Bars	indicate	mean	and	SD.	The	differences	are	not	statistically	

significant.	

 

In parallel, to characterizing the Wip1 mutant in MK2 and p38 phosphorylation sites we 

tried to investigate the general role of p38/MK2 signalling in DNA damage response and 

checkpoint signalling with respect to its potential interplay with Wip1. 

It was suggested that proper induction of DNA damage response upon replicative stress 

caused either by UVC or gemcitabine depends on MK2 activity. According to the proposed model, 

MK2 dampened translesion synthesis and was needed for efficient staling of replicative forks and 
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accumulation of ssDNA stretches. Importantly, inhibition of MK2 counter-acted the cytotoxic 

effect of Chk1 inhibition during S-phase progression and increased cell survival (Kopper et al., 

2013). Nonetheless according to our knowledge, role of MK2 during replicative stress has not 

been reported in other studies. The initial observation of MK2 involvement in replication stress 

came from siRNA screening, of γH2AX accumulation upon UVC irradiation. In screening and in 

validation essays it was shown that knock-down or inhibition of MK2 resulted in lower levels of 

γH2AX (Kopper et al., 2013). We speculated that an alternative mechanism to the proposed role 

of MK2, could be that the MK2 downregulates the activity of Wip1. In this scenario, the 

downregulation of MK2 would lead to increased activity of Wip1 and thus to the observed 

reduction of γH2AX levels. The model cell line used in the reported screening was U2OS, which 

given the high levels of Wip1 responds particularly well to dysregulation of Wip1.  

Based on these presumptions we aimed to reproduce the published results. However, in 

our hands the inhibition of either p38 or MK2 or the MK2 siRNA-mediated knockdown did not 

lead to any changes in γH2AX levels upon UVC irradiation (figure 24.). In complementary 

approach we tested also whether the ectopic activation of p38/MK2 signalling by overexpression 

of constitutively active MKK6 would affect the γH2AX levels. Similarly, we observed no changes 

in γH2AX levels upon UVC irradiation or treatment with neocarzinostatin. Based on our findings 

and in contrast to Kopper et al. 2013 we propose that p38/MK2 signalling is not a major regulator 

of γH2AX accumulation upon UVC irradiation. 

p38/MK2 pathway was suggested to be crucial for both establishment and prolonged 

maintenance of G2/M checkpoint. MK2 similarly to Chk1 promotes the establishment of 

checkpoint by inhibition of CDC25B/C phosphatases (Lemaire et al., 2006; Manke et al., 2005; 

Uchida et al., 2011). p38 directly phosphorylates p53 on Serine 15 (Kim et al., 2002), Serine 33 

(Sanchez-Prieto et al., 2000) and Serine 46 (Bulavin et al., 1999) and thus contributes to the 

stabilization of p53. The G2/M checkpoint was further proposed to be maintained by positive 

feedback loop between MK2-dependent stabilization of Gadd45 and Gadd45-dependent 

activation of MK2 by p38 (Reinhardt et al., 2010).  

We intended to test the effect of Wip1 and p38 inhibition on G2/M checkpoint upon 

UVC-irradiation. Unfortunately, we have technical difficulties to establish truly reproducible and 

robust G2/M checkpoint assay upon UVC irradiation. Still our preliminary results failed to 

confirm effect of p38 inhibition on stringency of G2/M checkpoint (Figure 25. and data not 

shown). We have observed an effect of Wip1 inhibition, but it was much lesser than expected 

(Figure 25.). Further experiments are needed to convincingly conclude the whether the p38 

inhibition affects the G2/M checkpoint. 
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A)       B) 

 

 
 

C)    D) 

 
 

Figure	24.	Inhibition	of	p38/MK2	pathway	does	not	affect	accumulation	of	γH2AX	

(A,	B,	C)	U2OS	cells	were	treated	with	UVC	20	J/m	and	indicated	inhibitors	(A)	or	MK2	siRNAs	(B,C).	Average	

nuclear	intensity	of	γH2AX	signal	was	quantified	using	automated	high-content	microscopy	(Each	dot	

represent	a	single	cell,	mean	and	SD	are	indicated.	The	differences	between	DMSO,	p38i	and	MK2i	treated	

conditions	are	not	statistically	significant.)	and	by	immunoblotting	using	indicated	antibodies.		

(D)	Forced	activation	of	MKK6/p38/MK2	pathway	does	not	affect	accumulation	of	γH2AX 	

U2OS	cells	were	transfected	by	constitutively	active	MKK6-FLAG	and	treated	with	UVC 20	J/m2	or	10	nM	

neocarzinostatin.	Average	nuclear	intensity	of	γH2AX	signal	was	quantified	using	automated	high-content	

microscopy.	Transfected	cells	were	gated	based	on	FLAG	antibody	staining.	Each	dot	represent	a	single	cell,	

mean	and	SD	are	indicated.	The	differences	between	conditions	with	MKK6	and	without		are	not	statistically	

significant.	
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Figure	25.	Inhibition	of	p38/MK2	pathway	does	not	seem	to	influence	G/M	checkpoint	upon	UVC	irradiation	

in	HCT116	cells	

HCT116	cells	were	pre-treated	with	either	Wip1,	p38	or	none	inhibitor	and	irradiated	by	10	J/m2,	30	min	after	

irradiation	the	cells	were	treated	with	nocodazole	for	12	h	to	trap	the	recovering	cells	in	mitosis	and	analyzed	

by	flow	cytometry.	Mitotic	cells	were	determined	based	on	H3pS10	staining.	Statistical	significance	was	

evaluated	using	a	2-tailed	paired	t-test	(*	corresponds	to	p-value	<	0.05).	

Even though general phosphatase activity of Wip1, or its localization is not altered upon 

UVC and/or activation of p38/MK2 signalling, it cannot be ruled out that the ability to interact 

and dephosphorylate particular subset of Wip1 substrate will be altered. In general, the given we 

observed no changes in γH2AX, which is commonly used marker of persisting DNA damage, it 

is most likely that DNA repair capacity of the cell toward DSBs and ssDNA lesions is not affected. 

Aside from role in canonical DDR and G2/M checkpoint, p38 pathway was suggested to 

augment nucleotide excision repair (NER) in multiple ways (Zhao et al., 2008). The p38 promotes 

UV-induced histone H3 acetylation and chromatin relaxation, which is needed for efficient 

localization of NER factors. In addition, p38 regulates UV-induced DDB2 ubiquitylation and 

degradation which in turn enhances the recruitment of XPC which is required for repair process 

(Zhao et al., 2008). On the other hand, Wip1 was described as negative regulator of NER. It was 

shown that Wip1 overexpression inhibits the NER and cyclobutane pyrimidine dimers (CPD) 

repair, whereas WIP1 depletion enhances NER and CPD repair. The XPA and XPC were 

suggested as two potential Wip1 targets in the NER, yet this is based only on in vitro biochemical 

assays (Nguyen et al., 2010). To investigate the possible interplay between Wip1 and p38 signalling 

in NER we first decided to validate the role of Wip1 in dynamics of CPD repair. To this end we 

pre-treated MCF7 cells with Wip1 inhibitor and irradiated them with UVC (figure 26.). We 
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observed the higher levels and prolonged persistence of γH2AX upon Wip1 inhibition as expected. 

However, there were no changes in dynamics of CPD removal between control cells and cells 

treated with Wip1 inhibitor GSK2830371. Therefore, we were not able to confirm the role of 

Wip1 in relation of NER as previously reported (Nguyen et al., 2010). 

 

 

 
Figure	26.	Wip1	inhibition	does	not	influence	the	accumulation	of	cyclopyrimidin	dimers	(CPDs)	

MCF7	cells	were	pre-treated	or	not	with	Wip1	inhibitor	(Wip1i	-	GSK2830371)	and	treated	with	UVC	10	J/m.	

Average	nuclear	intensity	of	CPD	and	γH2AX	signal	was	quantified	using	automated	high-content	microscopy.	

Each	dot	represents	a	single	cell,	mean	and	SD	are	indicated.	The	differences	between	control	and	Wip1i	are	

not	statistically	significant.	

The p38 kinase itself is considered to be Wip1 substrate. In particular, Wip1 has been 

suggested to remove the activatory phosphorylation on threonine 180 in p38 activation loop and 

thus inhibits its catalytic activity (Takekawa et al., 2000). We hypothesized that the newly identified 

p38/MK2 phosphorylation of Wip1 could form a regulatory feedback loop between Wip1 and 
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p38. In this model, the high activity of p38 early upon DNA damage would possibly inhibits the 

Wip1 function and thus enable the full propagation of DDR. Later, as the levels of Wip1 would 

arise in p53 dependent manner, the activity of Wip1 would predominate and it will shut down both 

p53 and p38 signalling and enable recovery. However, as described above we did not find 

supportive evidence that p38/MK2-dependent phosphorylations have any impact on Wip1 

activity.  

To confirm that p38-pT180 is dephosphorylated Wip1 in cells we made use of Wip1-/- 

CRISPR-Cas9 knock-out and specific Wip1 inhibitor GSK2830371 (figure 27.). In Wip1-/- cells 

and upon Wip1 inhibitor treatment we observed elevated levels of gH2AX in early time points as 

expected. In contrast, there was no increase in phosphorylation of p38-pT180, suggesting that this 

site is not regulated by Wip1 in human cells. Notably, the initial report by Takenava et al. was 

based solely on in vitro assays and severe overexpression of ectopic Wip1 in cells. Both the 

overexpression and to even larger extent in vitro assays poorly recapitulate the behaviour and 

substrate specificity of enzymes in cells. Later report that suggest that p38 is a substrate of Wip1 

was biased by use of non-specific inhibitor CCT007093 (Chock et al., 2010), which as described 

above does not actually inhibit Wip1. More evidence to support p38 as Wip1 substrate came from 

Wip-/- knock-outs, which were show to have prolonged activation of p38 signalling (Schito et al., 

2006). Needlessly to say, this correlation does not prove direct action of Wip1 on p38. Given the 

fact, that that p38 activation is supposed to be at least in certain context ATM dependent (Raman 

et al., 2007), the prolonged p38 activation could be explained by well established Wip1-dependent 

regulation of ATM signalling. Still, there is a possibility that Wip1 and p38 are differentially 

regulated in human and mouse. Based on our results, we believe that the p38 should be revised as 

Wip1 substrate in human cells. We cannot rule out the possibility that Wip1 can affect the 

p38/MK2 signalling in certain context, yet it seems likely that this effect will be indirect. 
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Figure	27.	Wip1	does	not	dephosphorylate	threonine	180	of	p38	in	human	cells		

U2OS	or	U2OS	Wip-/-	cells	were	pre-treated	with	Wip1	inhibitor	GSK2830371	or	not	and	irradiated	by	20	J/m2	

UVC	and	analyzed	by	immunoblotting	using	indicated	antibodies.	
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10.2. Supplementary Material & Methods 
 

Cell lines 

Human osteosarcoma U2OS, colon cancer HCT116 and breast cancer MCF7 cells were generous 

gifts from Dr. Medema (NKI, Amsterdam). Cells were grown at 37°C and 5% CO2 in DMEM 

supplemented with 6% FBS (Gibco), penicillin (100 U/ml), and streptomycin (0.1 mg/ml). All cell 

lines were regularly checked for absence of mycoplasma infection using MycoAlert Plus reagent 

(Lonza). PPM1D knock-out cells were generated as described in Pechackova et al., 2016. 

Transfection of plasmid DNA was performed using Lipofectamine LTX (Life Technologies). Cells 

were transfected with Silencer Select siRNA (10 nM) targeting indicated proteins using 

Lipofectamine RNAiMAX (Life Technologies). 

 

Antibodies 

The following antibodies were used: WIP1 (sc-130655), p53 (sc-6243) from Santa Cruz; pSer15-

p53 (#9284), γH2AX (#9718), p38 MAPK Thr180/Tyr182 (#9216S); MAPKAPK-2 pT334 

(#3007); pSQ/pTQ (#2851); Chk1-pS317 (#2344) from Cell Signalling Technology; γH2AX (05-

636, Millipore); FLAG (F 1804; Sigma). Alexa Fluor-labelled secondary antibodies (Life 

Technologies) and anti-pSer10-H3 antibody (Upstate).  

 

Inhibitors 

The following inhibitors were used: GSK2830371 (MedChem Express); SB202190 (Sigma); AZD-

7762 (Sigma); MK2 Inhibitor III (Calbiotech); SP600125 (Sigma). 

 

UVC irradiation 

Cells were irradiated with UV-C light (wavelength 254 nm) using the UltraLum Crosslinker series 

800 (CEX-800, 930-0021-01). The cultivation medium was removed from cells prior to UVC 

irradiation and returned back immediately after it. 

 

Plasmids 

FLAG tagged pcdna4/TO-Wip1-WT, pcdna4/TO-Wip1-D314A were described previously 

(Lindqvist et al., 2009; Macurek et al., 2010). Mutagenesis was performed using QuickChange II 

site-directed mutagenesis kit (Agilent Technologies), and fragments encoding Wip1-S44A-S46A 

(Wip1-AA), S44D-S46D (Wip1-DD), T410A-S412A-S416A (Wip1-AAA) and T410D-S412D-
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S416D (Wip1-DDD) were inserted into pcdna4/TO and pTON-bEGFP. All mutants were 

verified by sequencing. 

 

High-content microscopy 

Cells were cultured on glass coverslips, fixed using 4% formaldehyde for 10 min, permeabilized by 

ice-cold methanol, blocked for 1 h with 3% BSA in PBS supplemented with 0.1% Tween-20 

(PBST) and incubated with the primary antibodies for 1 h at room temperature. After washing 

with PBST, coverslips were incubated with Alexa Fluor conjugated secondary antibodies for 1 h 

at RT. DNA was stained with DAPI (Sigma) for 2 min and coverslips were mounted using 

Vectashield reagent (Vector Laboratories). Automated image acquisition was performed using a 

high-content screening station (Scan^R; Olympus; charge-coupled device camera [IX81 and 

ORCA-285; Olympus]). Nuclei were identified based on the DAPI signal. Cells transiently 

transfected with WT or mutant FLAG-Wip1 were gated according to the FLAG signal, and 

neighboring negative cells were used as controls. 

 

Fluorescence recovery after photobleaching (FRAP) 

Cells were grown on µ-Slide 8-well (Ibidi). Before imaging, culture media was replaced with 

colorless Leibovitz's L-15 medium (Invitrogen) supplemented with 10% FCS. Fluorescence 

recovery after photobleaching (FRAP) was performed by bleaching the indicated rectangular 

region in the nucleus by 488 nm laser followed by imaging in 10 s intervals using Leica TCS SP5 

(HCX PL APO 63x/1,40-0,60 Oil; Leica DFC350FX R2 camera) and accompanied software 

(Leica Application Suite Advanced fluorescence, FRAP Wizard). Acquired data were analyzed with 

FRAPAnalyser software (FRAPAnalyzer: http://actinsim.uni.lu/eng/Downloads). Fraction of 

bound molecules was determined using one binding state model and Levenberg-Marquardt 

gradient fitting method. 5 cells were analyzed per condition. 

 

Flow cytometry 

Cells were harvested, fixed by ethanol and permeabilized using 0.2% Triton X-100. After blocking 

with 1% BSA in PBS, cells were incubated with primary antibodies in blocking solution for 2 h at 

room temperature, washed and incubated with Alexa Fluor conjugated secondary antibodies for 1 

h at room temperature. Cells were washed, stained with DAPI and subjected to FACS analysis 

using LSRII (BD Biosciences) and FlowJo software (Tree Star). 

 

 



64 
 

Immmunoprecipitotions 

U2OS cells were extracted by EBC buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% NP-40, and 

1 mM EGTA) followed by sonication (3 × 10 s) and spinning down (20,000 g for 10 min). 

Polyclonal anti-Wip1 (H300; 2 µg/reaction; Santa Cruz Biotechnology, Inc.) antibody was 

incubated with 30 µl protein A/G resin (UltraLink; Thermo Fisher Scientific) and with cell extracts 

for 4 h at 4°C. As specificity controls, cell extract was incubated with empty beads, and alternatively 

immobilized antibody was not incubated with cell extract. After extensive washing, beads were 

mixed with SDS sample buffer and boiled. 

 

Pull-down assays 

U2OS cells stably expressing FLAG-Wip1-S46A or Wip1-AAA were treated with UVC (20 J/m2) 

and lyzed in IP-buffer [20 mM HEPES pH 7.5, 150 mM NaCl, 0.1% TX-100, 10% glycerol] 

supplemented with 3 mM MgCl2, 5 mM N-Ethylmaleimide (Sigma) and protease inhibitor cocktail 

(Roche). Cell extract was sonicated 3× for 20 sec, spinned down 15.000 g for 10 min and DNA 

was removed by incubation with 5 U of Benzonase (EMD Millipore) for 1 h at 4°C. Cell extract 

was incubated with purified GST-14-3-3g (2 µg) for 3 h at 4°C and bound proteins were pulled-

down with glutathione sepharose beads (30 µl). 

 

In vitro kinase assay 

E. coli-(BL21) transformed with pQE81L-Wip1-D314A or its point mutants were induced with 

0.5 mM IPTG for 4 h at 37°C and His-tagged Wip1 was purified using Ni-NTA agarose (Qiagen). 

His-Wip1 (2 mg) was mixed with 20 ng of active protein kinases p38a or MK2 (Sigma) in kinase 

buffer (25 mM MOPS pH 7.2, 12.5 mM glycerol 2-phosphate, 25 mM MgCl2, 5 mM EGTA, 2 

mM EDTA and 0.25 mM DTT) supplemented with 100 µM ATP and 5 µCi 32P-γ-ATP and a 

sample was incubated for 20 min at 30°C. Proteins were separated using SDS-PAGE and 

phosphorylation was visualized by autoradiography. 

 

Statistical analysis 

Statistical significance was evaluated by Prism software using a 2-tailed paired t-test (* corresponds 

to p-value < 0.05). 
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11. 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 Wip1 during mitosis is caused by APC-Cdc20 

dependent proteasomal degradation. Moreover, Wip1 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 Wip1 in mitosis enables mitotic cells to retain early 

marker of DDR, such as γH2AX, 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 PPM1D. 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 Wip1, that efficiently 

shut down the p53-dependent G1 checkpoint. These mutations were identified in cancer cell lines 

U2OS 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 Wip1 inhibitor GSK2830371. Inhibition of Wip1 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 Wip1. In addition, we showed that inhibition of Wip1 by 

GSK2830371 sensitizes breast cancer cells with amplified PPM1D 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 Wip1 or its 

localization and their functional relevance remain to be elucidated. We were unable to reproduce 

previously reported observations that p38/MK2 pathway regulates γH2AX levels upon UVC 

irradiation, that the p38-pT180 is a substrate of Wip1 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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Introduction

Following DNA damage, eukaryotic cells protect their genome 
integrity by activation of a conserved DNA damage response 
pathway (DDR) that temporally arrests progression through the 
cell cycle (checkpoint) and promotes DNA repair. Depending 
on the mode of DNA damage, DDR is triggered by activation 
of the phosphatidylinositol 3-kinase-related kinases, namely 
ATM and DNA-PK in case of double-stranded DNA breaks 
or ATR in case of diverse types of lesions, mainly associated 
with DNA replication.1 Recent studies and phosphoproteomic 
screens identified several hundred ATM/ATR substrates, includ-
ing also checkpoint kinases Chk1/2 and tumor-suppressor pro-
tein p53. Activation of checkpoint kinases Chk1/2 promotes 

Cells are constantly challenged by DNa damage and protect their genome integrity by activation of an evolutionary 
conserved DNa damage response pathway (DDR). a central core of DDR is composed of a spatiotemporally ordered net 
of post-translational modifications, among which protein phosphorylation plays a major role. activation of checkpoint 
kinases atM/atR and Chk1/2 leads to a temporal arrest in cell cycle progression (checkpoint) and allows time for DNa 
repair. Following DNa repair, cells re-enter the cell cycle by checkpoint recovery. Wip1 phosphatase (also called ppM1D) 
dephosphorylates multiple proteins involved in DDR and is essential for timely termination of the DDR. here we have 
investigated how Wip1 is regulated in the context of the cell cycle. We found that Wip1 activity is downregulated by 
several mechanisms during mitosis. Wip1 protein abundance increases from G1 phase to G2 and declines in mitosis. 
Decreased abundance of Wip1 during mitosis is caused by proteasomal degradation. In addition, Wip1 is phosphorylated 
at multiple residues during mitosis, and this leads to inhibition of its enzymatic activity. Importantly, ectopic expression of 
Wip1 reduced γh2aX staining in mitotic cells and decreased the number of 53Bp1 nuclear bodies in G1 cells. We propose 
that the combined decrease and inhibition of Wip1 in mitosis decreases the threshold necessary for DDR activation 
and enables cells to react adequately even to modest levels of DNa damage encountered during unperturbed mitotic 
progression.

Downregulation of Wip1 phosphatase modulates 
the cellular threshold of DNA damage signaling  

in mitosis
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a fast establishment of the checkpoint by a direct inactivation 
or degradation of cdc25-family phosphatases. Phosphorylation 
of p53 by ATM/ATR and Chk1/2 leads to its stabilization 
and promotes its binding to promoters resulting in extensive 
changes in gene expression. Checkpoint is further strength-
ened by a p53-dependent expression of the cdk inhibitor p21 
and by transcriptional repression of mitotic inducers cyclin 
B and cdc25B. In parallel to the checkpoint arrest, chroma-
tin flanking the DNA lesion is extensively post-translationally 
modified to allow recruitment of various proteins involved in 
DNA repair (recently reviewed in ref. 2). Rapidly after DNA 
damage, ATM/ATR kinases phosphorylate the histone variant 
H2AX at Ser139 (referred to as γH2AX), and this modifica-
tion generates a docking site for a large adaptor protein MDC1.3 
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Results

Protein abundance of Wip1 peaks in G
2
 and declines during 

mitosis. To gain insight into the regulation of Wip1 protein 
levels during the cell cycle, we synchronized HeLa cells at G

1
/S 

transition by a double thymidine block and then released them 
to fresh media containing nocodazole to allow progression to 
and arrest in mitosis. We noticed that whereas Wip1 was detect-
able throughout the S and G

2
 phases, its expression dramatically 

declined at 10–12 h post-thymidine release when cells entered 
mitosis (Fig. 1A). Interestingly, cells released into media with-
out nocodazole progressed through mitosis to G

1
 phase after 

12 h and expressed Wip1, suggesting that the observed decrease 
of Wip1 may reflect a regulatory mechanism specific to mito-
sis. The same staining pattern was observed using two antibod-
ies recognizing distinct epitopes in Wip1, thus indicating that 
the low signal is unlikely to reflect masking of the epitopes in 
mitosis. In addition, similar behavior of Wip1 was observed in 
U2OS cells, suggesting that the low abundance of Wip1 in mito-
sis is not restricted to a particular cell type (data not shown). 
Since synchronization of cells with thymidine may cause unde-
sired stress response and potentially impair protein expression, 
we aimed to develop a system that would allow investigation of 
asynchronously growing cells.35 We made use of the published 
fluorescent, ubiquitination-based cell cycle indicator (FUCCI) 
and established a stable cell line expressing markers of G

1
 and 

S/G
2
 phases.36 After fluorescence-activated sorting of asynchro-

nously growing cells, we obtained fractions highly enriched in 
G

1
 and G

2
 cells (Fig. 1B; Fig. S1). Notably, we observed that G

2
 

cells expressed approximately 2-fold more Wip1 compared with 
G

1
 cells (Fig. 1C). Since transcription of Wip1 is controlled by 

p38/MAPK-p53 and JNK/c-Jun stress-responsive pathways, we 
hypothesized that the moderate difference in expression of Wip1 
in G

1
 and G

2
 phases may be masked in cells synchronized with 

thymidine.23,37

To substantiate our findings obtained by biochemical analysis 
of mixed cell populations, we set up an automated microscopic 
analysis of multiple individual cells. Total intensity of the DAPI 
signal was proportional to the DNA content and, as expected, 
was 2-fold higher in G

2
 cells compared with G

1
 cells. In addition, 

mitotic cells with condensed chromatin showed slightly higher 
DAPI signal compared with G

2
 cells. Remarkably, higher Wip1 

staining intensity was found in interphase cells with higher DAPI 
signal compared with those with lower DAPI signal, thus sup-
porting our conclusion that expression of Wip1 is higher in G

2
 

cells compared with G
1
 cells (Fig. 1D). Importantly, the observed 

immunofluorescence signal of Wip1 in interphase cells was spe-
cific, since it increased after treatment of cells with etoposide and 
was greatly reduced after depletion of Wip1 by RNAi (Fig. 1D). 
Despite the commonly observed higher fluorescence staining 
background in mitosis, mitotic cells showed a lower intensity of 
the Wip1 staining compared with G

2
 cells, which is consistent 

with our analysis of the whole-cell lysates using immunoblotting 
(Fig. 1D).

Recently, we reported that overexpressed EGFP-Wip1 is bound 
to chromatin throughout the cell cycle.19 In good agreement with 

In turn, various ubiquitin E3 ligase complexes are recruited to 
the site of damage and mediate ubiquitination of the chromatin. 
Recent studies identified multiple protein complexes that control 
DNA-damage induced histone ubiquitination, and these include 
E3 ligases RNF8,4,5 RNF1686 and HERC2;7 E2-conjugating 
enzyme Ubc13 and E1 ubiquitin-activating enzyme UBA1.8 
Both histone phosphorylation and ubiquitination are neces-
sary for recruitment of 53BP1 and BRCA1 proteins, essential 
regulators of non-homologous end joining and homologous 
recombination DNA repair pathways, respectively.2,9 Besides the 
well-established role in DNA repair of lesions caused by ionizing 
radiation (IR) or by genetic rearrangements during maturation 
of the immune system, for example, 53BP1 is also involved in 
protecting endogenous underreplicated DNA regions (such as 
fragile sites) during interphase.10,11 According to this model, pro-
gression through unperturbed mitosis may generate DNA dam-
age in these underreplicated regions. Since ubiquitination does 
not occur on mitotic chromatin, 53BP1 cannot localize to sites 
of DNA damage during mitosis, while γH2AX remains and pro-
vides a marker of mitotic DNA damage.12,13 In the subsequent G

1
 

phase, 53BP1 is recruited to the damaged regions and prevents 
undesired DNA end processing until lesion is repaired during 
the next S phase. However, the precise molecular mechanisms 
regulating formation of these endogenous 53BP1 nuclear bodies 
remain to be elucidated.

Various phosphatases have been implicated in timely inacti-
vation of the DDR following DNA repair.14 Among these, the 
PP2C family serine/threonine phosphatase Wip1 seems to play 
an essential role, since it can dephosphorylate multiple proteins 
involved in DDR signaling including, ATM, Chk1, Chk2, p53, 
mdm2 and γH2AX15-21 and, thus, is considered as a major regu-
lator of the cellular DDR.22 Since Wip1 is a direct transcriptional 
target of p53, its expression increases following genotoxic stress.23 
Early after DNA damage, translation of Wip1 mRNA is blocked 
by miR-16 preventing premature termination of the DDR.24 Later 
during the DDR, when the bulk of the lesions had been repaired, 
increased abundance of Wip1 allows termination of the DDR 
and by a negative feedback loop inactivates p53. However, a basal 
Wip1 activity needs to be present throughout the G

2
 checkpoint 

to limit the p53-dependent transcriptional repression of cyclin B 
and to maintain the recovery competence.25 Importantly, loss of 
Wip1 strongly protects knockout mice from cancer development, 
suggesting that deregulated Wip1 may act as an oncogene.26-28 In 
addition, amplification of the PPM1D gene (encoding Wip1) was 
identified in various human tumors, pointing toward a role of 
Wip1 in cancer development.27,29-34 Whereas the role of Wip1 in 
termination of DDR is relatively well-known, molecular mecha-
nisms that control its function are still poorly understood. Here, 
we investigated how Wip1 is regulated during the cell cycle and 
found that the level of Wip1 is low in G

1
, increases toward G

2
 and 

declines during mitosis. Besides regulation at the protein level, 
Wip1 is extensively post-translationally modified, which con-
tributes to its inactivation during mitosis. Our findings offer an 
explanation for the observed activation of the DDR pathway dur-
ing unperturbed mitosis without exposure to exogenous DNA 
damaging insults.10
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expressing Wip1-mCherry and observed an identical staining 
pattern (Fig. S2).

Wip1 is degraded in mitosis by proteasome in APC/Ccdc20-
dependent manner. Since our biochemical and microscopic anal-
yses revealed decreased abundance of Wip1 in mitotic cells, we 
hypothesized that protein stability of Wip1 might be regulated 
during mitosis. To assess this possibility, we released cells from 

our previous findings, we observed that endogenous Wip1 was 
enriched in the nucleus during interphase (Fig. 1E). In a strik-
ing contrast, we did not observe any specific signal of the endog-
enous Wip1 at the metaphase plate, suggesting that endogenous 
Wip1 might be absent from chromatin during mitosis (Fig. 1E). 
To exclude the possibility that the antibody does not recognize 
the chromatin-bound Wip1 during mitosis, we examined cells 

Figure 1. For figure legend, see page 254.
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Wip1, we noticed that an additional slower migrating band rec-
ognized by antibodies to Wip1 appeared in mitotic cell extracts, 
indicative of a possible post-translational modification. Indeed, 
Wip1-FLAG purified from mitotic cells showed a similar mobil-
ity shift that disappeared after treatment with lambda phos-
phatase, suggesting that Wip1 is phosphorylated during mitosis 
(Fig. 3A). To better characterize the timing of the Wip1 phos-
phorylation during the cell cycle, we synchronized cells express-
ing a phosphatase-dead Wip1-D314A-FLAG fusion protein in 
G

2
 by adriamycine treatment and followed the occurrence of 

the slower migrating band corresponding to phosphorylated 
Wip1 during the progression to mitosis. Interestingly, behavior 
of Wip1 closely mimicked that of an established mitotic marker 
cdc27 (Fig. 3B). Consistently, neither Wip1 nor cdc27 showed 
a mobility shift when mitotic entry was prevented by exposure 
of cells to the CDK inhibitor roscovitine, suggesting that phos-
phorylation of Wip1 occurs in mitosis (Fig. 3B). In addition, the 
mobility shift of Wip1-D314A-FLAG rapidly disappeared when 
cells were released from nocodazole arrest and exited mitosis, fur-
ther supporting the notion that such phosphorylation of Wip1 is 
restricted to mitosis (Fig. 3C). To get insight into protein kinases 
responsible for modification of Wip1 during mitosis, we treated 
nocodazole-arrested cells expressing Wip1-FLAG with roscovi-
tine or an MAPK inhibitor SB202190 and assayed the mobil-
ity of Wip1 separated on a PhosTag gel.45 Whereas mitotic Wip1 
migrates as three separate bands under these conditions, the band 
showing the slowest mobility disappeared upon treatment of cells 
with roscovitine (but not with the MAPK inhibitor), suggest-
ing that Wip1 might be phosphorylated by Cdk1 during mito-
sis (Fig. 3D). Consistent with this possibility, we observed no 
mobility shift in cells arrested in late G

2
 by exposure to the Cdk1 

selective inhibitor Ro-3306 (data not shown). Moreover, bacteri-
ally expressed His-Wip1 was a good substrate for the Cdk1/cyclin 
B kinase in vitro (Fig. 3E).

To identify the mitotically phosphorylated residues of Wip1, 
we purified a phosphatase-dead Wip1-D314A-FLAG from 
nocodazole-arrested cells and analyzed post-translational modi-
fications by mass spectrometry. This analysis revealed seven 
phosphorylation sites within the catalytic domain of Wip1 and 
an additional six modified residues in the C-terminal domain 
(Fig. 3F). Bioinformatic analysis of short linear motifs in the 
primary sequence of Wip1 revealed Ser40 as the only putative 
phosphorylation site by Cdk1.46 Indeed, mutagenesis of Ser40 to 
alanine almost completely blocked the phosphorylation of Wip1 

the thymidine block to a media supplemented with nocodazole 
and added a proteasomal inhibitor MG132 for the last 4 h. 
Interestingly, treatment with MG132 completely prevented the 
mitosis-associated decrease of Wip1, suggesting that Wip1 is 
normally degraded by the proteasome upon entry into mitosis 
(Fig. 2A). Similarly, microscopic analysis of mitotic cells revealed 
that the intensity of the Wip1 staining increased after a short 
treatment with MG132 (Fig. 2B). Finally, we wished to exclude 
the possibility that the low abundance of Wip1 in mitosis is caused 
by the absence of Wip1 mRNA. We synchronized cells in late 
G

2
 phase by treatment with a selective Cdk1-inhibitor Ro-3306 

and released them into media with or without nocodazole for 3 
h to obtain mitotic and G

1
 cells, respectively.38 Similarly to the 

above experiments with the thymidine block/release synchroni-
zation, we noticed that protein levels of Wip1 declined in mitosis 
(Fig. 2C). Importantly, both samples analyzed in parallel showed 
similar levels of Wip1 mRNA, suggesting that Wip1 abundance 
during mitosis is not regulated at the level of mRNA (Fig. 2C).

Next, we aimed to identify the mechanism of Wip1 degra-
dation in mitosis. Given similar kinetics of cyclin A and Wip1 
loss during prometaphase (Fig. 1A and E), we argued that 
Wip1 might be degraded upon ubiquitylation by either SCF or 
APC/ Ccdc20 E3 ubiquitin ligase complexes, both of which are 
active in early mitosis.39 First, we depleted cells of an essential 
SCF complex component Cul1 and F-box proteins βTrCP1/2 or 
Fbw7 using siRNA and assayed the protein level of Wip1 in cells 
synchronized at G

1
/S transition or in mitosis (Fig. 2D; Fig. S3). 

As expected, depletion of Cul1 or Fbw7 caused stabilization of 
the SCFFbw7 substrate cyclin E.40 Similarly, depletion of Cul1 
or βTrCP1/2 led to stabilization of hBora protein during mito-
sis.41 Although we were able to efficiently deplete all indicated 
proteins, we did not observe any significant changes in levels of 
Wip1, either in interphase or in mitosis, suggesting that stability 
of Wip1 is not regulated by the SCF complex. Next, we depleted 
the APC/C activator cdc20 by RNAi and assayed the protein 
level of Wip1 in mitotic cells (Fig. 2E; Fig. S3). As expected, effi-
cient depletion of cdc20 enriched the population of mitotic cells 
and led to stabilization of cyclin A42-44 (Fig. 2E). Importantly, 
depletion of cdc20 resulted in stabilization of Wip1 protein to 
levels comparable to those observed in interphase cells (Fig. 2E). 
From these results we conclude that proteasomal degradation of 
Wip1 in mitosis is controlled by the APC/Ccdc20 complex.

Catalytic domain of Wip1 is phosphorylated at multiple sites 
in mitosis. Apart from the decreased protein level of endogenous 

Figure 1 (See previous page). Wip1 protein abundance during the cell cycle. (A) heLa cells were synchronized by a double thymidine block, released 
into fresh media supplemented or not with nocodazole, and samples were collected at 2-h intervals and probed with indicated antibodies. pser10-h3 
was used as a marker of mitotic entry; degradation of cyclin a as a marker of prometaphase and degradation of cyclin B as a marker of mitotic exit. 
(B) asynchronously growing FUCCI indicator expressing U2os cells were pretreated with hoechst DNa dye and the following populations of cells 
were sorted: double-negative (DN) and single RFp-positive cells (RNF+); single GFp-positive cells (GFp+); double-positive (Dp) cells and samples were 
analyzed by flow cytometry. Note that the DN/RFp+ population corresponds to cells with a low DNa content (G1 phase), whereas GFp+ population cor-
responds to 4 n cells (G2 phase) and Dp show intermediate DNa content (s phase). (C) populations of cells from (B) analyzed by immunoblotting. Cyclin 
D was used as a marker of G1, cyclin a and plk1 as markers of G2. (D) U2os and Rpe cells were cotransfected by Wip1 shRNa plasmid (shWip1) together 
with a mCherry marker and probed with polyclonal Wip1 (sc20712) or monoclonal Wip1 (sc37625) antibodies and with DapI. Neighboring untransfect-
ed cells were used as a control (mock). shown is quantification of immunofluorescence staining in interphase and mitotic cells. Note higher Wip1 signal 
intensity in cells with higher DapI corresponding to G2 cells and decreased Wip1 signal in mitotic cells. as additional control of signal specificity, cells 
were treated with etoposide (2.5 μM for 16 h), which caused accumulation of G2 cells with high intensity of Wip1. (E) asynchronously growing U2os 
cells were fixed and probed with indicated antibodies and DapI. Note decreased Wip1 signal in mitosis and absence of the signal on mitotic chromatin.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Cell Cycle 255

Figure 2. Degradation of Wip1 during mitosis. (A) U2os cells were synchronized by a double thymidine block, released into media with NZ and after 
8 h, treated or not with 5 μM MG132. (B) asynchronously growing cells were treated for 60 min with 5 μM Ro-3306 to release cells from mitosis and 
prevent new cells from entering. subsequently, cells were treated for 60 min with MG132 (5 μM) or DMso, fixed, stained for Wip1 and the signal was 
quantified. each dot corresponds to one cell. the dashed lines indicate the respective mean values. the difference between the means was analyzed 
by student’s t-test (** p < 0.01). (C) Cells were synchronized in late G2 by Ro-3306 and released into fresh media with NZ for 2 h. Mitotic cells were 
collected by shake-off and analyzed by immunoblotting (left) or qpCR (right). (D) Cells were transfected with siRNas targeting indicated proteins. 
one-third of the cells were synchronized for last 24 h with thymidine, and adherent cells were collected. one-third of the cells were treated with NZ 
for the last 12 h and collected by mitotic shake-off. Cell extracts were collected at 48 h after transfection and probed with indicated antibodies. RNa 
was extracted from the last part of cells and analyzed by qpCR (Fig. S3). (E) Cells were transfected with siRNas targeting cdc20 or GapDh (negative 
control). Mitotic cells were collected by shake-off 24 h after transfection and probed with indicated antibodies.

by Cdk1 in vitro, suggesting that Ser40 is the major phosphory-
lation site of Cdk1 (Fig. 3G). In addition, Wip1-S40A mutant 
protein ectopically expressed in mitotic cells showed increased gel 

mobility compared with wild-type Wip1, confirming that Ser40 
is phosphorylated also in vivo (Fig. 3H). However, the observed 
partial impact of mutating Ser40 on the overall mobility shift in 
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Figure 3. Wip1 is extensively phosphorylated in mitosis. (A) expression of Wip1-FLaG was induced by tetracycline and Wip1-FLaG was immunopre-
cipitated from asynchronously growing cells (asynch.), from mitotic cells arrested in NZ and collected by shake-off (Mitotic) or from cells treated with 
0.5 μM adriamycine (Damage). half of the immunopurified material was subjected to treatment with lambda phosphatase. (B) Cells expressing Wip1-
D314a-FLaG were arrested in G2 by treatment with adriamycine and forced to enter mitosis by treatment with caffeine. alternatively, roscovitine was 
added to prevent mitotic entry. (C) Cells expressing Wip1-D314a-FLaG were arrested in mitosis by treatment with NZ and released into fresh media for 
indicated time. alternatively, mitotic exit was blocked by addition of MG132. (D) Cells expressing Wip1-FLaG were arrested in mitosis by NZ and treated 
with DMso, roscovitine (12 μM) or p38i (3 μM, sB202190) for 90 min. Cell lysates were separated on phostag sDs-paGe and probed with indicated anti-
bodies. (E) phosphatase dead his-Wip1-D314a was subjected to in vitro kinase assay with Cdk1/cyclin B, separated on sDs-paGe and phosphorylation 
was detected by autoradiography. (F) Wip1-D314a-FLaG was purified from mitotic cells and analyzed by Ms. scheme of identified phosphorylated 
residues is shown. (G) his-Wip1 or his-Wip1-s40a was subjected to in vitro kinase assay with Cdk1/cyclin B, separated on sDs-paGe and phosphoryla-
tion was detected by autoradiography. (H) Cells expressing Wip1-FLaG, Wip1-s40a, Wip1-s46a or Wip1-aaa were synchronized in mitosis by NZ or 
grown asynchronously. Note a partial loss of mobility shift in the s40a mutant purified from mitotic cells. (I) Cells expressing Wip1-Wt or Wip1–7a 
were grown asynchronously or arrested in mitosis by addition of nocodazole for 12 h and probed with indicated antibodies. Note decreased mobility 
shift of Wip1–7a in mitotic cells.
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purified from mitotic cells compared with that isolated from 
asynchronously growing cells (Fig. S6A). Next we investigated 
the enzymatic activity of Wip1 mutants. Whereas, there were no 
significant differences in the activities of Wip1-WT, Wip1-S40D 
and Wip1–7A, the activity of the phospho-mimicking mutant 
Wip1–7D was severely impaired (Fig. 4D; Fig. S6B). In agree-
ment with the differential enzymatic activity determined in vitro, 
induced expression of Wip1-WT or Wip1–7A (but not Wip1–7D) 
reduced the number of 53BP1 nuclear bodies in G

1
 cells (Fig. 

4E). In addition, Wip1-WT and Wip1–7A (but not Wip1–7D) 
impaired phosphorylation of the p53 tumor suppressor on Ser15 
and γH2AX, both targets of the apical DDR kinases ATM and 
ATR, after exposure of cells to adriamycine (Fig. 4F). From these 
experiments, we conclude that modification of a single Ser40 
residue by Cdk1 during mitosis is not sufficient for inhibition 
of Wip1 activity but extensive modification of multiple residues 
within the catalytic domain impairs the activity of Wip1.

Overall, our data indicate that the observed decreased activity 
of Wip1 phosphatase during mitosis is ensured by coordinated 
complex phosphorylations of the Wip1 catalytic domain and 
decreased abundance of Wip1 protein due to enhanced proteo-
lytic turnover.

Discussion

Whereas the roles of Wip1 in termination of signaling and in con-
trol of the recovery competence in response to genotoxic insults 
are well-established,22,25,53,54 molecular mechanisms that regu-
late Wip1 have remained largely unexplored. In this study, we 
investigated how human Wip1 phosphatase is regulated during 
the cell cycle. Here, we report that protein abundance of Wip1 
increases from G

1
 to G

2
 and then rapidly declines in mitosis. The 

observation of differential expression of Wip1 during interphase 
was facilitated by development of models and techniques that 
allow analysis of live asynchronously growing cells, thus avoiding 
the need for cellular synchronization involving the treatment of 
cells with stress-inducing drugs (such as thymidine).35,59 These 
novel approaches include sorting of cells engineered to express 
fluorescent markers of the cell cycle progression and microscopic 
analysis of cells using intensity of the DAPI signal as the readout 
of the DNA content. Identification of higher levels of Wip1 in G

2
 

compared with G
1
, reported here, is consistent with the fact that a 

complete loss of Wip1 in knockout mice resulted in an increase in 
the population of G

2
 cells.55,56 Wip1-knockout animals are viable, 

indicating that Wip1 is not essential for cell division.56 Similarly, 
RNAi-mediated depletion of Wip1 in tissue culture cells caused 
a transient delay in G

2
/M transition, but eventually all cells enter 

mitosis.25 Thus, Wip1 is not absolutely required for mitotic entry 
but might be involved in a tight control of the timing of the 
G

2
/M transition. Since expression of Wip1 is induced by various 

forms of genotoxic stress, it is plausible that higher levels of Wip1 
observed in G

2
 may reflect the endogenous stress emanating from 

the unresolved replication intermediates of genomic DNA.57 
In turn, increased expression of Wip1 in G

2
 may timely coun-

teract the ATR/Chk1 and ATM/Chk2 signaling modules that 
respond to replication stress and DNA breakage. In this way, the 

Wip1-S40A indicates that other phosphosites also exist on mitotic 
Wip1 (Fig. 3H). Interestingly, mutagenesis of residues Thr410, 
Ser412 and Thr416 (identified as phosphosites by MS) to alanine 
did not affect the mobility of such Wip1-AAA protein in mitosis, 
suggesting that the extent of modification of these sites might be 
low, or such phosphorylations do not significantly affect Wip1 
gel mobility (Fig. 3H). In contrast, Wip1–7A mutant, in which 
all seven identified phosphorylated residues within the catalytic 
domain were mutated to alanine, showed a strongly reduced 
mobility shift in mitosis, suggesting that these residues are phos-
phorylated in mitosis (Fig. 3I). Since Cdk1 phosphorylated only 
one of these seven phosphosites that we identified within the 
catalytic domain of Wip1, additional mitotic kinases likely also 
modify Wip1 during mitosis.

Loss of Wip1 activity coincides with the positivity of 
γH2AX during mitosis. Since we observed a decreased protein 
level of Wip1 in mitotic cells, we argued that also total enzymatic 
activity of Wip1 should be reduced during mitosis. To test this 
prediction, we established an assay for measuring the activity of 
endogenous Wip1 and indeed we found that the global Wip1 
activity was decreased in mitotic cells (Fig. 4A; Fig. S4). DDR 
kinases have recently been reported to support genome integrity 
by responding to and phosphorylating proteins at underreplicated 
DNA regions during unperturbed mitosis.10,11 According to this 
model, DNA lesions may accumulate in underreplicated DNA 
regions (such as chromosomal fragile sites) due to the mechanical 
forces acting during chromosome condensation or sister chroma-
tid segregation.10 These regions are marked by γH2AX during 
mitosis, followed by 53BP1 binding early in the G

1
 and protected 

throughout G
1
 until repair occurs in the following S phase.10,11 

We and others have previously demonstrated that Wip1 dephos-
phorylates γH2AX during checkpoint recovery in interphase 
cells, thereby contributing to silencing of the DDR after success-
ful DNA repair.19-21,47 We hypothesized that removal of Wip1 
during mitosis may contribute to the activation and impact of 
ATM and to the formation of γH2AX foci in mitotic cells. In 
good agreement with published data, we observed that mitotic 
cells are positive for γH2AX foci (Fig. 4B).10,48,49 Reduction of 
the number of mitotic γH2AX foci in the presence of selective 
ATM50 and DNA-PK51 (but not ATR52) inhibitors suggests that 
both ATM and DNA-PK contribute to sensing of DNA dam-
age in mitosis (Fig. S5). Importantly, overexpression of ectopic 
Wip1-WT impaired formation of γH2AX foci in mitotic cells 
(Fig. 4B). Similarly, automated microscopic analysis revealed 
that expression of Wip1 (but not of a phosphatase dead Wip1-
D314A) interfered with formation of 53BP1 nuclear bodies in G

1
 

cells (Fig. 4C).
Furthermore, since we observed extensive mitotic phosphory-

lation of Wip1, we asked whether such modification might also 
contribute to the regulation of Wip1 enzymatic activity. Analysis 
of the activity of the modified Wip1-WT proved to be technically 
challenging, since immunopurified Wip1-WT showed a largely 
decreased mobility shift compared with Wip1-D314A, indicat-
ing that there is a considerable level of auto-dephosphorylation 
of overexpressed Wip1-WT during mitosis. Nevertheless, we 
observed a slightly decreased enzymatic activity of Wip1-WT 
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similar results using two antibodies recognizing distinct regions 
on Wip1 and ectopically expressed fluorescence-labeled Wip1, 
thereby excluding the possibility of epitope masking during 
mitosis. Given that the proteasomal inhibitor MG132 stabilized 

G
2
-associted elevation of Wip1 may facilitate cell cycle progres-

sion from G
2
 phase into mitosis.

In contrast to high levels in G
2
, abundance of Wip1 is dra-

matically decreased in early phases of mitosis. We have observed 

Figure 4. For figure legend, see page 259.
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of Wip1 and inhibition of Wip1 enzymatic activity by exten-
sive post-translational modifications at multiple residues within 
the catalytic domain of Wip1 in mitosis, allow more sensitive 
DNA damage signaling during mitosis, including appearance 
of γH2AX foci at mitotic chromatin. Such cell cycle-regulated 
modulation of the DDR signaling threshold through changes 
in Wip1 abundance and activity seem to facilitate formation of 
the 53BP1 nuclear (OPT) bodies10,11 in the subsequent G

1
 phase, 

thereby contributing to the ability of mammalian cells to ade-
quately deal with consequences of replication stress and, indeed, 
to the global maintenance of genome integrity.

Materials and Methods

Antibodies and reagents. The following antibodies were used in 
this study: rabbit Wip1 (H300; sc20712), mouse Wip1 (clone 
F-10; sc37625), p53 (sc-6243), cyclin A (sc-53230), cdc20 
(sc-8358) and 53BP1 (sc-22760; Santa Cruz Biotechnology); 
Wip1/PPM1D (A300–664A, Bethyl Laboratories), pSer15p53 
(#9284S), β-TrCP (#4394), cyclin B1 (V152; #4135), γH2AX 
(#2577; Cell Signaling Technology); α-tubulin (T5168) and 
FLAG (F1804; Sigma Aldrich); Cyclin B (ab7957; Abcam); 
pSer10-H3 (06–570; Millipore-Upstate); GAPDH (GTX30666; 
GeneTex); cdc27 (#610454, BD Transduction Laboratories), 
Alexa Fluor fluorescently labeled secondary antibodies were from 
Life Technologies. Lambda phosphatase was from New England 
Biolabs. PhosTag acrylamide was from Wako Pure Chemical 
Industries (AAL-107).

Plasmids. pRS-Wip1 construct targeting GGA TGA CTT 
TGT CAG AGC T of the human Wip1, FLAG tagged pcdna4/
TO-Wip1-WT, pcdna4/TO-Wip1-D314A and pWip1-mCherry 
were described previously.19,25 Mutagenesis was performed 
using QuickChange II site-directed mutagenesis kit (Agilent 
Technologies), and fragments encoding Wip1-S40A, S40D, 
T410A-S412A-S416A (Wip1-AAA), S97A, S97D were inserted 
into pcdna4/TO (Life Technologies) or pQE81L (Qiagen). 
Mutants Wip1–7A (containing T34/S40/S44/S46/S54/S85/
S97A) and Wip1–7D (containing T34/S40/S44/S46/S54/S85/ 
S97D) were generated by GenArt Synthesis (Life Technologies), 
and fragments were inserted into pcdna4/TO. pFucci-S/G

2
/M-

Green and pFucci-G
1
 orange plasmids expressing hGeminin 

(1–110) and hCdt1 (30–120) fragments fused with fluorescent 
reporters are based on published fluorescent ubiquitination-based 
cell cycle indicator (FUCCI) and were from MBL International.36

Cell lines. Human HeLa, MCF7 and U2OS cell lines were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

the mitotic Wip1 protein, and that no changes of Wip1 mRNA 
levels were detected throughout the cell cycle, we suggest that 
Wip1 is proteolytically degraded in mitosis. Whereas the degra-
dation of Wip1 was apparently independent of SCF, depletion of 
the cdc20 caused stabilization of Wip1 in mitotic cells, indicat-
ing that Wip1 protein levels are controlled by the APC/Ccdc20 E3 
ligase complex.

Induction of Wip1 expression using a tetracycline inducible 
system allowed us to investigate the phenotype of mitotic cells 
containing high levels of active Wip1 phosphatase. Since Wip1 
can counteract the activity of ATM in response to DNA damage, 
and since ATM has recently been implicated in control of mitotic 
progression,58 we tested the effect of Wip1 expression during 
mitosis. Although induction of Wip1-WT expression resulted in 
increased Wip1 activity in mitotic cells, we did not observe any 
major differences in the timing of mitotic progression, architec-
ture of the mitotic spindle and cytokinesis (data not shown). In 
contrast, we observed that forced expression of Wip1-WT led to 
a dramatic decrease in the number of γH2AX foci in mitotic cells 
and also to a reduction of 53BP1 nuclear bodies in G

1
 cells. Since 

DNA lesions cannot be repaired during mitosis, it is essential to 
mark these regions by γH2AX to allow repair in the following 
cell cycle. Moreover, due to the lacking ubiquitination of mitotic 
chromatin, 53BP1 cannot bind to DNA lesions until cells exit 
from mitosis and enter the next G

1
.12,13 Thus, γH2AX appears 

to be an essential marker of endogenous DNA lesions present in 
unperturbed mitosis. Previously, we have shown that Wip1 asso-
ciates with the chromatin and dephosphorylates γH2AX. Thus, 
it is likely that Wip1 activity needs to be eliminated from mitotic 
cells to allow formation of γH2AX foci at mitotic chromatin. 
Removing the phosphatase that has the ability to counteract the 
activity of ATM may allow cells to adequately respond to low lev-
els of DNA damage present in unperturbed mitosis. Apart from 
the degradation of Wip1 during mitosis, we have also observed 
extensive phosphorylation of the catalytic domain of Wip1. 
Importantly, whereas the nonphosphorylatable Wip1–7A mutant 
protein showed normal enzymatic activity, the phosphomim-
icking Wip-7D mutant was enzymatically inactive. Therefore, 
we propose that cells efficiently reduce the net activity of Wip1 
during mitosis through a combination of proteasomal degrada-
tion and phosphorylation-mediated inhibition of its enzymatic 
activity. After 53BP1 nuclear bodies form around and protect the 
DNA lesions in the following G

1
, Wip1 expression can increase 

again. In summary, we have shown here that protein abun-
dance of Wip1 is not constant during the cell cycle but increases 
from G

1
 to G

2
, and then declines during mitosis. Degradation 

Figure 4 (See opposite page). activity of Wip1 is decreased in mitosis. (A) endogenous Wip1 was immunoprecipitated using rabbit anti-Wip1 (h300) 
from asynchronously growing or NZ-arrested cells and phosphatase activity was measured in vitro. (B) expression of Wip1-Wt was induced or not by 
tetracycline in asynchronously growing cells. Number of γh2aX positive foci was determined by a manual evaluation of immunofluorescence staining 
in 70 mitotic cells (n = 3, error bars indicate, ** p < 0.01). (C) expression of Wip1 or Wip1-D314a was induced (+) or not (-) by tetracycline and cells were 
probed for 53Bp1. Number of 53Bp1 positive nuclear bodies in G1 cells was determined by automated microscopy in 1000 cells (n = 3, error bars indicate 
sD, ** p < 0.01). (D) expression of Wip1-Wt, Wip1–7a, Wip1–7D and Wip1-D314a was induced by tetracycline, FLaG-tagged proteins were immunopre-
cipitated and the phosphatase activity was determined in vitro (n = 3, error bars indicate sD, ** p < 0.01). (E) expression of Wip1-Wt, Wip1–7a, Wip1–7D 
and Wip1-D314a was induced (+) or not (-) by tetracycline and number of 53Bp1 nuclear bodies was determined by automated microscopy. Intensity of 
DapI signal was used for gating of G1 cells (n = 3, error bars indicate sD, ** p < 0.01). (F) expression of Wip1-Wt, Wip1–7a, Wip1–7D and Wip1-D314a was 
induced (+) or not (-) by tetracycline; cells were treated with 0.5 μM adriamycine for 4 h, and whole-cell lysates were probed for pser15p53 and γh2aX.
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Transfection. U2OS cells were transfected with plasmid 
DNA using a standard calcium phosphate method. Silencer 
Select siRNAs targeting Cul1 (GGC UUG UGG UCG CUU 
CAU), βTrCP1 (GAA CUA UAA AGG UAU GGA A), βTrCP2 
(GGU UGU UAG UGG AUC AUC A), Fbx7 (GGG UUG UUA 
GUG GAG CAU A) and cdc20 (CGA AAU GAC UAU UAC 
CUG A) were obtained from Ambion (Life Technologies) and 
were transfected at 5 nM concentration using RNAiMAX (Life 
Technologies) and collected at indicated times post-transfection.

In vitro phosphatase assay. Cells were induced by tetracycline 
to express FLAG-tagged Wip1-Wt or its point mutants, extracted 
by EBC buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% 
NP-40, 1 mM EGTA) and subsequent sonication (3 × 10 sec, 
amplitude 7, 100 W) and extracts were spinned down (16.000 g, 
10 min, 4°C) and normalized for protein concentration. FLAG-
tagged proteins were immunopurified from tetracycline-induced 
cells with anti-FLAG agarose (Sigma). Alternatively, endogenous 
Wip1 was immunoprecipitated using a polyclonal anti-Wip1 
antibody (H300, 2 μg/reaction) and 30 μl protein A/G Ultra 
link resin (Thermo Scientific). Phosphatase assay was performed 
using synthetic phosphopeptide, corresponding to pSer15p53 
(100 μM, GeneScript) and Biomol Green reagent (Enzo Life 
Sciences) as described.19 Statistical analysis was performed using 
Student’s t-test in GraphPad Prism software.

In vitro kinase assay. E. coli-(BL21) transformed with 
pQE81L-Wip1-D314A or its point mutants were induced with 
0.5 mM IPTG for 4 h at 37°C and His-tagged Wip1 was purified 
using Ni-NTA agarose (Qiagen). His-Wip1 (2 mg) was mixed 
with 50 ng of active protein kinases Cdk1/cyclin B (Sigma) in 
kinase buffer (25 mM MOPS pH 7.2, 12.5 mM glycerol 2-phos-
phate, 25 mM MgCl

2
, 5 mM EGTA, 2 mM EDTA and 0.25 

mM DTT) supplemented with 100 μM ATP and 5 μCi 32P-γ-
ATP and a sample was incubated for 20 min at 30°C. Proteins 
were separated using SDS-PAGE as described,61 and phosphory-
lation was detected by autoradiography.

Quantitative real-time PCR (qPCR). Total RNA samples were 
isolated using the TRI Reagent (Sigma) according to the manu-
facturer’s protocol. First-strand cDNA was synthesized from 200 
ng of total RNA with random hexamer primers using TaqMan 
Reverse Transcription Reagents (Applied Biosystems). qRT-PCR 
was performed in ABI Prism 7300 (Applied Biosystems) using 
SYBR Green I Master Mix with the following set of primers: 
Wip1 (GGG AGT GAT GGA CTT TGG AA and CAA GAT 
TGT CCA TGC TCA CC), tubulin (GAG TGC ATC TCC 
ATC CAC GTT and TAG AGC TCC CAG CAG GCA TT). 
The relative quantity of cDNA was estimated by ΔΔCt, and data 
were normalized to tubulin. Samples were measured in triplicate 
in three independent experiments.

Mass spectrometry. Phosphatase dead FLAG-Wip1-D314A 
was immunoprecipitated from mitotic cells obtained by mitotic 
shake-off of nocodazole-arrested cells. The sample was separated 
on SDS-PAGE, stained by CBB and a slice of the gel correspond-
ing to the Wip1 was digested by trypsin or V8 protease and pep-
tides were subjected to MS. Peptide mass was analyzed using 
Mascot software (Matrix Science). Combined sequence coverage 
was 82%.

under standard conditions as described.59 Human hTERT-
immortalized retinal pigment epithelial cells (RPE) were grown 
in DMEM supplemented with nutrient mixture F-12 (DMEM/
F12). Cells expressing Wip1, or its point mutants, under control 
of tetracycline-inducible promoter were generated as described25 
and routinely grown in media containing Tet system-approved 
serum.25 Enhanced expression was induced by addition of tetra-
cycline (1 μg/ml) for 12 h. Monoclonal cell line stably expressing 
FUCCI indicator was generated by transfection of U2OS cells 
followed by hygromycine/neomycine selection and two steps of 
clonal selection using limited dilution on a 96-well plate. Live 
cells positive for GFP (corresponding to G

2
 cells) or double-nega-

tive cells (DN) and RFP-positive cells (corresponding to G
1
 cells) 

were sorted using Influx cell sorter (BD Biosciences) and lysed for 
biochemical analysis. In parallel, cells pre-incubated with a cell 
permeable dye Hoechst 33342 as a DNA marker were analyzed 
by flow cytometry.

Cell synchronization. Cells were synchronized at G
1
/S tran-

sition using a double thymidine (2.5 mM) block (12 h-Thy/8 
h-release/12 h-Thy), washed in PBS and released into fresh 
media supplemented with nocodazole to arrest cells in mitosis 
(most cells entered M after 10–12 h). Cells were collected in 2-h 
intervals. Mitotic cells were collected by shake-off. Alternatively, 
cells were synchronized at late G

2
 using Ro-3306 (9 μM for 20 

h; Tocris Bioscience) and released into fresh media (most cells 
entered M after 1–2 h). Where indicated, MG132 (5 μM, Sigma) 
was added to media to block proteasomal degradation.

Immunofluorescence and live-cell imaging. Cells were 
grown in 96-well imaging plates (BD Biosciences) and immuno-
fluorescence was performed as described.60 For each image, the 
background signal of an area without cells was subtracted. Nuclei 
were identified based on DAPI staining before measurement of 
nuclear Wip1 staining. Images were acquired on a DeltaVision 
Spectris imaging system equipped with a 20× objective, NA 
0.7 (Applied Precision). For automated microscopic analysis 
of 53BP1 or γH2AX-positive foci, cells were cultured on glass 
coverslips, fixed using 4% formaldehyde (10 min at RT), per-
meabilized by ice-cold methanol, blocked with 3% BSA in PBS 
supplemented with 0.1% Tween-20 (PBST) and incubated with 
the primary 53BP1 or γH2AX antibodies for 1 h at RT. After 
washing with PBST, coverslips were incubated with AlexaFluor-
conjugated secondary antibodies for 1 h at RT. DNA was stained 
with DAPI (Sigma) for 2 min and coverslips were mounted using 
Vectashield reagent (Vector Laboratories). Automated image 
acquisition was done using ScanR high-content screening station 
equipped with a motorized stage and 40× objective (Olympus). 
Nuclei were identified based on the DAPI signal and the median 
number of 53BP1 or γH2AX foci was determined using a spot 
detection module. Mitotic cells were gated based on higher DAPI 
intensity of condensed chromatin with manual correction for 
false-positive events. At least 1,000 nuclei for interphase cells 
and at least 100 mitotic cells were counted per condition in three 
independent experiments. For live-cell imaging cells expressing 
FUCCI, indicator were grown in LabTek II chamber slides in 
CO

2
-independent L15 media (Gibco) and imaged at 30 min 

intervals using Leica DMI6000 inverted microscope.
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Supplementary  Figure  1.  Characterization  of  the  FUCCI  cell  line.  U2OS  cells  stably 

expressing  the FUCCI  indicator were  followed by  live‐cell  imaging  at 30 min  intervals  for 

16h. A  representative  image  is  shown. Note a gradual  loss of nuclear RFP signal  intensity 

and  an  inverse  increase  in  the  GFP  signal.  A  cell  underwent  mitosis  at  15h  and  two 

emerging daughter cells are doubly negative just after completion of the cell division. 

Supplementary Figure 2. Control for epitope masking. U2OS cells were transfected with 

Wip1‐mCherry  and  stained  with  rabbit  anti‐Wip1.  Note  a  complete  overlap  of  the  signal 

from the antibody staining and fluorescent protein in anaphase cell. 

Supplementary Figure 3. Validation of siRNA targeting SCF and APC/C complex. Total 

RNA was collected from siRNA transfected cells shown in Fig. 2D and analyzed by RT‐PCR. 

Shown are indicated mRNA levels normalized to the mRNA of Tubulin.  

Supplementary  Figure  4.  Wip1  phosphatase  assay.  Endogenous  Wip1  was 

immunopurified from Wip1 or control depleted cells and enzymatic activity was measured 

by  in  vitro  phosphatase  assay.  Empty  affinity  resin  mixed  with  cell  extract  was  used  to 

measure the background signal. An average of two independent experiments is shown. 

Supplementary Figure 5. Inhibition of mitotic γH2AX foci. Asynchronously growing cells 

were  treated  with  ATMi  (KU55933,  10  µM),  DNA‐PKi  (NU7441,  10  µM),  combination  of 

both  or  ATRi  (VE‐821,  10  µM)  inhibitors  for  3  h  and  fixed.  Number  of  γH2AX  foci  was 

determined by automated microscopy. 

Supplementary  Figure  6.  Activity  of  Wip1WT  and  mutant  Wip1.  (A)  Expression  of 

Wip1‐WT  or  Wip1‐D314A  was  induced  by  tetracycline  and  cells  were  either  grown 

asynchronously or arrested  in mitosis by NZ. FLAG‐tagged Wip1 was  immunopurified and 

enzymatic  activity was  determined  by  phosphatase  assay.  Immunopurified  proteins were 

separated  by  SDS‐PAGE  and  probed with  anti‐Wip1  antibody.  Note  a  decreased mobility 

shift of Wip1‐WT compared to Wip1‐D314A suggesting a partial autodephosphorylation of 

overexpressed  Wip1.  (B)  Wip1‐WT,  Wip1‐S40D  and  Wip1‐D314A were  immunopurified 

and  the  phosphatase  activity  was  determined  in  vitro.  Average  of  two  independent 

experiments is shown. 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Introduction
Proliferating cells respond to genotoxic stress by activating a 
conserved DNA damage response (DDR) pathway that blocks 
cell cycle progression (checkpoint) and facilitates DNA re-
pair. Activation of ATM (ataxia telangiectasia mutated)/Chk2, 
ATR (ataxia telangiectasia and Rad3 related)/Chk1, and p38/
MK2 kinases converges on the tumor suppressor p53, which 
plays a central role in regulating cell fate decisions in response 
to genotoxic stress (Jackson and Bartek, 2009; Medema and 
Macůrek, 2012). In general, genotoxic stress induces stabiliza-
tion, oligomerization, and binding of p53 to promoters, causing 
a widespread modulation of gene expression (Vogelstein et al., 
2000). Although high doses of DNA damage (such as thera-
peutic irradiation or radiomimetic drugs) lead to p53-induced 
programmed cell death or permanent withdrawal from the cell 
cycle (senescence), more moderate DNA damage (originating 
from erroneous DNA metabolism or from environmental factors) 
triggers expression of DNA repair genes and a cyclin-dependent 

kinase inhibitor p21(WAF1/CIP1) that controls the G1 check-
point (el-Deiry et al., 1993). After completion of DNA repair, 
cells recover from the temporal checkpoint arrest and return to 
the proliferation program. Wip1 (also known as PPM1D) is a 
monomeric serine/threonine phosphatase of the PP2C family, 
and its expression is increased after DNA damage (Fiscella  
et al., 1997). Wip1 has been implicated in dephosphorylation of 
multiple DDR components, including ATM, Chk1/2, -H2AX, 
and p53, all contributing to timely inactivation of DDR after 
DNA repair (Le Guezennec and Bulavin, 2010). In addition, 
Wip1-dependent inactivation of p53 is thought to play a major 
role in control of checkpoint recovery (Lindqvist et al., 2009).

Recent work has identified oncogene-induced replication 
stress and DNA breakage that trigger the DDR as an intrinsic 
barrier against progression of early preinvasive stages of solid 
tumors to malignant lesions (Bartkova et al., 2005, 2006; 
Gorgoulis et al., 2005; Di Micco et al., 2006; Halazonetis et al.,  
2008). According to this model, cells that accumulate mutations 
circumventing the checkpoint barrier have a selective advantage 

The DNA damage response (DDR) pathway and its 
core component tumor suppressor p53 block cell 
cycle progression after genotoxic stress and repre-

sent an intrinsic barrier preventing cancer development. 
The serine/threonine phosphatase PPM1D/Wip1 inacti-
vates p53 and promotes termination of the DDR pathway. 
Wip1 has been suggested to act as an oncogene in a 
subset of tumors that retain wild-type p53. In this paper, 

we have identified novel gain-of-function mutations in 
exon 6 of PPM1D that result in expression of C-terminally 
truncated Wip1. Remarkably, mutations in PPM1D are 
present not only in the tumors but also in other tissues of 
breast and colorectal cancer patients, indicating that they 
arise early in development or affect the germline. We 
show that mutations in PPM1D affect the DDR pathway 
and propose that they could predispose to cancer.

Gain-of-function mutations of PPM1D/Wip1 impair 
the p53-dependent G1 checkpoint
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showed electrophoretic mobility that closely resembled that of 
the aberrant endogenous Wip1 proteins (Fig. S1 E).

To understand whether truncation of Wip1 affects its func-
tion in the DDR, we asked whether the respective truncation  
mutants were capable of suppressing formation of ionizing ra-
diation (IR)–induced foci (IRIF) as has been described for FL  
Wip1 (Macůrek et al., 2010). Both, Wip1-L450X and Wip1-
R458X localized properly in the nucleus and were bound to the 
chromatin, suggesting that overall subcellular distribution of 
Wip1 is not affected by the exon 6 truncations (Fig. 2 A). As 
expected, overexpression of FL-Wip1 resulted in a reduction in 
IRIF formation, as determined by the number of 53BP1 foci in-
duced after irradiation (Fig. 2 B). Similarly, overexpression of  
Wip1-L450X and Wip1-R458X (but not phosphatase-dead  
Wip1-D314A) also caused a dramatic reduction in IRIF forma-
tion, suggesting that the mutants retain normal phosphatase 
activity that opposes IRIF assembly (Fig. 2 B). In addition, ex-
pression of FL-Wip1, Wip1-L450X, and Wip1-R458X signifi-
cantly decreased levels of radiation-induced phosphorylation 
of histone H2AX (-H2AX) and pSer15-p53 (both established 
markers of DDR and substrates of Wip1; Lu et al., 2005; Macůrek 
et al., 2010), suggesting that all tested Wip1 proteins are capable 
of silencing the DDR (Fig. 2 C). Wip1 is a monomeric phos-
phatase, and because all identified truncating mutations reside 
in the C-terminal region of Wip1 leaving the N-terminal cata-
lytic domain intact, we hypothesized that the truncation mutants 
retain phosphatase activity. Indeed, immunopurified FL-Wip1, 
Wip1-L450X, and Wip1-R458X showed comparable phospha-
tase activity in vitro, and therefore, it is unlikely that mutation of 
PPM1D leads to production of a hyperactive Wip1 (Fig. 2 D).

Because mutations in oncogenes are expected to cause a 
gain-of-function effect, we wondered whether the C-terminal 
region coded by exon 6 reduces the stability of Wip1. Consis-
tent with this notion, we found that both U2OS and HCT116 
cells expressed 10–20-fold more of the truncated Wip1 com-
pared with the FL-Wip1 (Fig. 2 E). In contrast, no substantial 
differences between wild-type and mutated Wip1 expression 
were found at the mRNA level, indicating that these are not 
differentially regulated at the transcriptional level and that the 
high levels of the mutant Wip1 proteins reflect enhanced protein 
stability (Fig. S1 F). Indeed, the FL-Wip1 disappeared rapidly 
after treatment of cells with cycloheximide (half-life of 1–2 h), 
whereas both truncated mutants exhibited enhanced stability 
(half-life of >6 h; Fig. 3, A and B). In addition, treatment with 
the proteasomal inhibitor MG-132 reversed the effect of the cy-
cloheximide on destabilization of the FL-Wip1 (Fig. 3 C). This 
suggests that the C-terminal domain of Wip1 somehow renders 
the FL protein unstable and that its turnover is regulated by the 
proteasome. To further corroborate this notion, we fused the  
C-terminal noncatalytic part of Wip1 (aa 380–605) to GFP and 
analyzed its effect on protein stability. Similar to what we ob-
served for FL-Wip1, we found that the GFP fusion contain-
ing the C-terminal tail of Wip1 was less stable than GFP itself 
(Fig. 3 D). From this, we conclude that nonsense mutations in 
exon 6 of the PPM1D gene lead to increased protein levels of 
enzymatically active truncated Wip1 and thus result in increased 
total Wip1 activity in cells.

and can thus promote further development of cancer. The 
most common example of such DDR defect is an inactivating 
somatic mutation in the TP53 gene that disables proper re-
sponse to genotoxic stress, leads to genomic instability, and is 
found in about half of human tumors (Hollstein et al., 1991). 
On the other hand, tumors that retain wild-type p53 are likely 
to accumulate other genetic defects that would allow them to 
overcome the DDR barrier, providing a growth advantage in 
the presence of replicative stress. Importantly, amplification of 
the 17q23 locus carrying the PPM1D gene has been reported in 
various p53 wild-type tumors, pointing toward a role of Wip1 
in cancer development, and Wip1 overexpression is associated 
with poor prognosis (Bulavin et al., 2002, 2004; Li et al., 2002; 
Saito-Ohara et al., 2003; Rauta et al., 2006; Castellino et al., 2008; 
Liang et al., 2012). The oncogenic behavior of Wip1 is further 
supported by mouse genetics showing that loss of Wip1 pro-
tects from cancer development (Bulavin et al., 2004; Nannenga  
et al., 2006). However, point mutations that affect Wip1 func-
tion have not been reported. Here, we have identified novel 
truncating mutations of Wip1 that show a gain-of-function ef-
fect and impair p53-dependent responses to genotoxic stress. 
Strikingly, mutations in the PPM1D gene were found also  
in breast and colorectal cancer patients, suggesting that such 
truncating mutations of Wip1 may predispose to a wider range 
of cancer types.

Results and discussion
Because amplification of the PPM1D gene occurs mainly in  
tumors that retain the wild-type p53, we have screened a panel 
of p53-proficient tumor cell lines to determine the expression 
level of Wip1 in tumors derived from various tissues (Bulavin 
et al., 2002; Rauta et al., 2006). Predictably, we could con-
firm high expression of Wip1 in MCF7 cells that are known to 
carry an extensive amplification of the PPM1D locus (Fig. 1 A; 
Pärssinen et al., 2008). All other tested cell lines expressed sub-
stantially lower amounts of full-length (FL) Wip1. Surprisingly, 
we noticed an abundant, faster migrating band, recognized 
by two distinct Wip1 antibodies in HCT116 and U2OS cells 
derived from colorectal adenocarcinoma and osteosarcoma, re-
spectively (Fig. 1, A and B). Notably, antibodies recognizing an 
epitope corresponding to the amino acid residues 380–410 of 
Wip1 stained both bands, whereas an antibody directed against 
an epitope corresponding to the amino acid residues 500–550  
of Wip1 recognized only the slower migrating band (Figs. 1 A 
and S1 A). In addition, both bands were depleted by three in-
dependent Wip1 siRNAs, indicating that the two protein bands 
correspond to various forms of Wip1 (Fig. S1 B). Consistent  
with this, sequencing of genomic DNA revealed heterozy-
gous mutations (c.1349delT and c.1372C>T) within exon 6 of 
the PPM1D gene that caused truncation of the Wip1 protein 
(p.L450X in HCT116 and p.R458X in U2OS cells; Fig. 1 C). 
Expression of both the FL and truncated versions of Wip1 in 
U2OS and HCT116 cells was further confirmed by immuno-
purification of Wip1 and subsequent mass spectrometry (MS) 
analysis (Fig. S1, C and D). Importantly, epitope-tagged ver-
sions of truncated Wip1 proteins expressed from plasmid DNA 
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conclusion that expression of the truncated variant of Wip1 abro-
gates the G1 checkpoint (Fig. 4 B). As an alternative approach, 
we followed the progression from G1 to S phase by time-lapse 
analysis of living HCT116 cells expressing fluorescent mark-
ers to monitor cell cycle progression (Fig. 4 C). HCT116 cells 
treated with control siRNA were delayed in G1 after irradiation 
(Fig. 4 C), consistent with previous observations that degrada-
tion of Cdc25A and Cyclin D1 can delay S-phase entry in a p53- 
independent manner (Agami and Bernards, 2000; Mailand et al., 
2000). However, the majority of control cells eventually entered 
S phase (Fig. 4 C). In contrast, HCT116 cells depleted of Wip1 
mounted a lasting G1 checkpoint arrest (Fig. 4 C). In accordance 
with restoration of p53 function upon depletion of Wip1, we ob-
served increased levels of p21 after exposure to IR in U2OS and 
HCT116 cells treated with Wip1 RNAi (Fig. 4, D and E).

We conclude that cells with mutations that enhance Wip1 
protein stability are unable to engage p53 function, fail to arrest 

Despite the fact that U2OS and HCT116 contain wild-type 
p53, they fail to arrest in G1 in response to IR and preferen-
tially arrest in the G2 checkpoint that remains intact (Fig. S2,  
A and B). This is reminiscent of the behavior of cells lacking p53 
or expressing mutant p53 and suggests that the p53 pathway is 
somehow compromised in U2OS and HCT116 cells. To test 
whether this may be caused by enhanced Wip1 levels and/or ac-
tivity, we depleted Wip1 by RNAi and measured the ability of 
cells exposed to IR to arrest in G1. Indeed, we observed that 
U2OS cells did arrest in G1 after depletion of Wip1 and exposure 
to IR (Figs. 4 A and S2 C). Moreover, this arrest was fully de-
pendent on p53 because codepletion of Wip1 and p53 or deple-
tion of Wip1 in p53-negative cell lines SW480, DLD1, and HT29 
did not restore any G1 checkpoint function (Fig. 4 A and not de-
picted). In addition, depletion of the truncated Wip1 (but not of 
the FL-Wip1) by isoform-specific RNAi was sufficient to rescue 
the G1 arrest in irradiated U2OS cells, thus further supporting the 

Figure 1. The PPM1D gene is mutated in selected cancer cell lines. (A) Whole-cell lysates from indicated cell lines were probed with anti-Wip1 (Bethyl 
Laboratories, Inc.), anti-Wip1 (Santa Cruz Biotechnology, Inc. [SC]), and anti–14-3-3 (loading control) antibodies. Note the additional Wip1-reactive band 
around 60 kD in U2OS and HCT116 cells. PC3 cells are p53 negative and served as a control. (B) Wip1 was depleted in U2OS and HCT116 cells by 
siRNA, and lysates were probed with the indicated antibodies. (C) Sequencing chromatograms of PPM1D from genomic DNA isolated from U2OS and 
HCT116 cells. Numbering is based on NCBI GenBank reference sequence NT_010783.15. Mutations are indicated by arrowheads and underlined.  
WT, wild-type PPM1D; Mut, mutated PPM1D; c., nucleotide sequence; p., Wip1 peptide sequence.
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truncated Wip1 may also directly cause accumulation of muta-
tions through the described negative role of Wip1 in regulation 
of nucleotide excision repair (Nguyen et al., 2010). All these 
mechanisms may contribute to the elimination of the intrinsic 
DDR-mediated barrier against tumor development in cells car-
rying gain-of-function mutations of Wip1.

Finally, we wished to address the clinical relevance of the 
identified Wip1 mutations. We therefore performed mutational 

in G1 after DNA damage, and progress to S phase. Thus, the 
genome integrity of cells expressing truncated Wip1 versions 
may be compromised by replication of the genome that contains 
unrepaired DNA lesions, including the highly pro-oncogenic 
DNA double-strand breaks. Increased expression of truncated 
Wip1 impairs the cellular responses to genotoxic stress also via 
a reduction in H2AX phosphorylation, which is an established 
substrate of Wip1. In addition, it is likely that high levels of 

Figure 2. Truncated Wip1 mutants are enzymatically active. (A) Soluble and chromatin fractions from cells expressing FL or truncated FLAG-Wip1 were 
probed with the indicated antibodies. (B) Cells expressing EGFP-Wip1-FL (FL), EGFP-Wip1-D314A (phosphatase dead), or truncated EGFP-Wip1 were 
fixed 3 h after irradiation (3 Gy). 53BP1 nuclear foci were counted by automated image analysis (1,000 cells per condition). Average number of 53BP1 
foci per nucleus in transfected (GFP+) and neighboring control cells (GFP) is shown. (C) Expression of Wip1-FL, Wip1-D314A, or truncated FLAG-Wip1 
was induced by tetracycline 12 h before irradiation (3 Gy). Whole-cell lysates were probed with the indicated antibodies. (D) Phosphatase activity of  
immunopurified FLAG-Wip1-FL, -L450X, -R458X, or -D314A (phosphatase dead) was measured in vitro using a synthetic phosphopeptide corresponding to 
pSer15-p53 (bottom), and the precipitated material was probed with anti-Wip1 antibody as a control of equal loading (top). n = 4. (E) Quantification of 
the signal intensity corresponding to the endogenous levels of FL and truncated Wip1 in HCT116 and U2OS cells. siRNA of Wip1 was used as a control 
of the signal specificity. Error bars indicate standard deviations. mut, mutated; WT, wild type.
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Figure 3. Truncated Wip1 mutants show increased protein stability. (A) HCT116 and U2OS cells were treated for the indicated times with cycloheximide. 
Normalized cell lysates were probed using the monoclonal anti-Wip1 antibody (Santa Cruz Biotechnology, Inc. [SC]). (B) Signal intensity corresponding 
to the FL-Wip1 and truncated Wip1 from A was quantified using ImageJ software. The relative change in signal intensity is shown. Statistical significance 
was determined by unpaired two-tailed t test (n = 3; *, P < 0.05). (C) U2OS cells were treated with cycloheximide, proteasomal inhibitor MG132 or a 
combination of both for the indicated times and analyzed as in A. (D) U2OS cells were transfected with plasmid DNA coding for EGFP or EGFP fused to 
the C-terminal region of Wip1 (aa 380–605). Cells were treated for the indicated times with cycloheximide. Normalized cell lysates were probed with an 
anti-GFP antibody, and the signal intensity was quantified using ImageJ software. n = 3. Error bars indicate standard deviations. exp., exposure.
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Figure 4. Mutated Wip1 impairs the p53-dependent G1 checkpoint. (A) U2OS cells were transfected by siRNA targeting luciferase, Wip1 and/or p53 
and grown for 48 h. Cells were treated with BrdU and STLC, irradiated or not irradiated with 4 Gy, and grown for a further 16 h. Cells were analyzed 
by immunoblotting (top) or by flow cytometry (bottom) to determine the fraction of G1 cells (2n; BrdU negative). (B) U2OS cells were transfected by 
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siRNA targeting various isoforms of Wip1, irradiated, and probed with the indicated antibodies (left) or analyzed by cytometry (right). The fraction of 
BrdU-negative 2n cells corresponds to cells arrested in G1. (C, left) FUCCI-expressing HCT116 cells were transfected with Wip1 or luciferase siRNA 
(siLuc), irradiated (4 Gy), and followed by live-cell imaging. Cumulative progression into S phase was determined based on the loss of FUCCI-G1 marker 
(red) and appearance of the FUCCI-S/G2 marker (green) Numbers of analyzed cells are indicated in parentheses. (right) Representative images of four 
individual cells transfected with Wip1 or Luciferase siRNA are shown. Bars, 10 µm. (D) Retinal pigment epithelium (RPE1), U2OS, and HCT116 cells were 
transfected with Wip1 or luciferase siRNA and grown for 48 h before irradiation (5 Gy). Cells were fixed 4 h after IR and probed for total p53 and p21. 
Bars, 50 µm. (E) U2OS cells were treated as in D, collected 6 h after IR, and probed with the indicated antibodies. SC, Santa Cruz Biotechnology, Inc.

 

analysis of the PPM1D gene in a panel of unselected colorec-
tal cancer patients (n = 304) and a panel of high-risk patients 
with BRCA1/2-negative breast and ovarian cancer (n = 728) and 
identified four deleterious mutations in exon 6 (c.1372C>T and 
c.1602insT in patients with colorectal cancer and c.1601del15 
and c.1451T>G in patients with breast cancer) compared with 
no such mutations present in noncancer control samples (n = 
450; Fig. 5 A and Table S1). All identified Wip1-truncating 
mutations (p.R458X, p.L484X, p.K535X, and p.F534X) and 
showed a striking similarity to mutations identified in the 
tumor cell lines. Functional analysis of all Wip1 mutants pres-
ent in cancer patients confirmed that these truncations retain 
the enzymatic activity as well as the ability to bind to chro-
matin (Fig. 5, B and C; and not depicted). In addition, we ana-
lyzed protein levels of Wip1 in leukocytes in one of the mutant  
carriers and found that the truncated Wip1 is expressed at a 
much higher level than the FL-Wip1, thus phenocopying the 
situation in tumor cell lines (Fig. 5 D). Finally, we analyzed a 
noncancer mammary tissue and tumor tissue from one muta-
tion carrier and identified a heterozygous mutation in the tumor  
tissue (Fig. 5 E).

Remarkably, all truncating mutations identified in the 
PPM1D gene in patients and cancer cell lines were heterozy-
gous gain-of-function mutations, which is consistent with the 
role of Wip1 as an oncogene. Of note, alterations in cancer pa-
tients were identified in peripheral blood samples, excluding the 
possibility that these mutations arise in the developing tumor 
simply as a consequence of genetic instability. The targeting 
to a discrete hot-spot region in the exon 6 of the PPM1D onco-
gene—their gain-of-function character proven by in vitro ex-
periments—the variable onset of cancer in affected individuals, 
and the versatile spectrum of cancer types appearing in muta-
tion carriers and cancer cell lines all indicate that mutations in 
PPM1D may represent an unusual and novel genetic risk fac-
tor of general cancer predisposition not associated with a single 
specific cancer type.

Although the majority of hereditary cancers is caused by 
mutations in tumor suppressor genes, germline mutations in on-
cogenes are not unprecedented (Knudson, 2002). For example, 
germline mutations of oncogenic tyrosine kinases RET, MET, 
and KIT are linked with medullary thyroid carcinoma, heredi-
tary papillary renal carcinoma, and hereditary gastrointestinal 
stromal tumor syndrome, respectively (Mulligan et al., 1993; 
Schmidt et al., 1997; Nishida et al., 1998). Whereas tumor de-
velopment is substantially boosted by inactivation of the second 
allele of the tumor suppressor genes, monoallelic gain-of-
function mutations are usually sufficient to activate oncogenes 
(Vogelstein and Kinzler, 2004). In agreement with this, identified 
mutations of PPM1D in the tumor cell lines were heterozygous, 

and both wild-type and truncated PPM1D alleles were ex-
pressed. We propose that the high expression level of truncated 
Wip1 impairs the p53-dependent genome surveillance system 
in mutation carriers, making their genomic DNA hypersensitive 
to various genotoxic insults. By this mechanism, mutations in 
other tumor-promoting genes may accumulate throughout the 
entire life span of the PPM1D mutation carriers and promote 
cancer development. The clinical significance of truncating 
PPM1D mutations in predisposition to breast and ovarian can-
cer was recently documented by an extensive case control study 
(Ruark et al., 2013). Further studies are needed to address the 
possibility that mutations in PPM1D may represent a hereditary 
cancer predisposition and that truncated Wip1 might be a suit-
able candidate for pharmacological intervention in cancer pa-
tients carrying PPM1D mutations.

Materials and methods
Antibodies
Antibodies used were rabbit anti-Wip1 (H300), mouse anti-Wip1 (F-10),  
anti-p53 (DO1), anti-p21 (C19), and anti-53BP1 (Santa Cruz Biotechnology, 
Inc.); anti-PPM1D (A300-664A; Bethyl Laboratories, Inc.); anti-pSer15p53, 
anti-p53, and anti-pSer139-H2AX (Cell Signaling Technology); anti–-tubulin 
and anti-FLAG (Sigma-Aldrich); anti-BrdU (clone BU1/75; Abcam); and 
Alexa Fluor–conjugated secondary antibodies (Life Technologies).

Plasmids
DNA fragments coding for FLAG-tagged human FL or truncated (R458X, 
L450X, and F534X) Wip1 were generated by PCR and subcloned into 
BamHI–XbaI sites of the pcDNA4/TO plasmid. Alternatively, coding se-
quence for EGFP was inserted in HindIII site of pcDNA4/TO and FL, or 
truncated Wip1 was cloned in frame into BamHI–XbaI sites.

Cell culture
Human U2OS, HCT116, LoVo, MCF7, HeLa, SH-SY5Y, and PC3 or non-
tumor diploid retinal pigment epithelium cells were grown in DMEM (Gibco) 
supplemented with 10% FCS, 2 mM l-glutamine, 100 U/ml penicillin, and 
100 µg/ml streptomycin. Tetracycline repressor–expressing U2OS-TR cells 
were grown in media containing tetracycline system–approved FCS, and 
protein expression was induced by tetracycline. A stable cell line express-
ing the fluorescent, ubiquitination-based cell cycle indicator (FUCCI) was 
generated by transduction of HCT116 cells with pCSII-EF-MCS-mKO2-
hCdt1(30–120) and pCSII-EF-MCS-mAG-hGeminin(1–110) plasmids 
(Sakaue-Sawano et al., 2008) followed by FACS sorting of double-positive 
cells from which a single clone was expanded. Transfections of plasmid 
DNA were performed using a standard calcium phosphate technique. 
ON-TARGETplus siRNAs targeting Wip1 (5-GGCCAAGGGUGAAU-
UCUAA-3, 5-CGAAAUGGCUUAAGUCGAA-3, and 5-AGUAACGUC-
CUCCAUGUAC-3) and control siRNAs (Thermo Fisher Scientific) were 
transfected (5–10 nM) using RNAiMAX (Invitrogen). Alternatively, isoform-
specific siRNAs targeting the FL-Wip1 (5-AUAGCUCGAGAGAAUGUCC-3) 
or the 458X-Wip1 (5-AUAGCUUGAGAGAAUGUCC-3) were used.

Immunofluorescence and microscopic analysis
Cells cultured on glass coverslips were left untreated or exposed to IR 
(dose 3–5 Gy as indicated) and fixed at the indicated times by 4% form-
aldehyde for 10 min at RT, permeabilized by ice-cold methanol, blocked  
with 3% BSA in PBS supplemented with 0.1% Tween 20, and incubated 
with the primary antibodies 60 min at RT. After washing, coverslips were  
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Figure 5. Truncation mutations of Wip1 are present in cancer patients. (A) Chromatograms of four truncating mutations identified by screening of the 
PPM1D gene in cancer patients. Mutations are indicated by arrowheads and underlined. WT, wild-type PPM1D; Mut, mutated PPM1D; c., nucleotide 
sequence; p., Wip1 peptide sequence. (B) Cells expressing EGFP–Wip1-FL, -R458X, -L484X, -F534X, or -K535X mutants were irradiated, and the number 
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of 53BP1 foci was analyzed as in Fig. 2 B. (C) FLAG–Wip1-FL, -R458X, -L484X, -F534X, or -K535X mutants were immunoprecipitated, and phosphatase 
activity was determined as in Fig. 2 D. (D) Wip1 expression in leukocytes from a healthy control or the #BRCA1855 patient was analyzed by immunoblot-
ting. The asterisk indicates a cross-reacting band in the blood sample. Note the increased expression level of the truncated Wip1 in leukocytes from cancer 
patient. (E) Mutation of PPM1D was analyzed in microdissected mammary noncancer tissue and in cancer tissue from the #BRCA1855 patient. Error bars 
indicate standard deviations.

 

incubated with Alexa Fluor–conjugated secondary antibodies and mounted 
using Vectashield reagent (Vector Laboratories) supplemented with 1 µg/ml  
DAPI. Imaging was performed on DeltaVision Imaging System using 
NA 1.4 objectives (Applied Precision). Automated image acquisition 
was performed using a high-content screening station (Scan^R; Olympus; 
using charge-coupled device camera [IX81 and ORCA-285; Olympus]) 
equipped with a 40×/1.3 NA objective (RMS40X-PFO; Olympus). Nuclei 
were identified based on the DAPI signal, and the average number of 
53BP1 foci was determined using a spot detection module. At least 1,000 
nuclei were counted per condition in three independent experiments. Cells 
transiently transfected with FL- or mutant EGFP-Wip1 were gated according 
to the EGFP signal, and neighboring EGFP-negative cells were used as con-
trols. Alternatively, HCT116-FUCCI cells were grown at 37°C in Lab-Tek II  
chamber slides in L15 media (Gibco) containing all supplements. Cells 
were irradiated or not irradiated, and videos were acquired using Delta-
Vision system equipped with a 10×/0.40 NA U-Plan S-Apochromat objec-
tive (Olympus), a camera (CoolSNAP HQ2; Photometrics), Quad-mCherry 
polychroic filter, and mCherry/GFP emission filter sets. Nuclei negative for 
Geminin-mAG1 (corresponding to G1) directly after irradiation were fol-
lowed until the appearance of Geminin-mAG1 signal (corresponding to S) 
detectable over background in two consecutive frames (15 min).

Immunoprecipitation and in vitro phosphatase assay
U2OS cells were extracted by EBC buffer (50 mM Tris, pH 7.5, 150 mM 
NaCl, 0.5% NP-40, and 1 mM EGTA) followed by sonication (3 × 10 s) 
and spinning down (20,000 g for 10 min). Polyclonal anti-Wip1 (H300; 
2 µg/reaction) antibody was incubated with 30 µl protein A/G resin 
(UltraLink; Thermo Fisher Scientific) and with cell extracts for 4 h at 4°C. 
As specificity controls, cell extract was incubated with empty beads, and 
alternatively immobilized antibody was not incubated with cell extract. 
After extensive washing, beads were mixed with SDS sample buffer and 
boiled. Immunoprecipitates were probed with polyclonal anti-Wip1 (Bethyl 
Laboratories, Inc.) and monoclonal anti-Wip1 (Santa Cruz Biotechnology, 
Inc.). Alternatively, the gel was stained by Coomassie brilliant blue, and 
immunoprecipitated bands were subjected to MS analysis. Normalized 
cell extracts from cells expressing FL or truncated FLAG-Wip1 were incu-
bated with M2 agarose (Sigma-Aldrich). In vitro phosphatase assay was 
performed in a phosphatase buffer (40 mM Hepes, pH 7.4, 100 mM 
NaCl, 50 mM KCl, 1 mM EGTA, and 50 mM MgCl2) supplemented with 
100 µM VEPPLpSQETFS synthetic phosphopeptide (GenScript). Release 
of phosphate was measured after incubation at 30°C for 20 min using 
BIOMOL Green reagent (Enzo Life Sciences) and was described previously 
(Macůrek et al., 2010). Finally, beads containing all immunoprecipitated 
material were separated by SDS-PAGE and probed for Wip1.

Subcellular fractionation
Soluble and chromatin fractions were prepared as previously described 
(Macůrek et al., 2010). In brief, soluble cytosolic proteins were extracted 
from U2OS cells by incubating cells in buffer A (10 mM Hepes, pH 7.9, 
10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT, 
0.1% Triton X-100, and protease inhibitor cocktail) at 4°C for 10 min and 
spinning down at 1,500 g for 2 min. Soluble nuclear fraction was ob-
tained by extraction of cell nuclei with an equal amount of buffer B (10 mM 
Hepes, pH 7.9, 3 mM EDTA, 0.2 mM EGTA, and 1 mM DTT) and spinning 
down at 2,000 g for 2 min. Both soluble fractions were mixed (1:1). Insol-
uble chromatin was washed with buffer B and finally resuspended in SDS 
sample buffer.

Flow cytometry analysis
Asynchronous cells were transfected with indicated siRNAs (20 nM) and 
cultured for 48 h before -irradiation. To allow determination of cell cycle 
progression, cells were grown further for 16 h in the presence of 10 µM 
BrdU and 10 µM S-trityl-l-cysteine (STLC). Cells were collected by trypsin-
ization and either lysed in SDS sample buffer for Western Blot or fixed in 
ice-cold ethanol for flow cytometry. After incubation in 2M hydrochloric 
acid and 0.1% Triton X-100, cells were stained with anti-BrdU (replica-
tion marker) and anti-mpm2 (mitotic marker) followed by incubation with 

Alexa Fluor–coupled secondary antibodies. DNA was stained with prop-
idium iodide. Flow cytometry was performed on a cytometer (FACSCali-
bur; BD), and single cells were analyzed with CellQuest software (BD). As 
STLC inhibits mitotic kinesin Eg5, cells that progress into mitosis remain 
arrested in mitosis. This allows identification of cells that were in G1 at the 
time of IR and remained arrested in the G1 checkpoint (2n DNA content, 
BrdUmpm2), cells that were in G1/S and progressed to G2 (4n DNA 
content, BrdU+mpm2), cells that were in G1/S and progressed to mitosis 
(4n DNA content, BrdU+mpm2+), cells that were in G2 and remained 
arrested in the G2 checkpoint (4n DNA content, BrdUmpm2), and cells 
that were in G2 and progressed to mitosis or were in mitosis at the start 
of the experiment (4n DNA content, BrdUmpm2+). The 4n BrdU-negative 
populations were used to exclude differences in cell cycle distribution at 
the moment of irradiation. 2n BrdU populations were used for quantifica-
tion of cells remaining in G1. Alternatively, cells were pulsed with 10 µM 
BrdU (15 min) before irradiation, and BrdU-positive cells were assayed for 
progression through the G2 phase by FACS analysis of the DNA content 
(Chen et al., 2001).

Protein stability assay
Cells treated for the indicated times with 50 µg/ml cycloheximide were 
lysed, and equal amounts of protein were separated on 4–12% Bis-Tris 
precast gels (NuPAGE; Life Technologies) and probed with the indicated 
antibodies. Where indicated, cells were treated with 5 µg/ml DMSO or 
MG-132. Unsaturated films were scanned at 600 dpi as 16-bit grayscale 
TIFF-formatted images. The densitometry analysis was performed using  
ImageJ software (National Institutes of Health). No image adjustments 
were made before the analysis. Signal intensities were normalized to the 
loading control from the same gel.

MS
Wip1 was immunoprecipitated from U2OS or HeLa cells using a monoclo-
nal anti-Wip1 antibody (Santa Cruz Biotechnology, Inc.; 2 µg/reaction) 
immobilized on protein A/G UltraLink resin. Samples were separated by 
SDS-PAGE and stained by protein stain (GelCode; Thermo Fisher Scien-
tific). Proteins corresponding to both forms of Wip1 were digested in gel 
by trypsin (Promega) and analyzed by peptide mass fingerprinting (9.4T 
Apex-Qe; Bruker Daltonics). Mass spectra were analyzed and interpreted 
using DataAnalysis 4.0 and BioTools 3.2 software (Bruker Daltonics).

Mutational analysis
Genomic DNA was isolated from peripheral blood of high-risk, BRCA1/2-
negative, familial and/or early onset breast (n = 280)/ovarian (n = 50) 
cancer patients, unselected colorectal cancer patients (n = 304), and 
noncancer controls (n = 450) as described previously (Pohlreich et al., 
2005; Kleibl et al., 2009; Ticha et al., 2010). All patients and controls 
were Caucasians of the Czech descent that gave written informed consent 
with the genetic testing approved by local ethics committees. PCR am-
plicons covering all PPM1D exons with flanking intronic sequences were 
obtained using PCR master mix (High Resolution Melting; Roche) and a 
real-time PCR system (LightCycler 480; Roche). PCR amplification was 
performed using the following sets of primers: 5-GCGAGCGCCTAGT-
GTGTCTCC-3 and 5-GCGCCAAACAAGCCAGGGAAC-3 (exon 1); 
5-GTTGCCATTTGTATCCTGACAGTG-3 and 5-CTTCAGTAAAAGGGA-
CAGTAGTAGGTC-3 (exon 2); 5-CAGGAATTTTGGCTTATGCATCTTTG-3 
and 5-AGTAAGGGTTTAGTTCTGTCTCCTC-3 (exon 3); 5-CTGTTGCTGTT-
GTACTATTAGCTTCC-3 and 5-TGCAAAAATCTACCCAAGGTCAATG-3 
(exon 4); 5-GATACAGATGTAGTGGCAGCTAAATC-3; and 5-CGCTA-
ACCAAAGAACTGGTGTC-3 (exon 5); 5-TGCCATCCTACTAGCTTCATA-
AGAAG-3 and 5-TTGGTCCATGACAGTGTTTGTTG-3 (exon 6a); and 
5-TTCCAATTGGCCTTGTGCCTA-3 and 5-AAAAAAGTTCAACATCGGC-
ACCA-3 (exon 6b). Altered DNA sequences were identified by subject-
ing PCR amplicons corresponding to the exons 2–6 to a high-resolution 
melting analysis (Roche), and samples with aberrant melting profile were 
bidirectionally sequenced using a genetic analyzer (ABI 3130; Life Tech-
nologies). Direct sequencing analysis was performed for the analysis of 
exon 1. All identified PPM1D alterations were reconfirmed by sequencing 
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Figure S1.  Validation of reagents. (A) Epitope mapping of anti-Wip1 antibodies using bacterially expressed and purified FL or truncated His-Wip1. Note 
that the anti-Wip1 (Santa Cruz Biotechnology, Inc. [SC]) recognizes an epitope between amino acid residues 380–410 of Wip1 and stains both trun-
cated mutants of Wip1 (L450X and R458X), whereas anti-Wip1 (Bethyl Laboratories, Inc.) directed against residues 500–550 recognizes only FL-Wip1.  
(B) U2OS or HCT116 cells were transfected by the indicated siRNAs, and total cell lysates were probed for Wip1. (C) Wip1 was immunoprecipitated from 
U2OS cells by rabbit anti-Wip1 (Santa Cruz Biotechnology, Inc.) and probed by anti-Wip1 (Bethyl Laboratories, Inc.) and mouse anti-Wip1 (Santa Cruz 
Biotechnology, Inc.). WB, Western blot. (D) Wip1 was immunoprecipitated from U2OS or HeLa cells. Proteins were separated by SDS-PAGE, and bands 
corresponding to both forms of Wip1 were subjected to MS. Identified peptides are shown. Peptides from exon 6 found only in the FL-Wip1 are shown in 
red. (E) Cells were transfected with FLAG–Wip1-FL, FLAG–Wip1-L450X, or FLAG–Wip1-R458X, and the electrophoretic mobility of tagged proteins was 
compared with endogenous Wip1 signal in U2OS, HCT116, and MCF7 cells. (F) Total cellular RNA was isolated from U2OS and HCT116 cells and 
converted to cDNA by reverse transcription, and exon 6 was sequenced. Chromatograms of the affected regions are shown. Mutations are indicated by 
arrowheads. WT, wild-type Wip1; Mut, mutated Wip1; c., nucleotide sequence; p., peptide sequence. Note that both wild-type and mutated alleles are 
expressed. Ab, antibody; IP, immunoprecipitation.
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Figure S2.  G1 checkpoint is impaired in cells with truncated Wip1. (A) Asynchronous cells were irradiated as indicated, cultured further for 16 h in the 
presence of 10 µM BrdU, and stained with propidium iodide. Population of 2n, BrdU-negative cells (G1 cells) was quantified by flow cytometry (red num-
bers). (B) Cells were pulsed with 10 µM BrdU (15 min), irradiated as indicated, and after fixation, at the indicated times stained for BrdU and DNA content. 
To assess intra-S and G2 checkpoint arrest, cell cycle progression of BrdU-positive cells was determined by flow cytometry. (C) An example of the experi-
ment shown in Fig. 4 A. U2OS cells transfected by siRNA targeting luciferase (Luc) or Wip1 were treated with BrdU and STLC, irradiated or not irradiated 
with 4 Gy, and grown for a further 16 h. Cells were stained for BrdU, mdm2 (mitotic marker), and propidium iodide (DNA content) and analyzed by flow 
cytometry. Cells arrested in G1 (2n, BrdU negative), cells arrested in G2 (4n, BrdU negative), or mitotic cells (4n, mdm2 positive) are shown. Error bars in-
dicate standard deviations. RPE, retinal pigment epithelium.
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Table S1.  Mutation analysis of the PPM1D gene in cancer patients and noncancer controls

WIP1 (exon [e]/ 
intron [i])

Nucleotide change Protein change rs number 
(dbSNP)

High-risk breast/ovarian cancer Unselected 
colorectal cancer

Noncancer  
controls

  n = 330a n = 398b n = 304a n = 450a

Truncating variants
e6 c.1372C>Tc p.R458X  0 0 1e 0
e6 c.1451T>Gd p.L484X  0 1f 0 0
e6 c.1601_1615del p.F534X  1g 0 0 0
e6 c.1602dupT p.K535X  0 0 1h 0
Missense variants
e1 c.29G>A p.S10N  0 ND 0 1
e1 c.131C>Gd p.S44W  2 ND 0 0
e1 c.226C>T p.R76C  0 ND 0 1
e1 c.307G>A p.V103M  1 ND 0 0
e1 c.332A>G p.E111G rs75400620 0 ND 0 1
e6 c.1405A>G p.K469E rs61756416 1 1 1 1
e6 c.1486A>Gd p.I496V rs35491690 1 2 1 0
e6 c.1670G>A p.R557Q  0 1 0 0
e6 c.1715G>A p.R572Q  0 0 1 0
Silent and intronic 

variants
e1 c.90G>Ad p.E30 rs16944543 1 ND 0 2
e1 c.234T>Ad p.P78  0 ND 1 0
e1 c.456C>Td p.A152 rs149400522 3 ND 2 2
i2 c.702-101T>C unknown  1 ND 0 3
i2 c.702-38A>G unknown  0 ND 1 0
i2 c.702-21A>G unknown rs138641521 8 ND 1 5
i4 c.1017+51A>G unknown rs144142345 3 ND 2 3
3UTR c.*37A>G unknown rs191317670 3 1 0 0
3UTR c.*44dupA unknown  1 1 0 7

Numbering of the nucleotide sequence is based on the NCBI GenBank reference sequence NT_010783.15 (gene identifier: 224514953). Minus signs indicate novel 
mutations identified in this study. c., nucleotide sequence; p., peptide sequence; dbSNP, single nucleotide polymorphism database.
aAnalysis set (mutation analysis of the entire PPM1D coding sequence).
bValidation set (mutation analysis of exon 6 only).
cMutation identical to that found in U2OS human osteosarcoma cell line.
dVariants described in Ruark et al. (2013).
eFemale patient with a poorly differentiated rectosigmoideal adenocarcinoma (72 yr); family history of cancer is unknown.
fFemale patient with bilateral breast cancer diagnosed at the age of 55 and 67 yr; her mother suffered from breast cancer (57 yr); mother’s mother suffered very 
probably from breast cancer (died at 85 yr, only anamnestic data); patient’s brother suffered from lung cancer (smoker, died at 62 yr).
gFemale patient with bilateral breast cancer diagnosed at the age of 40 and 42 yr; her mother suffered from cervical cancer (64 yr) and hematological malignancy 
(72 yr); mother’s sister suffered from an unknown oncological diagnosis; patient’s father developed gastric cancer (56 yr).
hFemale patient with rectal cancer at the age of 51 and ovarian cancer in 61 yr; her mother died of breast cancer (aged 49), and father was diagnosed with a 
mediastinal tumor (at 79 yr).
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Abbreviations: 53BP1, p53 binding protein 1; ATM, ataxia telangiectasia mutated kinase; BRCA1, breast cancer type 1 susceptibility
protein; Cdk, cyclin dependent kinase; DDR, DNA damage response; Plk1, Polo-like kinase 1; H2AX, histone variant H2AX;
IR – ionizing radiation; MDC1, mediator of DNA damage checkpoint protein 1; NCS – neocarzinostatin; NZ – nocodazole; PTIP,
PAX transactivation activation domain-interacting protein; RIF1, Rap1-interacting factor 1 homolog; RNAi, RNA interference;

RNF8, RING finger protein 8; RNF168, RING finger protein 168.

In response to genotoxic stress, cells protect their genome integrity by activation of a conserved DNA damage
response (DDR) pathway that coordinates DNA repair and progression through the cell cycle. Extensive modification of
the chromatin flanking the DNA lesion by ATM kinase and RNF8/RNF168 ubiquitin ligases enables recruitment of
various repair factors. Among them BRCA1 and 53BP1 are required for homologous recombination and non-
homologous end joining, respectively. Whereas mechanisms of DDR are relatively well understood in interphase cells,
comparatively less is known about organization of DDR during mitosis. Although ATM can be activated in mitotic cells,
53BP1 is not recruited to the chromatin until cells exit mitosis. Here we report mitotic phosphorylation of 53BP1 by Plk1
and Cdk1 that impairs the ability of 53BP1 to bind the ubiquitinated H2A and to properly localize to the sites of DNA
damage. Phosphorylation of 53BP1 at S1618 occurs at kinetochores and in cytosol and is restricted to mitotic cells.
Interaction between 53BP1 and Plk1 depends on the activity of Cdk1. We propose that activity of Cdk1 and Plk1 allows
spatiotemporally controlled suppression of 53BP1 function during mitosis.

Introduction

Cells protect their genome integrity by a conserved DNA
damage response pathway (DDR) that coordinates DNA repair
with control of the cell cycle progression.1 Depending on the
type of genotoxic stress and the cell cycle phase when the DNA
damage occurred, lesions are repaired either by an error prone
non-homologous end-joining (NHEJ) or by homologous recom-
bination (HR). Master regulator of DDR is the protein kinase
ATM that rapidly after formation of DNA double strand breaks
(DSB) phosphorylates histone H2AX at S139 (called gH2AX) in
the chromatin flanking the DNA lesion.2 Phosphorylation of
H2AX is required for recruiting an adaptor protein MDC1 and
also E3 ubiquitin ligases RNF8 and RNF168 to the site of DNA
damage.3–5 H2A and H2AX have recently been identified as
major substrates of RNF168 and monoubiquitination at K13
and K15 is recognized by the ubiquitination-dependent recruit-
ment (UDR) motif of 53BP1.6,7 In addition, 53BP1 is recruited
to the DNA damage foci through binding of its Tudor domain

to the dimethylated histone H4K20-me2 and therefore 53BP1 is
now recognized as a bivalent reader of posttranslationally modi-
fied mononucleosomes.7,8 In contrast to 53BP1, the protein
complex containing BRCA1, Abraxas and RAP80 is recruited to
the DNA damage foci through the ubiquitin-interacting motif
(UIM) of RAP80 that binds to K63 ubiquitinated histones.9,10

Whereas BRCA1 is needed for DNA end resection and HR,
53BP1 facilitates repair of DNA lesions through NHEJ especially
when localized in the heterochromatin or at telomeres.11-13 Upon
phosphorylation of the N-terminal domain by ATM, 53BP1
recruits RIF1 and PTIP that block resection of DNA ends and
promote repair through NHEJ.14-16 Thus there is now emerging
evidence that recruitment of either 53BP1 or BRCA1 to the site
of damage underlies the selection of particular DNA repair
pathway.17,18

DNA damage response is organized differently in interphase
and in mitosis. Whereas the proximal phosphorylation-depen-
dent events in DDR occur in interphase and mitotic cells, more
distal responses that largely depend on histone ubiquitination are
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supressed during mitosis.19-21 Irradiation of mitotic cells triggers
activation of ATM, phosphorylation of H2AX and recruitment
of MDC1 to the condensed chromatin.19 In contrast, 53BP1 is
not recruited to DNA lesions during mitosis until cells progress
to the following G1 phase.19,22,23 Here we show that 53BP1 is
phosphorylated in its C-terminal domain by Plk1 and Cdk1 dur-
ing mitosis and that this modification supresses the ability of
53BP1 to bind to ubiquitinated histones and to localize to DNA
damage foci. We propose a model by which the suppression of
53BP1 function is strictly limited to mitosis.

Results

53BP1 is phosphorylated by Cdk1 and Plk1 in mitosis
To compare the ability of 53BP1 to localize to the DNA dam-

age foci in interphase and mitotic cells we irradiated exponentially
growing U2OS cells with 3 Gy and analyzed them by immunoflu-
orescence microscopy (Fig. 1A). Irradiated mitotic cells were
strongly positive for gH2AX signal at chromatin suggesting that
ATM is normally activated following exposure to genotoxic stress
in mitosis. In fact, gH2AX signal was much stronger in mitotic

cells compared to the neighboring interphase cells. Increased sensi-
tivity of mitotic cells to ionizing radiation probably reflects the
degradation of PPM1D phosphatase (also known as Wip1) we
previously reported.24 In contrast, 53BP1 was excluded from the
chromatin in mitotic cells and did not colocalize with gH2AX in
mitotic cells after irradiation. We hypothesized that distinct behav-
ior of 53BP1 in interphase and mitotic cells might be at least in
part caused by its posttranslational modifications and thus we
aimed to investigate the impact of mitotic posttranslational modi-
fications on 53BP1 function. First, we immunopurified endoge-
nous 53BP1 from exponentially growing or mitotic cells and
noted a significant decrease in electrophoretic mobility of mitotic
53BP1 (Fig. 1B). Since the change in electrophoretic mobility was
completely reversed by treatment of 53BP1 by lambda phospha-
tase we concluded that 53BP1 is phosphorylated during mitosis
(Fig. 1B). This finding is in good agreement with recent phospho-
proteomic screens that identified extensive phosphorylation of
53BP1 during mitosis25,26. Next, we wondered what kinases are
responsible for this modification of 53BP1. To this end, we
arrested cells in mitosis by addition of nocodazole and compared
the effect of treatment by several protein kinase inhibitors on the
mobility shift (Fig. 1C). Addition of RO-3306, a specific inhibitor

of Cdk1, impaired the
mobility shift of 53BP1
suggesting that 53BP1 is
phosphorylated by Cdk1
during mitosis.27,28 In
contrast, treatment with
SB202190, a selective
inhibitor of mitogen-acti-
vated protein kinase p38 a
(hereafter reported as
p38a) did not significantly
change the mobility of
mitotic 53BP1. This data
suggest that the majority
of 53BP1 phosphorylation
during mitosis depends on
Cdk1 activity, although
we cannot exclude some
contribution of p38a on
phosphorylation of
53BP1. In addition, inhi-
bition of Plk1 by BI2536
inhibitor arrested cells in
mitosis and increased the
mobility of 53BP1
(Fig. 1C). Change in the
mobility of cdc27 and sta-
bilization of hBora was
used as control for effective
inhibition of Cdk1 and
Plk1, respectively.29 We
conclude that 53BP1 is
phosphorylated by Cdk1
and Plk1 during mitosis.

Figure 1. 53BP1 is phosphorylated during mitosis by Cdk1 and Plk1. (A) U2OS cells were irradiated with 3 Gy, fixed
after 1 h and probed for gH2AX, 53BP1 and DAPI and analyzed by confocal microscopy. Single focal plane is shown.
Bar indicates 10 mm. (B) Endogenous 53BP1 was immunoprecipitated from exponentially grown cells (Asynch.) or
from cells arrested in mitosis by NZ, separated on 3–8% Tris-Acetate gel and analyzed by immunoblotting. Where indi-
cated immunopurified 53BP1 was incubated with l-phosphatase for 15 min at 30�C. (C) U2OS cells were grown expo-
nentially (Asynch.), treated for 12 h with RO-3306 to arrest them in G2, or with BI2536 or NZ to arrest them in mitosis.
Mitotic cells treated with NZ were collected by shake-off and incubated for additional 60 min with DMSO or with RO-
3306 or SB202190. Whole cell lysates were separated on 3–8% Tris-Acetate or 4–12% Bis-Tris gels and probed with
indicated antibodies.
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Plk1 phosphorylates 53BP1 during mitosis at Ser1618 in the
UDR domain

Plk1 plays essential role in control of mitotic spindle for-
mation and cytokinesis.30,31 In addition, Plk1 is required for
recovery from the G2 checkpoint.32,33 This is achieved by
induction of the bTrCP-dependent degradation of Claspin, a
cofactor of ATR required for activation of Chk1 and for
establishing the checkpoint.34,35 In addition, Plk1 has been
reported to phosphorylate Chk2 in the FHA domain and to
prevent its activation in mitosis.23 Since Plk1 has a well-
established role in negative regulation of the DDR response
we aimed to investigate the effect of 53BP1 phosphorylation
by Plk1. First, we identified putative phosphorylation sites
based on known phosphorylation motif of Plk1 and conserva-
tion of the motif in the primary sequence of 53BP1.36,37 Out
of 6 identified conserved motifs only 2, namely S395 and
S1618, were previously reported to be phosphorylated in
phosphoproteomic screens.25,26 We noted that S1618 is local-
ized in the UDR motif immediately next to the L1619 resi-
due that is essential for mediating the interaction of 53BP1
with ubiquitinated histone H2A and thus we focused on the
ability of Plk1 to phosphorylate the C-terminal part of
53BP1.7 We purified the truncated GST-53BP1 protein con-
taining the Tudor domain, UDR motif and the tandem
BRCT motifs and performed an in vitro kinase assay with
active His-Plk1. Making use of a commercially available anti-
body against pS1618–53BP1 we found that Plk1 phosphory-
lated S1618 in vitro (Fig. 2A). Importantly, the signal was
completely lost in the 53BP1-S1618A mutant confirming the
specificity of the antibody (Fig. 2B). Whereas Plk1 did phos-
phorylate the wild-type 53BP1-C-term fragment, the autora-
diography signal was reduced in the 53BP1-S1618A mutant
(Fig. 2B). This suggests that Plk1 can phosphorylate S1618
and possibly also other residues in the C-terminal part of
53BP1. Next, we tested whether Plk1 phosphorylates S1618
also in cells. We found that pS1618–53BP1 was highly
enriched in cells synchronized in mitosis by nocodazole,
whereas only basal levels were present in asynchronically
growing cells (Fig. 2C). The specificity of the pS1618–
53BP1 antibody was validated by siRNA-mediated depletion
of 53BP1 that caused a loss of the signal in mitotic cells
(Fig. 2D). In addition, signal of pS1618–53BP1 was strongly
reduced in mitotic cells treated with Plk1 inhibitor and the
same reduction was observed in cells depleted of Plk1 using
RNAi (Fig. 2C, E). From this we conclude that Plk1 phos-
phorylates S1618 of 53BP1 also in vivo.

To study more closely the dynamics of pS1618–53BP1 phos-
phorylation, we synchronized cells at G1/S transition by thymi-
dine, released them in fresh media supplemented with
nocodazole and assayed the pS1618–53BP1 signal during pro-
gression to mitosis (Fig. 2F). We have found that the occurrence
of pS1618–53BP1 signal closely correlated with the positivity of
pS10-histone H3 which is an established marker of mitosis. Simi-
lar pattern was observed in U2OS, HeLa and non-cancer
hTERT-RPE1 cells suggesting that pS1618–53BP1 modification
is not restricted to a particular cell type (Fig. 2F, G). Further we

assayed the dephosphorylation of 53BP1 during mitotic exit
(Fig. 2H). To this end, we synchronized cells in mitosis by noco-
dazole, collected them by shake off and released them to fresh
media. The removal of pS1618–53BP1 modification correlated
to disappearance of pS10-histone H3 as well as degradation of
cyclin B and Plk1 during mitotic exit. We conclude that Plk1
phosphorylates S1618 specifically during mitosis.

Phosphorylated 53BP1 and Plk1 co-localize at kinetochores
Next we wondered in which subcellular compartment Plk1

phosphorylates 53BP1 during mitosis.19,20,38 It is well estab-
lished that active Plk1 is enriched at spindle poles and kineto-
chores during metaphase and translocates to the midbody during
cytokinesis.39 Kinetochore localization of 53BP1 has also been
reported although its functional relevance still remains unclear.40

First, we have used immunofluorescence microscopy and probed
for endogenous 53BP1 in U2OS cells. Consistent with previous
reports 53BP1 localized predominantly to the cell nucleus in
interphase cells. In mitosis, 53BP1 was excluded from the con-
densed chromatin and the majority of 53BP1 was present dif-
fusely in the cytosol (Fig. 3A). In addition, substantial part of
endogenous 53BP1 closely associated with the centromeric
marker CREST in mitotic cells (Fig. 3A). Specificity of the
53BP1 staining was confirmed by an RNAi-mediated depletion
of 53BP1 that resulted in a complete loss of the kinetochore
staining and a strong reduction of the diffuse staining (Fig. 3A).
Confocal microscopy showed that 53BP1 co-localized at kineto-
chores with Plk1 suggesting that active Plk1 may phosphorylate
53BP1 at kinetochores (Fig. 3B). Indeed, we have found that
53BP1 phosphorylated at Ser1618 is present at kinetochores dur-
ing mitosis (Fig. 3B). Besides localization to kinetochores,
pS1618–53BP1 was present diffusely throughout the mitotic
cell. Importantly, the signal observed with the pS1618–53BP1
antibody disappeared in cells transfected with 53BP1 siRNA con-
firming the specificity of the antibody in immunofluorescence
(Fig. 3C). In addition, pS1618–53BP1 signal was strongly
reduced after treatment with BI2536 or after siRNA-mediated
depletion of Plk1 which is consistent with the key role of Plk1 in
phosphorylating S1618 of 53BP1 (Fig. 3C). Relative quantifica-
tion of the immunofluorescence signal showed that 53BP1 is
phosphorylated at Ser1618 exclusively in mitosis and the signal
intensity reached the maximum during metaphase and anaphase
and declined afterwards during telophase (Fig. 3D). Thus
dynamics of the pS1618–53BP1 phosphorylation closely corre-
lates with the high activity of Plk1 during metaphase and
decreased Plk1 activity due to the degradation of Plk1 by APC/
Cdh1 complex during mitotic exit.41 Due to the identified kinet-
ochore localization of 53BP1 and its phosphorylated form
pS1618–53BP1 we investigated whether 53BP1 might be
involved in organization of a bipolar mitotic spindle and in con-
trol of the spindle assembly checkpoint. We have quantified the
number of aberrant mitotic spindles in control and 53BP1-
depleted cells and have found no significant differences (Fig. 3E).
Similarly, time lapse microscopy did not show any significant dif-
ferences in timing of mitotic progression (data not shown). Con-
sistent with a previous report we conclude that 53BP1 is not
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involved in control of the spindle assembly.23 Instead, we pro-
pose that kinetochores may represent a compartment where Plk1
phosphorylates 53BP1 at S1618 and after release from the kinet-
ochore phosphorylated 53BP1 may be present throughout the
cell.

To study the interaction between 53BP1 and Plk1 we immu-
noprecipitated EGFP-53BP1 from cells synchronized in mitosis
by nocodazole or from cells arrested in late G2 phase by treat-
ment with Cdk1 inhibitor (Fig. 3F). Whereas 53BP1 immuno-
purified from G2 cells interacted only weakly with Plk1, we

found that this interaction was signifi-
cantly increased in mitotic cells.

Cdk1 phosphorylates 53BP1 at
S1678 and T1609

Cdk1/cyclin B is the major regula-
tor of the mitotic progression and its
activation triggers entry to mitosis
whereas its activity declines after
APC/C-dependent degradation of
cyclin B after metaphase to anaphase
transition. In addition, another pro-
lin-directed protein kinase, p38a has
been reported to be activated during
mitosis although its physiological rel-
evance remains unclear.42,43 Here we
compared the ability of Cdk1/cyclin
B and p38a to phosphorylate the C-
terminal part of 53BP1. Although
both kinases were able to phosphory-
late the 53BP1-C-term in vitro, it
was much better substrate for Cdk1/
cyclin B and comparably lower level
of phosphorylation was observed with
p38a (Fig. 4A). Combined with the
data with Cdk1 and p38a inhibitors
(Fig. 1) we conclude that in mitosis
53BP1 is physiologically phosphory-
lated by Cdk1/cyclin B rather than
by p38a. Next, we mapped the Cdk1
phosphorylation sites in the C-termi-
nal part of 53BP1 by in vitro kinase
assay using a set of alanine mutants
in the putative Cdk1 sites (Fig. 4B).
We found that phosphorylation of
53BP1-S1678A by Cdk1 was strongly
reduced (approximately to 20%)
compared to the wild-type C-termi-
nal fragment of 53BP1. In addition,
phosphorylation of the 53BP1-
T1609A mutant was slightly but
reproducibly lower compared to the
wild-type 53BP1. S1635 and T1648
form consensus phosphorylation
motifs SSP and STP, respectively,
and after priming by Cdk1 phos-
phorylation they could potentially
serve as docking sites for PBD of
Plk1.44 However, we found that
53BP1-S1635A and 53BP1-T1648A
were phosphorylated by Cdk1 atFigure 2. For Figure legend, see page 223.
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comparable level to the wild-type 53BP1 and therefore these
sites are unlikely to mediate binding of Plk1. These data
together suggest that S1678 and T1609 are the major Cdk1
phosphorylation sites in the C-terminal part of 53BP1.
Importantly, both S1678 and T1609 residues were identified
in proteomic screens to be phosphorylated during mitosis in
vivo.26 Besides phosphorylation of the C-terminal part of
53BP1 reported here, Cdk1 was previously shown to phos-
phorylate S380 of 53BP1 forming a docking site for Plk1.23

53BP1 phosphorylation by Plk1 impairs its binding to
ubiquitinated histones and localization to foci

Since S1618 resides in the UDR motif that has recently been
reported to mediate the direct interaction of 53BP1 with monou-
biquitinated histones, we wondered whether phosphorylation of
this residue may affect the ability of 53BP1 to bind to modified
histones.7 To test this we established a pull down assay using the
wild-type GST-53BP1-C-term fusion protein or its phosphoryla-
tion mimicking aspartate mutants and the extract from U2OS
cells stably expressing FLAG-tagged ubiquitin that were treated
with a topoisomerase II inhibitor etoposide. We found that the
wild-type GST-53BP1-Cterm bound ubiquitinated histones in
the extracts from cells exposed to genotoxic stress (Fig. 5A). In
contrast, the ability to bind ubiquitinated histones was strongly
reduced or completely lost in GST-53BP1-Cterm-S1618D and
GST-53BP1-Cterm-S1609D-S1618D mutants, respectively
(Fig. 5A). In addition, the binding of the wild-type GST-53BP1-
Cterm to ubiquitinated histones was strongly reduced when the
protein was phosphorylated by Plk1 and completely abolished
when phosphorylated by Plk1 and Cdk1/cyclin B (Fig. 5B). This
suggests that Plk1 and Cdk1 collaborate on inhibition of 53BP1
interaction with the ubiquitinated chromatin.

After exposure to genotoxic stress, E3 ubiquitin-protein ligase
RNF168 mono-ubiquitinates histone H2A at K13 and K15.6,45

In turn, H2A-K13/15 ubiquitination and H4K20 dimethylation
are recognized by UDR and Tudor domains, respectively, and
are essential for recruitment of 53BP1 to the DNA damage
foci.7,8 To determine how phosphorylation affects 53BP1 func-
tion, we compared the ability of wild-type and mutated 53BP1
to localize to the sites of DNA damage. First, we induced a local
DNA damage by laser microirradiation and assayed the dynamics
of EGFP-53BP1 recruitment to damaged chromatin in living
cells. Whereas the wild-type 53BP1 quickly redistributed to the
exposed area within 1 minute after irradiation, recruitment of

53BP1-S1618D and 53BP1-T1609D-S1618D mutants was
strongly delayed showing only weak signal later than 5 minutes
after irradiation (Fig. 5C and data not shown). Next we tested
the ability of 53BP1 to localize to DNA damage foci induced by
ionizing radiation (IRIF). We found that recruitment of 53BP1-
S1618D to foci was reduced compared to the wild-type 53BP1
(Fig. 5D). Consistent with the in vitro studies the ability to local-
ize to foci was further decreased in the 53BP1-T1609D-S1618D
mutant (Fig. 5D). Formation of IRIFs was not completely
blocked in the 53BP1-T1609D-S1618D mutant, which most
probably reflects the ability of EGFP-53BP1 to oligomerize with
the endogenous 53BP1 that was present in our experiment. Alter-
natively, yet other posttranslational modifications of 53BP1 may
contribute to further decrease the binding capacity of 53BP1 to
ubiquitin. One of such candidate modifications is phosphoryla-
tion of S1678 by Cdk1 as we observe that S1678D mutation par-
tially inhibits binding to ubiquitinated histones in vitro (data not
shown). Further, we tested the ability of mutant 53BP1 to local-
ize to the OPT bodies, characteristic nuclear structures present in
cells progressing through the G1 phase.46,47 Similarly to
decreased ability of 53BP1 carrying the phosphomimicking
mutations in Plk1 and Cdk1 sites to IRIFs we find also impaired
formation of the OPT bodies in unstressed conditions (Fig. 5E).
Finally, we wished to address when the Plk1-dependent inhibi-
tion of 53BP1 localization to DNA damage foci occurs in context
of the cell cycle. Previously we have shown that Plk1 activity is
triggered by phosphorylation at T210 and starts 5–6 h prior
mitotic entry.48 Therefore we wondered whether 53BP1 can
localize to IRIFs in late G2 phase. We have found no differences
in formation of the 53BP1 foci in cells with separated centro-
somes (Fig. 5F). This finding is in good agreement with the
observed basal interaction between 53BP1 and Plk1, and with
absent pS1618 phosphorylation of 53BP1 in G2 cells. We con-
clude that blocking the interaction of 53BP1 with damaged chro-
matin through phosphorylation of the UDR motif by Plk1 and
Cdk1 is restricted to mitosis.

Plk1 activity supresses DNA repair in mitotic cells
To address the role of Plk1 in regulation of DNA repair dur-

ing mitosis, we incubated mitotic cells with DMSO or Plk1
inhibitor and measured the level of DNA damage by comet assay
at various time points after addition of a radiomimetic drug
NCS (2 nM). Inhibition of Plk1 significantly reduced the level
of DNA damage 1 h and 3 h after treatment with NCS which is

Figure 2 (See previous page). Plk1 phosphorylates 53BP1 in the UDR domain. (A) Purified GST or GST-53BP1-C-term were incubated with His-Plk1 in the
presence of 32P-g-ATP and then separated on SDS-PAGE. Phosphorylation was detected by autoradiography or by immunoblotting with pS1618–53BP1
antibody. (B) Purified GST, GST-53BP1-C-term-WT or -S1618A were incubated with His-Plk1 and Phosphorylation was detected by autoradiography or by
immunoblotting. (C) Unsynchronized cells (Asynch.) or cells arrested in mitosis by nocodazole or by Plk1 inhibitor (BI2536) were lyzed and probed with
indicated antibodies. (D) U2OS cells were transfected with GAPDH or 53BP1 siRNA and grown asynchronically or arrested in mitosis by nocodazole.
Arrowhead indicates the same position on the gel (E) U2OS cells were transfected by siRNA targeting GAPDH or Plk1. Nocodazole was added to cells
transfected with GAPDH siRNA. Cells depleted of Plk1 spontaneously arrested in mitosis. Mitotic cells were collected by mitotic shake-off and analyzed
by immunoblotting. (F) HeLa or U2OS cells were synchronized at G1/S transition by a double thymidine block, released to fresh media with nocodazole
and collected in 2 h intervals. Media without nocodazole was used as control for cells that progressed to the following G1. (G) hRPE-TERT cells were
grown exponentially or arrested in mitosis by nocodazole or BI2536 for 16 h and collected by mitotic shake-off. (H) Mitotic U2OS cells (NZ) were released
to the fresh media and collected in 1 h intervals.
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consistent with increased DNA repair capacity in mitotic cells
lacking Plk1 activity (Fig. 6A). Next, we determined the level of
DNA damage induced by NCS in mitotic cells by measuring

gH2AX levels using flow cytometry
(Fig. 6B). This analysis revealed that
DNA damage was efficiently induced in
control mitotic cells and also in cells
treated with Plk1 inhibitor. Interest-
ingly, gH2AX levels decreased signifi-
cantly faster in cells treated with Plk1
inhibitor further supporting the role of
Plk1 in suppression of DNA repair in
mitosis. Similar results were obtained
when mitotic cells were treated with eto-
poside that induces DNA double strand
breaks by inhibition of topoisomerase II
suggesting that Plk1 inhibits repair of
DNA lesions induced by distinct mech-
anisms (data not shown).

Next we wished to test how phos-
phorylation of 53BP1 can affect its
function in DNA repair. To this end,
we depleted endogenous 53BP1, recon-
stituted cells with siRNA non-targetable
EGFP-53BP1 and assayed the response
to DNA damage (Fig. 6C, D, E). We
noted that wild-type 53BP1 properly
localized to the DNA damage-induced
foci and prevented recruitment of
BRCA1 to DNA damage foci in U2OS
and RPE cells (Fig. 6D, E). In contrast,
cells reconstituted with 53BP1-S1618D
or 53BP1-T1609D-S1618D formed
BRCA1-positive foci suggesting that
phosphorylation of 53BP1 impairs its
ability to suppress the recruitment of
BRCA1 to the foci (Fig. 6D, E).
Whereas most of DNA lesions are
repaired during interphase in 53BP1-
independent manner, a fraction of
lesions (mostly in heterochromatin or at
telomeres) requires 53BP1 for efficient
repair by NHEJ pathway.11-13 In agree-
ment with this we found that cells
reconstituted with 53BP1-T1609D-
S1618D showed a delayed decrease of
gH2AX levels after irradiation com-
pared to cells reconstituted with wild-
type 53BP1 (Fig. 6F). We conclude that
phosphorylation of 53BP1 by Plk1 and
Cdk1 impairs its function in DNA
repair.

Discussion

There is accumulating evidence that
DNA damage response is differently organized during interphase
and in mitotic cells. Following exposure to genotoxic stress,

Figure 3. 53BP1 phosphorylated at S1618 colocalize with Plk1. (A) U2OS cells were transfected with
GAPDH or 53BP1 siRNA, fixed after 48 h and probed for endogenous 53BP1 and CREST (marker of
centromeres) using confocal microscopy. Images represent single focal planes. Insets show magnified
regions of the same image. Bar indicates 10 mm or 1 mm in the insets. (B) Mitotic cells expressing
EGFP-Plk1 were probed with 53BP1 or pS1618–53BP1 and CREST and analyzed by confocal micros-
copy as in A. (C) U2OS cells transfected with control, 53BP1 or Plk1 siRNA were analyzed after 48 h by
confocal microscopy. Alternatively cells were treated with BI2536 (10 nM, 3 h). Images represent sin-
gle focal plane and bar indicates 10 mm. (D) Exponentially growing U2OS cells were fixed and stained
with pS1618–53BP1 antibody. Bar indicates 10 mm. Total cell fluorescence was quantified in inter-
phase and mitotic cells. Each dot represents one cell. Error bars indicate mean and SD. (E) U2OS cells
were transfected with GAPDH or 53BP1 siRNA, fixed and probed for tubulin and DAPI. Morphology of
mitotic spindles was scored as bipolar or aberrant (monopolar and multipolar; nD3, error bars indicate
SD). (F) U2OS stably expressing EGFP-53BP1 were grown exponentially (Asynch.), synchronized in G2
by RO-3306 or in mitosis by nocodazole and 53BP1 was immunoprecipitated by GFP-Trap. Bound pro-
teins were analyzed by immunoblotting.
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ATM is activated similarly in inter-
phase and mitosis and phosphorylates
histone H2AX in the chromatin flank-
ing the DNA lesion. In fact, ATM has
been reported to be activated also by a
low level of DNA damage present in
the condensed chromatin in unper-
turbed mitosis.46,47 The ability of
ATM to respond even to such minimal
extent of DNA damage during mitosis
may be facilitated by APCcdc20-depen-
dent degradation of the opposing phos-
phatase Wip1 during mitosis.24

Although ATM is activated normally
during mitosis, the downstream events
in the DDR that depend on chromatin
ubiquitination are supressed in mito-
sis.19,21 Here, we have shown that
mitotic kinases Cdk1 and Plk1 phosphorylate 53BP1 within its
UDR domain, block its interaction with ubiquitinated chromatin
and interfere with its function in DNA repair. Previously we have
established that Plk1 activity is regulated by phosphorylation of
Thr210 within the T-loop of Plk1 by Aurora A and that initial
activation of Plk1 occurs already in G2 and gradually increases
toward mitosis.48 Using immunofluorescence microscopy of
exponentially grown cultures we found that phosphorylation of
53BP1 at S1618 is restricted to mitotic cells, suggesting that
additional mechanisms regulating the modification of 53BP1 by
Plk1 may exist. Indeed, interaction between 53BP1 and Plk1 was
increased during mitosis. Mitotic phosphorylation of S380 in the
N-terminal part of 53BP1 was previously reported to generate a
docking site for the PBD domain of Plk1.23 Whereas, Plk1 is
activated at least 5–6 h prior mitosis, activation of Cdk1 triggers
the onset of mitosis. Therefore, Plk1 interacts with 53BP1 only
after its priming phosphorylation by Cdk1 during mitosis. In
addition, Plk1 and 53BP1 co-localize at kinetochores from pro-
phase to metaphase. How exactly 53BP1 is recruited to kineto-
chores still remains an open question. In this respect, it will be
interesting to investigate whether localization of 53BP1 to kinet-
ochores might be controlled by a recently described H4K20
monomethylation of the centromeric mononucleosomes.49 The
dynamics of pS1618–53BP1 correlates with the activity of Plk1
during mitosis and concurrently with the APCCdh1-dependent
degradation of Plk1, pS1618–53BP1 levels rapidly decline dur-
ing mitotic exit.41 Protein phosphatase PP4 has recently been
reported to dephosphorylate pS1618–53BP1 during mitotic
exit.50 Thus the interaction between 53BP1 and Plk1 and phos-
phorylation of the S1618 is tightly spatiotemporally regulated
during mitosis.

Since the phosphomimicking 53BP1-S1618D mutant
shows an intermediate phenotype, other posttranslational
modifications in the C-terminal part of 53BP1 likely contrib-
ute to abolishing the recruitment of 53BP1 to DNA damage
foci during mitosis. Indeed, we find that 53BP1-S1609D-
S1618D mutant shows an increased defect in localization to
DNA damage foci in cells and also in binding ubiquitinated

histones in vitro. This suggests that Plk1 and Cdk1 both
phosphorylate 53BP1 and collaborate on blocking its recruit-
ment to damaged chromatin during mitosis. Although
53BP1-S1609A-S1618A mutant localizes to DNA damage
foci in interphase cells, it fails to rescue the ability to localize
to DNA damage foci during mitosis (data not shown). This
suggests that recruitment of 53BP1 to damage foci is likely
blocked by multiple mechanisms during mitosis. One of such
mechanisms may involve control of histone ubiquitination in
the chromatin flanking the DNA damage site. Ubiquitin
ligase RNF8 has recently been identified as a substrate of
Cdk1 and mitotic phosphorylation of RNF8 impairs its inter-
action with MDC1 and leads to the loss of histone ubiquiti-
nation during mitosis.51 Combined expression of RNF8-
T198A and 53BP1-T1609A-S1618A restored the ability of
53BP1 to localize to DNA damage foci in mitosis.51 How-
ever, T198 of RNF8 is not evolutionary conserved and thus
additional mechanisms may exist to regulate DDR in mitosis.
For instance, level of the chromatin ubiquitination during
mitosis may be controlled by deubiquitination. Multiple deu-
biquitinating enzymes were proposed to remove monomeric
ubiquitin from K119 and K13/K15 of H2A and therefore it
is likely that there is some redundancy in controlling histone
deubiquitination.52-54 Among these deubiquitinating enzymes
USP3 and USP16 were reported to be regulated by mitotic
events. USP3 associates with the chromatin and has the abil-
ity to deubiquitinate both K119 and K13/K15 of H2A.52

USP16 is considered a major deubiquitinase of histone H2A
and its depletion results in mitotic defects.55 Moreover, func-
tion of USP16 is controlled by phosphorylation of S552 by
Cdk1 during mitosis.56 Consistent with the proposed role of
USP16 in chromatin deubiquitination, its catalytically inac-
tive mutant USP16-C205S was reported to associate with
mitotic chromatin.57 Similarly, we have observed that catalyt-
ically inactive mutant USP3-C168S is enriched at chromatin
during mitosis (data not shown). Therefore it will be interest-
ing to investigate the role of deubiquitinating enzymes in pre-
venting histone ubiquitination during mitosis.

Figure 4. 53BP1 is phosphorylated by Cdk1/cyclin B. (A) Purified GST or GST-53BP1-C-term was phos-
phorylated in vitro by active Cdk1/cyclin B or p38a and phosphorylation was detected by autoradiogra-
phy for 30 min or 5 h. (B) Various alanine mutants of GST-53BP1-C-term were phosphorylated in vitro
by Cdk1/cyclin B.
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Localization of the total 53BP1 to
kinetochores was reported previously,
however its functional relevance has
remained unclear.40 Consistent with a
previous report we did not observe
any defects in formation of the bipo-
lar mitotic spindle or in control of the
spindle checkpoint in cells depleted of
53BP1.23 Therefore, we propose that
localization of 53BP1 to kinetochores
enables its interaction with and phos-
phorylation by Plk1. In turn, phos-
phorylated 53BP1 may dissociate
from kinetochores resulting in diffuse
distribution throughout cytosol.
Phosphorylation of the UDR motif
by Plk1 and Cdk1 prevents the inter-
action of 53BP1 with the chromatin.

Condensed chromatin in mitosis
represents a major challenge for DNA
repair. Since mitotic DNA lesions can-
not be repaired by an error free homol-
ogous recombination, the only repair
pathway that may act during mitosis is
non-homologous end joining.21,58,59

However, erroneous joining of 2
DNA ends may result in chromosomal
translocations with deleterious conse-
quences. Therefore it might be benefi-
cial for cells to supress DNA repair
during mitosis and repair the lesions
after progressing to the following G1
phase. In particular, fusions of telo-
meres may occur in prolonged mitotic
arrest when integrity of the telomeres
is partially affected and this may cause
aneuploidy.60 Indeed, inhibition of
53BP1 was reported to prevent fusion
of telomeres in mitotic cells exposed to
irradiation.51 Our data are consistent
with this recent report published while
our manuscript was in preparation.
Since 53BP1 plays important role in
control of genome integrity during
interphase, inhibition of its function
has to be carefully regulated. We pro-
pose a model by which combined
modification of 53BP1 by Cdk1 and
Plk1 allows transient inhibition of
53BP1 binding to the chromatin spe-
cifically during mitosis (Fig. 7). Deg-
radation of cyclin B and Plk1 in
anaphase as well as direct dephosphor-
ylation of pS1618 by protein phospha-
tases allows rapid reactivation of DNA
repair during mitotic exit.

Figure 5. Phosphorylation of 53BP1 by Plk1 and Cdk1 inhibits its binding to ubiquitinated histones. (A) Puri-
fied GST, GST-53BP1-C-WT, GST-53BP1-C-S1618D or GST-53BP1-C-S1618D-S1609D were incubated with
extract from U2OS-FLAG-ubiqiuitin cells treated with etoposide. Pull down was done by glutathione sephar-
ose and bound proteins were analyzed by immunoblotting. (B) Purified GST-53BP1-C-WTwas phosphorylated
in vitro by Plk1 or Plk1 and Cdk1/cyclin B or mock phosphorylated and incubated with extract from U2OS-
FLAG-ubiqiuitin cells treated with etoposide as in A. (C) U2OS cells transfected with EGFP-53BP1-WT, -S1618D
or –S1609D-S1618D were pre-treated with BrdU, laser micro-irradiated and recruitment of EGFP-tagged pro-
teins to irradiated area was assayed by life imaging. (D) Cells from (C) were fixed 3 h after exposure to ionizing
radiation (3 Gy) and DNA damage foci were analyzed by automated high-contentmicroscopy and spot detec-
tion module. Percentage of cells with more than 5 53BP1 foci is shown. (nD3, error bars indicate SD) (E) U2OS
cells transfected with EGFP-53BP1-WT, -S1618D or -S1609D-S1618D were grown exponentially and analyzed
48 h after transfection by automated high-content microscopy. Average number of 53BP1 foci was quantified
in G1 cells gated by the intensity of the DAPI. (nD3, error bars indicate SD) (F) Exponentially growing U2OS
cells were fixed 3 h after irradiation with 3 Gy and probed with antibodies against 53BP1 and g-tubulin. Note
no difference in 53BP1 foci formation in late G2 cell with separated centrosomes.
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Materials and Methods

Cell lines
Human U2OS, HeLa and

hTERT-RPE1 were cultured in
Dulbecco’s modified Eagle’s medium
(D-MEM) supplemented with 10%
foetal bovine serum (FBS), L-gluta-
mine (2 mM), penicillin (100 U/ml), and streptomycin
(100 mg/ml) at 37�C under 5% CO2 atmosphere and 95%
humidity. Cells were synchronized at G1/S transition by a double
thymidine (2.5 mM) block (12 h-Thy/8 h-release/12 h-Thy),
washed in PBS, released to fresh media supplemented with noco-
dazole to arrest cells in mitosis and collected in 2 h intervals.
Alternatively, cells were synchronized in mitosis by 12 h cultiva-
tion in the presence of nocodazole, collected by shake-off, washed
in PBS, released to fresh media and collected in 1 h intervals.

Where indicated, cells were treated with BI-2536 (10 nM; Sell-
eckchem), Ro 3306 (9 mM; Tocris Bioscience) or SB202190
(3 mM; Sigma) selective inhibitors of Plk1, Cdk1 and p38 kin-
ases, respectively. Cells were transfected with Silencer Select
siRNA (10 nM) targeting GAPDH (negative control), Plk1
(CAACCAAAGUCGAAUAUGA) or 53BP1 (GAAGGACG-
GAGUACUAAUA) using Lipofectamine RNAiMAX (Life
Technologies) and 48 h after transfection nocodazole was added
for additional 12 h to synchronize cells in mitosis. For

Figure 6. Inhibition of Plk1 increases
DNA repair capacity in mitotic cells.
(A) U2OS cells were synchronized in
mitosis by NZ (16 h), incubated for addi-
tional 2 h with DMSO or BI2536 (50 nM)
and treated with NCS (2 nM) for indi-
cated times. DNA lesions were quanti-
fied by neutral comet assay. Plotted is
average amount of DNA in tails, error
bars indicate SD. Circles and triangles
indicate individual cells. (B) Cells were
treated as in (A), fixed at indicated times
and gH2AX levels were measured by
FACS (at least 104 cells per condition,
nD4, error bars indicate SD). (C) U2OS
cells were transfected with siRNA target-
ing coding region or 3-UTR region of
53BP1 and knock down was evaluated
by immunoblotting. (D) U2OS-TR cells
stably transfected with EGFP-53BP1-WT,
-S1618D or –S1609D-S1618D were
transfected with siRNA targeting 3-UTR
region of 53BP1. After 48h expression of
EGFP-53BP1 was induced by tetracy-
cline for 12h, cells were irradiated with 3
Gy and fixed 8h afterwards. BRCA1 foci
were analyzed by automated high-con-
tent microscopy. Average number of
53BP1 foci was quantified in G1 cells
gated by the intensity of the DAPI and
negative Cyclin A signal (nD3, error bars
indicate SD). (E) RPE cells stably express-
ing EGFP-53BP1-WT or –S1609D-S1618D
were treated and analyzed as in (D).
(nD4, error bars indicate SD). (F) RPE
cells stably expressing EGFP-53BP1-WT
or –S1609D-S1618D were treated as in
(D) and gH2AX-positive foci were ana-
lyzed by automated high-content
microscopy. Average number of gH2AX-
foci was quantified in G1 cells gated by
the intensity of the DAPI and negative
Cyclin A signal (nD3, error bars indicate
SD).
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reconstitution experiments, endogenous 53BP1 was depleted by
transfection of siRNA targeting the 3-UTR region of 53BP1
transcript (AAAUGUGUCUUGUGUGUAA).61 Plasmid DNA
transfections were performed using GeneCellin Transfection
Reagent (BioCellChallenge). U2OS cells stably expressing tetra-
cycline repressor were cultured as described previously.24

Antibodies
Following antibodies were used in this study: Cyclin B (sc-

245), Cyclin A (sc-53230), BRCA1 (sc-6954), TFIIH (sc-293)
and 53BP1 (sc-22760; Santa Cruz Biotechnology); pS10-histone
H3 (06–570; Millipore-Upstate); anti-FLAG (F1804; Sigma);
pS15-p53 (#9284S), gH2AX (#2577), pT210-Plk1 (#9062,
clone D5H7) and pS1618–53BP1 (#6209, clone D4H11; Cell
Signaling Technology); CREST (Cortex Biochem); anti-a-tubu-
lin (clone TU-01) and anti-gamma-tubulin (clone TU-32, Exbio
Praha). Alexa Fluor fluorescently labeled secondary antibodies
were from Life Technologies. Secondary antibodies labeled with
HRP were from Bio-Rad.

Plasmids
DNA fragment coding the EGFP was cloned into HindIII/

KpnI sites of pcdna4/TO (Life Technologies) and human 53BP1
cDNA was ligated in frame with EGFP into KpnI/NotI sites.
Fragment coding the C-terminal part of 53BP1 (amino acids
1483–1972; referred to as 53BP1-C-term) was cloned in
BamHI/NotI sites of pGEX6P (GE Healthcare). Mutagenesis

was performed using QuickChange II Site-directed mutagenesis
kit (Agilent Technologies). Human USP3 cDNA (NM_006537,
Open Biosystems) was cloned in frame in XhoI site of pcdna4/
TO-EGFP and USP3-C168S mutant was generated by site
directed mutagenesis. All mutants were verified by sequencing.

Protein purification and kinase assays
GST-tagged proteins were expressed in BL21-Gold (DE3)

bacteria by induction with 0.5 mM IPTG for 5 h at 37�C and
purified using Glutathione Sepharose 4 Fast Flow (GE Health-
care). Kinase assays were performed in 25 mM MOPS pH 7.2,
12.5 mM b-glycerol-phosphate, 25 mM MgCl2, 2 mM EDTA,
5 mM EGTA, 0.25 mM DTT supplemented with 100 mM
ATP and 5 mCi 32P-g-ATP. Purified GST, 53BP1-Ct-WT,
53BP1-Ct-S1618A (2 mg) were incubated with 100 ng His-Plk1
(17 nmol/min/mg; SignalChem) for 20 min at 37�C. Purified
GST, 53BP1-Ct-WT, 53BP1-Ct-T1609A (2 mg) were incu-
bated with 100 ng cyclin B/Cdk1 (16 nmol/min/mg; Biaffin) or
20 ng p38a (90 nmol/min/mg; Sigma) for 20 min at 37�C.
Phosphorylation was visualized by autoradiography.

Pull-down assays
U2OS cells stably expressing FLAG-ubiquitin were treated

with etoposide (10 mM) for 12 h and lyzed in IP-buffer
[20 mM HEPES pH 7.5, 150 mM NaCl, 0.1% TX-100, 10%
glycerol] supplemented with 3 mM MgCl2, 5 mM N-Ethylma-
leimide (Sigma) and protease inhibitor cocktail (Roche). Cell

extract was sonicated 3£ for 20 sec,
spinned down 15.000 g for 10 min
and DNA was removed by incubation
with 5 U of Benzonase (EMD Milli-
pore) for 1 h at 4�C. Cell extract was
incubated with purified GST, 53BP1-
Ct-WT, 53BP1-Ct-S1618D or 53BP1-
Ct-S1609D-S1618D (2 mg) for 3 h at
4�C and bound proteins were pulled-
down with glutathione sepharose beads
(30 ml). Alternatively, 53BP1-Ct-WT
was first phosphorylated in vitro by
Plk1 or cyclin B/Cdk1 and then used
for pull-down assay.

Immunoprecipitation
U2OS cells stably expressing

EGFP-53BP1 were synchronized in
G2 by Ro3306 or in mitosis by
nocodazole, extracted in IP-buffer
supplemented with PhosSTOP phos-
phatase inhibitor (Roche) and soni-
cated 3£ for 20 sec. Cell extracts
were clarified by spinning down
15.000 g for 10 min and incubated
with GFP-Trap-A (Chromotek) for
1 h at 4�C. After washing with IP-
buffer, bound proteins were eluted
by SDS sample buffer, separated on

Figure 7. Model of 53BP1 inhibition by Plk1 and Cdk1 phosphorylation in mitosis. Following exposure
of interphase cells to genotoxic stress, activation of ATM eventually leads to monoubiquitination of
H2A by RNF168. Together with constitutive H4K20-me2 modification this allows recruitment of 53BP1
to DNA damage foci and its function in NHEJ repair. In mitosis, Cdk1 phosphorylates 53BP1 in the N-
terminal part to generate a docking site for Plk1. In turn, Plk1 phosphorylates 53BP1 at S1618 within
the UDR domain and disables binding of 53BP1 to H2A-Ub. In addition, Cdk1 phosphorylates S1609
and S1678 further inhibiting the ability of 53BP1 to bind to H2A-Ub. Mitotic 53BP1 is not phosphory-
lated by ATM in mitosis and its role in NHEJ is blocked.
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4–12% NUPAGE gradient gel and analyzed by
immunoblotting.

Immunofluorescence and microscopic analysis
Cells were cultured on glass coverslips, fixed using 4% formal-

dehyde for 10 min, permeabilized by ice-cold methanol, blocked
for 1 h with 3% BSA in PBS supplemented with 0.1% Tween-
20 (PBST) and incubated with the primary antibodies for 1 h at
room temperature. After washing with PBST, coverslips were
incubated with Alexa Fluor conjugated secondary antibodies for
1 h at RT. DNA was stained with DAPI (Sigma) for 2 min and
coverslips were mounted using Vectashield reagent (Vector Labo-
ratories). For quantification of 53BP1-pS1619 signal intensity
images were captured using a Leica AF 6000 System (DFC 350
FX R2 camera) equipped with 40£/0.75 DRY objective (HCX
PL APO; Leica) and total cell fluorescence was measured using
ImageJ. For each cell, the background signal of surrounding area
without cells was subtracted. Confocal microscopy was carried
out on Leica SP5 DMI 6000 equipped with 63£/1.40 objective
(HC PL APO CS2 OIL; Leica) and each channel was scanned
independently. Analysis of 53BP1, BRCA1 and gH2AX foci for-
mation was performed using a high-content screening station
(Scan^R; IX81 Olympus; ORCA-285 camera) equipped with a
40£/1.3 NA objective (RMS40X-PFO; Olympus) as described
previously. Nuclei were identified based on DAPI signal. Average
number of 53BP1, BRCA1 or H2AX foci was determined using
a spot detection module. Cells transfected with wild-type or
mutant EGFP-53BP1 were gated according to the EGFP signal.
DNA damage by microirradiation and subsequent imaging was
performed using Leica SP5 DMI 6000 equipped with 63£/1.40
objective (HC PL APO CS2 OIL; Leica) and temperature-con-
trolled (37�C) chamber. Cells grown on m-Slide 8-well (Ibidi)
were pre-sensitized with BrdU (10 mM) for 24 h. Before imag-
ing, culture media was replaced with colorless Leibovitz’s L-15
medium (Invitrogen) supplemented with 10% FCS. Cells were
microirradiated with a 405 nm laser (100% power) and imaged
at 30 s intervals for 10 frames.

Flow cytometry
Cells were synchronized in mitosis by nocodazole in presence

of BI-2536 (50 nM), collected by shake-off and treated with
NCS (2 nM) for indicated time. Cells were harvested, fixed by
ethanol and permeabilized using 0.2% Triton X-100. After
blocking with 1% BSA in PBS, cells were incubated with primary
antibodies in blocking solution for 2 h at room temperature,

washed and incubated with Alexa Fluor conjugated secondary
antibodies for 1 h at room temperature. Cells were washed,
stained with DAPI and subjected to FACS analysis using LSRII
(BD Biosciences) and FlowJo software (Tree Star) to determine
intensity of g-H2AX in mitotic cells.

Comet assay
Cells were synchronized in mitosis by nocodazole in presence

or absence of BI-2536 (50 nM), collected by shake-off and
treated with NCS (2 nM) for indicated time. Cells were har-
vested, washed by PBS, embedded to slides with low melting aga-
rose and lysed in 2.5 M NaCl, 100 mM EDTA, 10 mM Tris-Cl
pH 10 supplemented with 0.5% Triton X-100 overnight at 4�C.
Next day, slides were immersed in cold neutral electrophoresis
buffer (50 mM Tris, 150 mM sodium acetate pH 9) for 30
minutes and then subjected to electrophoresis in neutral electro-
phoresis buffer at 1 V/cm distance of electrodes for 45 minutes
at 4�C. DNA was precipitated by ethanol and dried before stain-
ing with SYBR gold in PBS for 30 minutes at room temperature.
Slides were washed and dried. Images were acquired by a Leica
AF 6000 System (DFC 350 FX R2 camera) equipped with 10£/
0.40 DRY objective (HCX PL APO). Comets were analyzed by
ImageJ using OpenComet plugin and percentage of DNA in
comet tails was quantified.

Statistical analysis
Statistical significance was evaluated by Prism software using a

2-tailed paired t-test.
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ABSTRACT

PP2C family serine/threonine phosphatase WIP1 acts as a negative regulator 
of the tumor suppressor p53 and is implicated in silencing of cellular responses to 
genotoxic stress. Chromosomal locus 17q23 carrying the PPM1D (coding for WIP1) 
is commonly amplified in breast carcinomas and WIP1 was proposed as potential 
pharmacological target. Here we employed a cellular model with knocked out PPM1D 
to validate the specificity and efficiency of GSK2830371, novel small molecule 
inhibitor of WIP1. We have found that GSK2830371 increased activation of the DNA 
damage response pathway to a comparable level as the loss of PPM1D. In addition, 
GSK2830371 did not affect proliferation of cells lacking PPM1D but significantly 
supressed proliferation of breast cancer cells with amplified PPM1D. Over time cells 
treated with GSK2830371 accumulated in G1 and G2 phases of the cell cycle in a 
p21-dependent manner and were prone to induction of senescence by a low dose 
of MDM2 antagonist nutlin-3. In addition, combined treatment with GSK2830371 
and doxorubicin or nutlin-3 potentiated cell death through a strong induction of p53 
pathway and activation of caspase 9. We conclude that efficient inhibition of WIP1 
by GSK2830371 sensitizes breast cancer cells with amplified PPM1D and wild type 
p53 to chemotherapy.

INTRODUCTION

Cells exposed to genotoxic stress protect their 
genome integrity by activation of a conserved DNA 
damage response pathway that orchestrates DNA repair 
and represents an intrinsic barrier preventing genome 
instability and tumorigenesis [1, 2]. A core component of 
this pathway is the tumor suppressor p53 that controls cell 
fate decisions. Depending on the amplitude and duration 
of its activation, p53 promotes temporary cell cycle arrest 
(checkpoint), permanent withdrawal from the cell cycle 
(senescence) or programmed cell death (apoptosis) [3–5]. 
Under basal conditions, function of the p53 is suppressed 
by an E3 ubiquitin ligase MDM2 and its enzymatically 
inactive homologue MDMX that control p53 stability 
and transcriptional activity, respectively [6, 7]. Genotoxic 
stress triggers activation of ATM/ATR, Chk1/Chk2 

and other kinases that extensively phosphorylate the 
N-terminal domain of p53, MDM2 and MDMX allowing 
stabilization of the p53 and promoting expression of its 
target genes [8–11]. One of the p53 target genes is PPM1D 
that codes for a Protein phosphatase 2C isoform delta 
(hereafter referred to as WIP1) [12]. Expression of WIP1 
is induced by genotoxic stress and forming a negative 
feedback loop, WIP1 efficiently inhibits the p53 pathway 
by a direct dephosphorylation of p53 at Ser15 and also 
by dephosphorylation of its negative regulators MDM2 
and MDMX [13–16]. By inactivating the p53 pathway, 
WIP1 promotes recovery from the G2 checkpoint [17, 
18]. Moreover, WIP1 dephosphorylates other proteins 
including ATM, Chk1, Chk2, p38 and γH2AX which 
contributes to the termination of the DNA damage 
response [19–24]. In addition, WIP1 was reported to 
prevent premature senescence in various cell types and 
tissue compartments [21, 25, 26].
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Chromosomal locus 17q23 carrying the PPM1D 
gene is commonly amplified in various human tumors 
including breast, ovarian and gastric cancer, neuroblastoma 
and lung adenocarcinoma [27–34]. In particular, 
amplification of the PPM1D occurs in approximately 10 % 
of breast tumors, typically those that retain wild type p53 
[31, 35, 36]. In addition, about one third of breast tumors 
with amplified PPM1D locus also contain amplification 
of the ERBB2/HER2 oncogene suggesting that both genes 
may jointly promote tumor development [36]. Indeed, 
MMTV-driven overexpression of Ppm1d potentiated 
Erbb2-induced breast tumor development in mice [37]. 
Comparably less common than PPM1D amplifications 
are rare nonsense mutations in the exon 6 of PPM1D 
that result in expression of abnormally stable WIP1 and 
promote development of breast and ovary cancer [38–40].

Reactivation of the p53 function by various MDM2 
or MDMX antagonists and other small molecule p53 
activators has been proposed as promising strategy for 
treatment of cancers with the wild-type p53 [41–45]. 
Nutlin-3 is a potent and selective antagonist of the 
interaction between MDM2 and p53 (IC50 of 90 nM) 
[46]. Treatment with nutlin-3 activates the p53 pathway 
and depending on the dose induces cell cycle arrest or 
cell death [46]. RG7388, an orally available analogue 
of nutlin-3, efficiently suppressed tumor growth in 
vivo [47]. Clinical trials are currently ongoing to prove 
clinical efficacy of MDM2 antagonists in cancer therapy. 
Reactivation of p53 pathway can be also achieved by 
inhibition of WIP1 and indeed WIP1 was proposed a 
potential pharmacological target in cancer therapy [21, 
48]. Loss of Ppm1d dramatically delayed the development 
of Erbb2-induced breast cancer, MYC-induced lymphoma 
and APCmin-induced intestinal tumors in mice [49–52]. In 
addition, depletion of WIP1 using RNA interference has 
been shown to efficiently suppress growth of various 
human cancer cells [30, 53–55]. However, translation of 
these observations into clinics is challenging due to the 
lack of suitable WIP1 inhibitors with sufficient specificity 
and favourable pharmacokinetic properties. Cyclic 
phosphopeptides that mimic substrates of WIP1 can block 
its phosphatase activity in vitro, but their efficiency in cells 
still remains to be addressed [56, 57]. A high-throughput 
screening identified a small molecule CCT007093 that 
inhibited WIP1 in vitro (IC50 = 8.4 μM) and eradicated 
WIP1 overexpressing tumor cells [58]. However, the 
specificity of CCT007093 towards WIP1 may be low in 
cells [59]. Small molecules SPI-001 and its analogue SL-
176 inhibited WIP1 in vitro (IC50 = 86.9 nM and 110 nM 
and, respectively) and supressed growth of cells with the 
C-terminally truncated or overexpressed WIP1 but their 
efficiency at organismal level still needs to be tested [60–
62]. Novel orally available inhibitor of WIP1 phosphatase 
GSK2830371 has recently been shown to selectively 
inhibit WIP1 in vitro (IC50 = 6 nM) and to efficiently 
suppress growth of a subset of hematopoietic tumor cell 

lines and neuroblastoma cells with overexpression of 
WIP1 [63, 64].

Here we aimed to validate the specificity and 
efficiency of the commercially available WIP1 inhibitors 
in blocking proliferation of the breast cancer cells. We 
have found that GSK2830371 suppressed growth of 
breast cancer cells with amplified PPM1D gene in a 
p53-dependent manner which is in good agreement with 
previous RNAi-based studies. In addition, we have found 
that inhibition of WIP1 is not sufficient to induce cell 
death in cancer cells but rather slows down proliferation 
by extending G1 and G2 phases of the cell cycle. However, 
breast cancer cells treated with WIP1 inhibitor are more 
sensitive to DNA damage-inducing chemotherapy and 
to MDM2 antagonist nutlin-3. Combined treatment with 
these drugs triggers senescence or programmed cell death 
and can efficiently eradicate p53 positive breast cancer 
cells. Our data validate GSK2830371 as potent and 
selective inhibitor of WIP1 that sensitizes breast cancer 
cells to chemotherapy.

RESULTS

WIP1 inhibition impairs proliferation of breast 
cancer cells with amplified PPM1D and wt-p53

To test the specificity of the novel WIP1 inhibitors 
in a cellular model, we generated U2OS-PPM1D-
KO cells with the CRISPR-mediated knock-out of the 
PPM1D gene and determined the effect of CCT007093 
or GSK2830371 compounds on cell growth (Figure 1A). 
Surprisingly, we have found that the effect of CCT007093 
was not dependent on the presence of WIP1. In contrast, 
GSK2830371 showed a dose-dependent suppression of cell 
growth in parental U2OS but not in U2OS-PPM1D-KO 
cells. Next, we compared the ability of both compounds to 
potentiate a DNA damage-induced phosphorylation of two 
established substrates of WIP1 phosphatase, histone variant 
H2AX phosphorylated at Ser139 (referred to as γH2AX) 
and p53 phosphorylated at Ser15 (Figure 1B and 1C). We 
have not observed any significant differences in cells treated 
with DMSO and CCT007093 (10 μM) suggesting that 
CCT007093 does not block the activity of WIP1 in cells. 
In contrast, levels of γH2AX and pS15-p53 were increased 
in cells treated with GSK2830371 (0.5 μM) consistent with 
the expected inhibition of WIP1 activity. In accordance with 
a previous report we also observed a reduced level of WIP1 
in the presence of an allosteric inhibitor GSK2830371 [63]. 
To further assess the efficiency of WIP1 inhibition, we 
compared responses to ionizing radiation in U2OS-PPM1D-
KO cells and U2OS cells treated with GSK2830371 (Figure 
1D). We found that treatment with GSK2830371 (0.5 μM) 
increased the phosphorylation of γH2AX and pS15-p53 and 
expression of p21 to comparable levels as the knock-out of 
PPM1D strongly indicating that GSK2830371 efficiently 
blocks WIP1 activity in cells.
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Figure 1: Validation of WIP1 inhibitors in U2OS-PPM1D-KO cells. A. U2OS or U2OS-PPM1D-KO cells were treated with 
DMSO, CCT007093 or GSK2830371 at indicated doses and relative cell proliferation was measured after 7 days. Error bars represent SD. 
B, C. U2OS cells were treated with DMSO, CCT007093 (10 μM, CCT) or GSK2830371 (0.5 μM, GSK) and DNA damage was induced by 
5 nM neocarzinostatin (NCS) for 5 h. Cells were analyzed by immunoblotting (B) or fixed and nuclear γH2AX intensity was determined 
by immunofluorescent staining and microscopy analysis C. Dots represent individual cells. Error bars represent SD. D. U2OS or U2OS-
PPM1D-KO (ΔPPM1D) cells were treated with DMSO or GSK2830371 (0.5 μM), exposed to ionizing radiation (3 and 6 Gy) and analysed 
by immunoblotting using indicated antibodies. Short exposure (SE) or long exposure (LE) is shown.

Having established efficient concentration of 
GSK2830371 that specifically affects growth of U2OS 
cells, we continued with testing the sensitivity of breast 
cancer cells to GSK2830371. First, we tested the effect 

of WIP1 inhibition on cell proliferation in MCF7 cells 
that have massively amplified PPM1D locus at 17q22/
q23 and harbouring wild-type p53 [31, 65]. Using cell 
proliferation and colony formation assays we observed 
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dramatic reduction of cell growth after inhibition of 
WIP1 (Figure 2A and 2B). Reduction of cell proliferation 
by GSK2830371 showed EC50=0.3 μM in MCF7 cells 
which is in good agreement with a previous report [63]. 
In contrast, we have found that MCF7 cells with knocked-
out TP53 were less sensitive to GSK2830371 (Figure 2A 
and 2C). Similarly, we observed only a minor effect of 
GSK2830371 in BT-474 cells that contain amplification 
of the PPM1D but have inactivating mutation in TP53 
[65] (Figure 2D). Thus the effect of WIP1 inhibition 
on breast cancer cell proliferation depends on the intact 
p53 pathway as previously reported for haematological 
cancer cells [63]. Next we tested the sensitivity of CAL-
51 breast cancer cells that contain a normal number of 
PPM1D alleles and wild type p53 (Figure 2D). We have 
found that CAL-51 cells were resistant to the treatment 
with GSK2830371 suggesting that cells with amplified 
PPM1D might be addicted to the high WIP1 activity 
whereas cells with normal levels of WIP1 can tolerate 
inhibition of WIP1 and proliferate also in the presence 
of GSK2830371. Finally, we tested the impact of 
GSK2830371 on proliferation of nontransformed cells. A 
dose of GSK2830371 that efficiently supressed growth of 
U2OS and MCF7 cells did not affect proliferation of BJ 
fibroblasts, hTERT-immortalized human retinal pigment 
epithelial cells (RPE) or SV40-immortalized human colon 
epithelia cells (HCE) indicating that inhibition of WIP1 is 
well tolerated by nontransformed cells (Figure 2E)

WIP1 inhibition delays progression through G1 
and G2 phases of the cell cycle

Since we observed a strong reduction of the 
proliferating breast cancer cells population following WIP1 
inhibition, we asked what the fate of the cells treated with 
GSK2830371 was. We found that GSK2830371 did not 
significantly affect the viability of MCF7 cells, suggesting 
that inhibition of WIP1 is not sufficient to induce cell death 
(Figure 3A). Instead we found that inhibition of WIP1 
slowed down proliferation of MCF7 cells monitored by 
a dilution of CFSE dye in daughter cells (Figure 3B). 
The effect of GSK2830371 on the proliferation rate was 
fully dependent on p53 and p21 since we observed no 
differences in dilution of CFSE dye in MCF7-P53-KO or 
MCF7-P21-KO cells treated with WIP1 inhibitor (Figure 
3B). Next we determined the effect of GSK2830371 on the 
cell cycle progression in MCF7 and BT-474 cells (Figure 
3C). We have noted an accumulation of MCF7 cells in G1 
phase 24 h after treatment with GSK2830371 (0.5 μM), 
whereas fraction of G2 cells was enriched in the later time 
points (48-72 h). This suggests that progression through 
G1 is slowed down in MCF7 cells early after addition of 
GSK2830371. Eventually cells progress through S phase 
to the G2 where they also progress more slowly compared 
to control cells. We did not observe any enrichment in the 
fraction of mitotic cells in the presence of GSK2830371 

indicating that progression through mitosis was not 
affected by inhibition of WIP1 which is in good agreement 
with described degradation of WIP1 during prometaphase 
[66]. In contrast, no effect on the cell cycle progression was 
observed in BT-474, suggesting that observed extension of 
G1 and G2 phases depends on the ability to activate the 
p53 pathway (Figure 3C). Immunoblot analysis of MCF7 
cells revealed that addition of GSK2830371 resulted 
in a rapid phosphorylation of p53 at Ser15 (Figure 3D). 
Two days after addition of GSK2830371, MCF7 cells 
showed increased levels of p21 which indicated a strong 
activation of the p53 pathway (Figure 3D). Consistent 
with no effect on the cell cycle progression and with the 
impaired p53 pathway, BT-474 cells did not show any 
induction of p21 levels after GSK2830371 administration 
(Figure 3E). Finally, we have found no effect on the cell 
cycle distribution in MCF7-P53-KO and MCF7-P21-KO 
cells treated with GSK2830371 further confirming that 
the effect of WIP1 inhibition on the progression through 
the cell cycle fully depends on the p53/p21 pathway 
(Figure 3F).

WIP1 inhibition promotes DNA damage-induced 
checkpoint arrest

We have previously shown that WIP1 is required for 
recovery from the DNA damage-induced G2 checkpoint 
[17]. Therefore, we tested the effect of GSK2830371 
inhibitor on the ability of MCF7 cells to establish the 
G2 checkpoint. Whereas about 70 % of the control cells 
progressed to mitosis at 20 h after exposure to ionizing 
radiation, cells treated with GSK2830371 remained 
arrested in the G2 (Figure 4A). It has been reported that 
normal diploid RPE cells do not require WIP1 activity 
for recovery from the G1 checkpoint [18]. In the same 
time, C-terminally truncated WIP1 present in U2OS and 
HCT116 cells impairs activation of the G1 checkpoint [39]. 
To determine the contribution of the overexpressed WIP1 
in suppression of the G1 checkpoint in MCF7 cells we 
compared fractions of cells remaining in G1 after exposure 
to ionizing radiation. Following exposure to a low dose 
of ionizing radiation (3 Gy, IR), MCF7 cells treated with 
GSK2830371 showed stronger accumulation in the G1 
checkpoint compared to untreated cells (Figure 4B). To 
test how long these effects of WIP1 inhibition can persist 
we followed MCF7 cells for 3 to 6 days after irradiation 
and treatment with GSK2830371. We have found that 
cells with inhibited WIP1 did not incorporate BrdU three 
days after irradiation and that a substantial fraction of 
cells was arrested in the G2 checkpoint (Figure 4C and 
4D). At 6 days after irradiation, we noted a dramatically 
reduced growth of cells exposed to a low dose (3 Gy) of 
IR and GSK2830371 (Figure 4E and 4F). Comparably 
smaller differences were observed after high dose of IR 
(6 Gy) when similar fractions of cells remained arrested 
regardless of the activity of WIP1 (Figure 4E and 4F).
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WIP1 inhibition sensitizes cells to genotoxic 
stress and to MDM2 inhibitor nutlin-3

Since we observed potentiation of the IR-induced 
checkpoint arrest after inhibition of WIP1 we decided 
to test the combination of GSK2830371 with various 

chemotherapeutics causing genotoxic stress. High dose 
of doxorubicin (0.5 μM) strongly suppressed proliferation 
of MCF7 cells, which is consistent with extensive DNA 
damage caused by inhibition of topoisomerase II (Figure 
4A). In contrast, low dose of doxorubicin (0.05 μM) 
caused only mild activation of p53 pathway and was 

Figure 2: Inhibition of WIP1 impairs proliferation of cancer cells with amplified PPM1D. A. MCF7 or MCF7-P53-KO 
cells were treated with indicated doses of GSK2830371 and relative cell proliferation was measured after 7 days. Error bars represent SD. 
B. MCF7 cells were treated with indicated doses of GSK2830371 and cell proliferation was determined by colony formation assay after 
7 days. Representative image from three independent experiments is shown. C. MCF7, MCF7-P53-KO or MCF7-P21-KO cells were 
treated with DMSO, GSK2830371 (0.5 μM), doxorubicin (0.5 μM) or combination of both and cells were analyzed by immunoblotting 
after 24 h. D. BT-474 or CAL-51 cells were treated with indicated doses of GSK2830371 and relative cell proliferation was measured after 
7 days. Error bars represent SD. E. BJ fibroblasts, hTERT-RPE1 cells or human colon epithelia cells (HCE) were treated with indicated 
doses of GSK2830371 and relative cell proliferation was measured after 7 days. Error bars represent SD.
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Figure 3: WIP1 inhibition leads to G1 and G2 phase accumulation in MCF7 cells. A. MCF7 cells were treated with DMSO 
or GSK2830371 (0.5 μM) for 5 days and percentage of living cells (Hoechst/Annexin V negative) was determined by flow cytometry. 
Error bars represent SD. B. MCF7, MCF7-P53-KO or MCF7-P21-KO cells were incubated with CFSE and subsequently treated with 
DMSO or GSK2830371 (0.5 μM) for 3 days. Fluorescent signal of CFSE was measured by flow cytometry. Plotted is the CFSE signal 
relative to the signal measured at day 0. Error bars represent SD. C. MCF7 or BT-474 cells were treated with DMSO or GSK2830371 (0.5 
μM) for indicated times, pulsed with BrdU before fixation and distribution of cell cycle phases was determined by flow cytometry. BrdU 
incorporation was used as a marker of replication and pS10-H3 as a marker of mitotic cells. Error bars represent SD. D. MCF7 cells were 
treated as in C and analyzed by immunoblotting. E. BT-474 cells were treated as in C and analyzed by immunoblotting. F. MCF7-P53-KO 
or MCF7-P21-KO cells were treated with DMSO or GSK2830371 (0.5 μM) for indicated times, pulsed with BrdU before fixation and 
distribution of cell cycle phases was determined as in C. Error bars represent SD.
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relatively well tolerated in MCF7 cells (Figure 5A and 
5B). Combined treatment with doxorubicin (0.05 μM) 
and GSK2830371 increased activation of the p53 pathway 
and significantly reduced proliferation of MCF7 cells 
(Figure 5A and 5B). Similar potentiation was observed 
also in combination of GSK2830371 and low doses of 
etoposide and bleomycin (data not shown). Together with 

the observed response to ionizing radiation (Figure 4E and 
4F) this suggests that loss of WIP1 activity can potentiate 
DNA damage response to the low level of genotoxic stress 
whereas extensive DNA damage can trigger activation of 
this signaling cascade leading to a sustained growth arrest 
despite high expression levels of WIP1 present in MCF7 
cells.

Figure 4: Inhibition of WIP1 potentiates the checkpoint through activation of the p53 pathway. A. MCF7 cells were 
pulsed with BrdU, treated with DMSO or GSK2830371 (0.5 μM) and exposed to IR. Cells were incubated in the presence of nocodazole 
and collected after 20 h. Fraction of BrdU positive cells that progressed to mitosis (pH3 marker) was determined by flow cytometry. Error 
bars represent SD. B. MCF7 cells were treated as in A. Fraction of BrdU negative cells with 2n DNA content (corresponding to G1) was 
determined by flow cytometry 20 h after treatment. Error bars represent SD. C, D. MCF7 cells were treated with DMSO or GSK2830371 
(0.5 μM), exposed to IR and BrdU incorporation (C) or cell cycle profile (D) was determined after 3 days. Error bars represent SD. 
E. MCF7 cells were treated with DMSO or GSK2830371 (0.5 μM), exposed to IR and cell proliferation was analyzed after 6 days. Error 
bars represent SD. F. MCF7 cells were treated as in E and cell proliferation was determined by colony formation assay after 6 days. 
Representative image from three independent experiments is shown.
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Transcriptional activity of the tumor suppressor 
p53 is regulated at multiple levels, including extensive 
phosphorylation in the transactivation and oligomerization 
domains and MDM2-dependent ubiquitination and 
degradation [67, 68]. Since inhibition of WIP1 increases 
phosphorylation of p53 at Ser15, we decided to test 
whether GSK2830371 could potentiate the effect of an 
MDM2 antagonist nutlin-3 that increases the total level of 
p53 [46]. As expected, treatment with high dose of nutlin-3 
(10 μM) strongly suppressed cell proliferation of MCF7 
cells (Figure 5C). Low dose of nutlin-3 (1 μM) showed an 
intermediate effect on cell proliferation of MCF7 cells that 
was further enhanced by simultaneous inhibition of WIP1 
(Figure 5C). Consistent with an expected mode of action, 
we observed increased levels of total p53 after treatment 
with nutlin-3, increased phosphorylation of p53 at Ser15 
after treatment with GSK2830371 and both effects after 
combined treatment with both inhibitors (Figure 5D). 
Efficient inhibition of WIP1 is documented by increased 
basal phosphorylation of γH2AX which is an established 
substrate of WIP1 and also by decreased levels of MDM2 
which is destabilized in the absence of WIP1 activity 
(Figure 5B and 5D) [14, 20, 22]. Although inhibition of 
WIP1 slightly increased the basal phosphorylation of 
p38 at Thr180/Tyr182 (established substrate of WIP1), 
we did not observe any further increase of p38 activity in 
combination of GSK2830371 with doxorubicin or nutlin 
(Figure 5B and 5D). This suggests that p38 does not 
potentiate the cytotoxic effect of WIP1 and WIP1 impacts 
on p53 independently on the p38 pathway.

Finally, we tested the potentiation of the cytostatic 
effect by combining the GSK2830371 with low doses 
of nutlin-3 and doxorubicin. We found that this triple 
combination further decreased cell proliferation of MCF7 
cells compared to treatments with individual drugs or 
with the double inhibitor combinations (Figure 5E). Triple 
combination of GSK2830371, nutlin-3 and doxorubicin 
also potentiated the cytostatic effect in ZR-75-1 cells that 
contain amplification of the PPM1D locus and harbour 
wild-type p53 (Figure 5F). In contrast no potentiation was 
observed in BT-474 and MCF7-P53-KO cells strongly 
indicating that status of p53 plays a key role in determining 
the cell sensitivity to WIP1 inhibition (Figure 5G and 5H).

Inhibition of WIP1 potentiates activation of p53 
pathway

To quantify activation of the p53 pathway after 
treatment of MCF7 cells with combination of WIP1 
inhibitor and chemotherapeutics we analyzed the 
expression profiles of selected established p53 target 
genes. As expected, expression of CDKN1A increased 
3-5 fold after treatment with GSK2830371, nutlin-3 
or doxorubicin administered individually (Figure 6A). 
Double combination of GSK2830371 with nutlin-3 or 

doxorubicin resulted in approximately 20 fold increase in 
CDKN1 expression. The highest induction of CDKN1A 
expression (about 50 fold) was observed after triple 
combination of GSK2830371, nutlin-3 and doxorubicin. 
Similarly, expression of p53 up-regulated modulator 
of apoptosis (PUMA) or pro-apoptotic regulator BAX 
showed the strongest induction after triple combination 
of GSK2830371, nutlin-3 and doxorubicin. In contrast, 
we did not observe any significant change in expression 
of an apoptosis-promoting gene NOXA. Inversely, 
we observed a strongly reduced expression of BIRC5 
(coding for survivin), an anti-apoptotic gene that was 
reported to be suppressed in a p53-dependent manner 
[69, 70]. In addition, we have found strongly increased 
expression of PPM1D and MDM2 after triple combination 
of GSK2830371, nutlin-3 and doxorubicin, which is 
consistent with the described transcriptional regulation 
of both genes by p53. Although expression of PPM1D 
mRNA was increased after triple combination of the 
drugs, protein levels of WIP1 were decreased (Figure 6B) 
due to the destabilization of WIP1 caused by binding of 
GSK2830371 to its catalytic domain [63]. After 3 days of 
GSK2830371 treatment we did not observe increased total 
levels of p53; however p53 was heavily phosphorylated at 
Ser15 known to stimulate its transcriptional activity [11].

Inhibition of WIP1 promotes induction of 
senescence and apoptosis

Since the expression profiling showed induction of 
the checkpoint and pro-apoptotic genes, we asked what 
the fate of cells treated with WIP1 inhibitor alone or in 
combination with other chemotherapeutics was. Although, 
cell proliferation was suppressed in MCF7 cells treated 
with GSK2830371, we observed only mild reduction in 
the fraction of viable cells compared to the control cells 
(Figure 3A). In contrast, GSK2830371 significantly 
decreased viability of MCF7 cells when administered 
concomitantly with a high dose of doxorubicin (0.5 μM) 
while having only mild effect when administered together 
with low dose of doxorubicin (0.05 μM) (Figure 7A, 
7B). Similarly, GSK2830371 decreased viability of 
MCF7 cells treated with a high dose of nutlin-3 (10.0 
μM) (Figure 7B). Consistent with a previous report, 
nutlin-3 increased sensitivity of cells to the low dose of 
doxorubicin (0.05 μM) [71]. Moreover, we have observed 
that GSK2830371 further increased the sensitivity of 
MCF7 cells to a combined treatment with nutlin-3 and 
doxorubicin (Figure 7B). This suggests that inhibition of 
WIP1 can potentiate cytotoxic effects of doxorubicin and 
the MDM2 antagonist nutlin-3. In addition, we observed 
induction of caspase 9 activity after combined treatment 
with GSK2830371, nutlin-3 and doxorubicin which 
is consistent with activation of an intrinsic apoptotic 
pathway (Figure 7C) [72].
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Figure 5: Inhibition of WIP1 increases sensitivity of cells to DNA damage and to nutlin-3. A. MCF7 cells were incubated 
with indicated doses of doxorubicin in combination with DMSO or GSK2830371 and relative fraction of proliferating cells was determined 
after 3 days. Error bars represent SD. B.  MCF7 cells were incubated as in A and analysed by immunoblotting. Staining for TFIIH was used 
as loading control. Asterisk indicates an unspecific reactivity band. Short exposure (SE) or long exposure (LE) is shown. C. MCF7 cells 
were incubated with indicated doses of nutlin-3 in combination with DMSO or GSK2830371 and relative fraction of proliferating cells 
was determined after 3 days. Error bars represent SD. D. MCF7 cells were incubated with indicated doses of nutlin-3 and GSK2830371 for 
1 day and analysed by immunoblotting. Staining for TFIIH was used as loading control. Asterisk indicates an unspecific reactivity band. 
Short exposure (SE) or long exposure (LE) is shown. E. MCF7 cells were incubated for 3 days with indicated doses of doxorubicin, nutlin-3 
and GSK2830371 and fraction of proliferating cells was determined by cell survival assay (top) or by incorporation of BrdU (bottom). Error 
bars represent SD. F. ZR-75-1 cells were incubated for 6 days with indicated doses of doxorubicin, nutlin-3 and GSK2830371 and fraction 
of proliferating cells was determined by cell proliferation assay (top) or by incorporation of BrdU (bottom). Error bars represent SD. 
G. MCF7-P53-KO cells were incubated with indicated doses of doxorubicin, nutlin-3 and GSK2830371 and relative fraction of proliferating 
cells was determined after 3 days. Error bars represent SD. H. BT-474 cells were incubated with indicated doses of doxorubicin, nutlin-3 
and GSK2830371 and relative fraction of proliferating cells was determined after 6 days. Error bars represent SD.
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Figure 6: Inhibition of WIP1 increases transcription of p53 target genes. A. MCF7 cells were incubated for 3 days with 
indicated doses of doxorubicin, nutlin-3 and GSK2830371 and expression of indicated genes was determined by qRT-PCR. Levels are 
presented as the ratio of mRNA to GAPDH mRNA and are normalized to untreated cells. Error bars correspond to SEM. B. MCF7 cells 
were incubated as in A and expression of selected proteins was analysed by immunoblotting.
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Figure 7: Inhibition of WIP1 potentiates induction of senescence or apoptosis. A. MCF7 cells were incubated with 
GSK2830371 (0.5 μM) and doxorubicin (0.5 μM) for 3 days and fraction of viable cells (Hoechst/Annexin V negative) was determined by 
flow cytometry. Error bars represent SD. B. MCF7 cells were incubated with indicated combinations of GSK2830371 (0.5 μM), nutlin-3 
(10.0 μM) and doxorubicin (0.05 μM) for 3 days and fraction of viable cells (Hoechst/Annexin V negative) was determined by flow 
cytometry. Error bars represent SD. C. MCF7 cells were treated as in (B) and fraction of cells with active caspase 9 was determined by 
flow cytometry. Error bars represent SD. D. MCF7 cells were incubated with indicated combinations of GSK2830371, nutlin-3 (1.0 μM) 
and doxorubicin (0.05 μM) for 7 days. Activity of SA-β-galactosidase was measured in cell extracts using fluorimetric assay. Error bars 
represent SD. E. MCF7 cells were incubated as in D and SA-β-galactosidase activity was evaluated by light microscopy. F. Model for 
outcomes of treatment with p53/mdm2/Wip1 pathway modulators. Under non-treated conditions, p53 activity is tightly controlled by 
MDM2 and MDMX. Upon mild DNA damage, MDM2 is inhibited and destabilized leading to stabilization of p53 that in turn leads to 
increased transcription of its targets including WIP1 phosphatase. Subsequently WIP1 inactivates p53 pathway by direct dephosphorylation 
of p53 Ser15 and through activation of MDM2 and possibly also MDMX by their dephosphorylation. When MDM2-p53 interaction 
inhibitor nutlin-3 and WIP1 inhibitor are combined with DNA damage, MDM2 cannot ubiquitinate and thus degrade p53 and WIP1 cannot 
oppose activation of p53. This leads to further increase of p53 protein levels and its phosphorylation at Ser15 and results mainly in cell 
death. Thickness of the circle lines represents protein levels; dashed lines mean inhibition of the protein activity.
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Whereas combination of the high dose of nutlin-3 
and GSK2830371 efficiently induced cell death, most 
cells survived treatment with the low dose of nutlin-3. 
Since these cells did not incorporate BrdU (Figure 5E), 
we hypothesized that they corresponded to the population 
of cells permanently withdrawn from the cell cycle. 
Indeed, MCF7 cells treated with GSK2830371 and 1.0 
μM nutlin-3 exhibited flattened and enlarged morphology; 
and showed induction of β-galactosidase activity, both 
established markers of cellular senescence (Figure 7D and 
7E) [73].

In summary, we have validated GSK2830371 as 
potent and specific inhibitor of WIP1 phosphatase. Our 
data suggest that mild activation of p53 pathway caused 
by a partial stabilization (through low levels of nutlin-3) 
or phosphorylation of p53 (through inhibition of WIP1) 
is sufficient to slow down proliferation and eventually 
promotes cellular senescence. Conversely, full activation 
of p53 pathway achieved by combined effects of genotoxic 
stress with inhibition of two negative regulators of p53, 
MDM2 and WIP1 can potentiate cell death in breast 
cancer cells (Figure 7F).

DISCUSSION

Taking advantage of the U2OS cells with knocked-
out PPM1D, we compared effects of the two commercially 
available inhibitors of WIP1 phosphatase in a cellular 
model. Data presented here and also by others strongly 
suggest that CCT007093 compound suppresses the 
cell growth independently of WIP1 inhibition [59]. It is 
possible that CCT007093 stimulates the p38 pathway as 
originally reported, however caution should be taken when 
interpreting these effects as a result of WIP1 inhibition. In 
contrast, our cellular model confirmed the specificity of the 
novel allosteric inhibitor GSK2830371 that interfered with 
dephosphorylation of γH2AX (an established substrate of 
WIP1) and suppressed cell growth in a WIP1-dependent 
manner. Notably, an impact of GSK2830371 on activation 
of the DNA damage response pathway was comparable to 
that of the PPM1D knock out indicating that GSK2830371 
can efficiently inhibit WIP1 in cells.

We have found that GSK2830371 administered 
at doses that specifically block WIP1 activity does not 
affect proliferation of nontransformed cells but impairs 
proliferation of breast cancer cells with amplified PPM1D. 
MCF7 cells treated with GSK2830371 accumulate over 
time in the G2 phase of the cell cycle. This observation 
is in good agreement with the higher ratio of the G2 cells 
reported in the population of PPM1D-/- MEFs compared 
to the wild type MEFs and also with the increased 
expression level of WIP1 during the G2 in human cells 
[66, 74]. Analyzis of the MCF7-P53-KO and MCF7-P21-
KO cells has shown that this effect of WIP1 on the cell 

cycle progression is mediated by the p53/p21 pathway. 
Level of p21 present during G2 was recently identified as 
an important factor that determines the fate of proliferating 
cells [75, 76]. Low level of p21 in G2 allows immediate 
building up of the CDK2 activity following mitotic exit 
and results in continuous proliferation. In contrast, cells 
with high level of p21 during G2 remain temporarily 
arrested in a quiescence after completing cell division 
and do not proliferate unless stimulated with excessive 
dose of growth factors [75]. It is plausible that these cells 
eventually become senescent after long period of sustained 
p21-dependent inhibition of cyclin dependent kinases. It 
appears that cells progressing through G2 phase are very 
sensitive to activation of the p53/p21 pathway. Indeed, 
short activation of p53 during G2 triggered nuclear 
retention and subsequent degradation of Cyclin B1 and 
was sufficient to induce a permanent withdrawal from the 
cell cycle [77, 78]. Here we have shown that inhibition 
of WIP1 potentiates an effect of a low dose of nutlin-3 
resulting in increased induction of senescence in breast 
cancer cells.

Although GSK2830371 efficiently suppressed 
growth of breast cancer cells with amplified PPM1D 
and wild type TP53, it did not affect viability of MCF7 
cells suggesting that inhibition of WIP1 alone may not 
be sufficient to eradicate tumor cells. On the other hand, 
we have found that inhibition of WIP1 by GSK2830371 
potentiated doxorubicin-induced cell death in breast 
cancer cells. This data is consistent with previously 
reported high sensitivity of Wip1-depleted MCF7 cells 
to doxorubicin [79]. Similar potentiation of the cytotoxic 
effect of doxorubicin by WIP1 inhibition has recently 
been reported in neuroblastoma cells and in a colorectal 
carcinoma cells with a C-terminally truncated PPM1D 
[61, 64]. In addition, we have found that inhibition 
of WIP1 potentiated cell death induced by nutlin-3. 
Synergistic effect of nutlin-3 and doxorubicin has been 
reported in B-cell leukemia and in breast cancer cells [71, 
80]. Here we show that combination of GSK2830371 
with doxorubicin and nutlin-3 further increased activation 
of the p53 pathway and resulted in massive cell death. 
Clinical outcome of doxorubicin therapy can be impaired 
by induction of senescence in breast cancer cells with 
wild-type p53 [81, 82]. Strong induction of p53 function 
by concomitant inhibition of WIP1 and/or MDM2 could 
increase the fraction of cells eliminated by cell death 
and thus could improve the response to doxorubicin. In 
addition, therapeutic effect of doxorubicin is limited by 
a cumulative, dose-related cardiotoxicity [83]. Possible 
reduction of the doxorubicin dose administered in 
combination with WIP1 inhibitor could be beneficial for 
breast cancer patients by decreasing undesired side effects 
of chemotherapy.
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WIP1 has been reported to directly target several 
proteins implicated in apoptosis (including BAX and 
RUNX2) in p53 negative cells [84–86]. However, 
suppression of cell growth and induction of cell death 
by WIP1 depletion or inhibition fully depends on the 
p53 pathway. In addition, inhibition of WIP1 efficiently 
affects growth of cells with amplified or truncated 
PPM1D whereas little effect is observed in cells with 
normal levels of WIP1. This suggests that determination 
of the status of TP53 and PPM1D in the tumors will be 
important for predicting the therapeutical outcome of 
WIP1 inhibitors. Further research is needed to identify 
additional factors determining the sensitivity of cancer 
cells to WIP1 inhibitors. Response of cancer cells to 
nutlin-3 depends on the level of MDM2 and is commonly 
impaired by overexpression of MDMX [71, 87, 88]. Since 
GSK2830371 potentiates the cytotoxic effect of nutlin-3, 
we hypothesize that MDMX overexpressing tumors might 
be attractive candidates for testing the sensitivity to WIP1 
inhibition.

MATERIALS AND METHODS

Cell lines

Human osteosarcoma U2OS and breast cancer 
MCF7 cells were generous gifts from Dr. Medema (NKI, 
Amsterdam), BT474 from Dr. Truksa (IBT, Prague), CAL-
51 and BJ fibroblasts (population doubling 40-50) from 
Dr. Bartek (IMG, Prague). ZR-75-1 cells were obtained 
from European Collection of Cell Cultures, hTERT-
RPE1 from ATCC and human SV40-immortalized colon 
epithelia HCE cells from Applied Biological Materials 
(ABM, #T0570). Cells were grown at 37°C and 5% CO2 
in DMEM, RPMI (ZR-75-1 and BT-474) or Prigrow 
III media (HCE cells) supplemented with 6-10% FBS 
(Gibco), penicillin (100 U/ml), and streptomycin (0.1 
mg/ml). All cell lines were regularly checked for absence 
of mycoplasma infection using MycoAlert Plus reagent 
(Lonza). To knock-out TP53 or CDKN1A gene, MCF7 
cells were transfected with a combination (1:1) of p53 
CRISPR/Cas9 KO Plasmid (Santa Cruz, sc-416469) 
or p21 CRISPR/Cas9 KO Plasmid (sc-400013) and 
corresponding HDR Plasmids and stable clones were 
selected by puromycin (10 μg/ml). Integration of the HDR 
cassette to genomic loci was confirmed by sequencing 
and loss of protein expression by immunoblotting. To 
generate PPM1D knock-out cells, U2OS cells were 
transfected with a CAS9-2A-GFP plasmid expressing 
the gRNA corresponding to the tgagcgtcttctccgaccaggg 
sequence in exon 1 of the human PPM1D (Sigma). 
Individual GFP positive clones were expanded and loss 
of WIP1 expression was determined by immunoblotting. 
Transfection of plasmid DNA was performed using 

Lipofectamine LTX according to recommendations of 
manufacturer (Life Technologies). Where indicated, cells 
grown on culture plates were exposed to ionizing radiation 
generated by X-ray instrument T-200 (16.5 Gy/min, Wolf-
Medizintechnik).

Antibodies and chemicals

The following antibodies were used: WIP1  
(sc-130655), p53 (sc-6243), TFIIH (sc-293), importin 
(sc-137016), p21 (sc-397) from Santa Cruz; pSer15-p53 
(#9284), γH2AX (#9718), p38 MAPK Thr180/Tyr182 
(#9216S) and p38 MAPK (#9212) from Cell Signaling 
Technology); γH2AX (05-636, Millipore); MDM2 
(Calbiochem); Alexa Fluor-labelled secondary antibodies 
(Life Technologies); anti-BrdU FITC-conjugated 
antibody (#347583, BD Biosciences) and anti-pSer10-H3 
antibody (Upstate). Doxorubicin hydrochloride (Sigma), 
GSK2830371 and nutlin-3 (both MedChem Express) were 
diluted in DMSO and used at indicated doses. Resazurin, 
neocarzinostatin (NCS) and carboxyfluorescein diacetate 
succinimidyl ester (CFSE) were purchased from Sigma.

Cell proliferation assay

MCF7 or BT-474 cells were seeded into 96-well 
plates at 2x103 or 0.5x103 cells/well, treated with a 
compound dilution series and analyzed after 3 or 7 days, 
respectively. CAL-51, RPE, HCE, BJ or ZR-75-1 cells 
were seeded into 96 well plates at 0.02-2x104 cells/well 
and grown for 7 days. Resazurin (30 μg/mL) was added 
to growth media and fluorescence signal (excitation 
wavelength 560 nm, emission wavelength 590 nm) was 
measured after 1 to 5 h using EnVision plate reader 
(PerkinElmer).

Alternatively, rate of cell proliferation was 
determined using CFSE Cell Proliferation assay as 
previously described [89]. Cells were stained with 50 μM 
CFSE in complete media for 15 min in 37°C, washed with 
complete media and seeded to 12-well plate at 2.5x104 
cells/well. Where indicated, GSK2830371 (0.5 μM) was 
added to the media. Cells were harvested and fixed by 
4% paraformaldehyde 3 days after treatment. Percentage 
of the remaining CFSE staining compared to the cells 
harvested immediately after staining was determined by 
flow cytometry.

Clonogenic assay

Cells were seeded in 6-well plates at 2x104 cells/
well. Cells were treated with a compound dilution series 
on day 1. After 6-7 days, cells were washed with PBS, 
fixed by 70 % ethanol for 15 min and stained with crystal 
violet dye.
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Cell cycle assay

Cells were grown for indicated times in the presence 
of DMSO or GSK2830371 (0.5 μM), pulsed with BrdU 
(10 μM for 30 min; Sigma), harvested by trypsinization 
and fixed in ice-cold 70 % ethanol. Following the 
protocol from manufacturer, cells were stained with  
anti-BrdU-FITC (replication marker, BD Biosciences), 
anti-pSer10H3 (mitotic marker) and DAPI and analyzed 
by flow cytometry using LSRII (BD Biosciences) and 
FlowJo software (FlowJo).

Checkpoint analysis

Evaluation of the cell cycle checkpoints was 
performed as described previously with minor 
modifications [39]. Cells were pulsed with BrdU (10 μM 
for 30 min) and treated with GSK2830371 (0.5 μM) or 
DMSO before irradiation with 3 or 6 Gy and were grown 
for further 20 h in the presence of nocodazole (250 ng/
ml). Cells were processed as mentioned above and 
analyzed by flow cytometry. BrdU-positive cells were 
assayed for progression through the G2 phase to mitosis 
(4n DNA content, pH3+). BrdU-negative cells with 2n 
content were used for quantification of cells arrested in 
G1 checkpoint.

Cell viability assay

MCF7 cells were seeded into 12-well plates at 
2x104 cells/well, treated with Nutlin-3 (10 μM or 1 μM), 
GSK2830371 (0.5 μM) and doxorubicin (0.05 μM or 0.05 
μM) and grown for 3 days. Cells were trypsinized, washed 
with PBS and incubated with FITC-conjugated Annexin 
V (BD Biosciences) and Hoechst-33258 for 15 minutes. 
Fraction of living cells was determined as Annexin V 
negative and Hoechst negative population analyzed by 
flow cytometry.

β-galactosidase assay

Senescence-associated β-galactosidase activity 
was quantified in cell extracts as previously described 
[90]. Briefly, MCF7 cells were seeded into 6 cm plates at 
0.5x105 cells/plate and grown in media supplemented with 
indicated combinations of nutlin-3 (1 μM), GSK2830371 
(0.5 μM) and doxorubicin (0.05 μM) for 7 days. Cells were 
washed in PBS, collected to ice cold lysis buffer (5 mM 
CHAPS, 40 mM citric acid, 40 mM sodium phosphate, 
0.5 μM benzamidine and 0.25 mM PMSF, pH 6.0), 
vortexed and centrifuged for 5 min at 12,000g. Cell extract 
was mixed 1:1 with 2x reaction buffer supplemented 
with 4-MUG (1.7 mM, Sigma) and MgCl2 (4 mM) 
and incubated at 37°C for 0.5 – 4 hours. Reaction was 

stopped by addition of sodium carbonate (400 mM) and 
fluorescence signal was measured at excitation wavelength 
360 nm and emission wavelength 465 nm using EnVision 
plate reader. β-galactosidase activity was determined as 
the rate of 4-MUG conversion to the fluorescent 4-MU 
and normalized to the protein concentration measured by 
BCA assay. Alternatively, cells were grown on coverslips, 
fixed by 0.2 % glutaraldehyde 7 days after treatment with 
indicated combinations of nutlin-3 (1 μM), GSK2830371 
(0.5 μM) and doxorubicin (0.05 μM) and β-galactosidase 
activity was determined by colorimetric staining as 
previously [73].

Caspase assay

Activity of caspase-9 was measured using SR-
FLICA Caspase-9 assay according to manufacturer 
protocol (Immunochemistry Technologies). Briefly, 
cells were seeded to 12-well plates, treated as indicated, 
harvested by trypsinization after 48 h and re-suspended 
in complete media containing SR-FLICA caspase-9 and 
incubated 1 h at 37°C. After incubation, cells were washed 
with Apoptosis wash buffer for 10 min at 37°C. Percentage 
of cells positive for caspase-9 activity was determined by 
flow cytometry.

Immunofluorescence microscopy

U2OS cells grown on coverslips were treated 
with DMSO, CCT007093 or GSK2830371 for 1 h and 
DNA damage was induced by neocarzinostatin for 5 h. 
Cells were fixed by 4 % formaldehyde (10 min at RT), 
permeabilized by ice-cold methanol and stained with 
antibody against γH2AX and with DAPI. Average nuclear 
intensity of γH2AX signal was quantified using Scan^R 
high-content screening station as described previously 
[66].

Quantitative real-time PCR (qPCR)

Total RNA was isolated using RNeasy mini kit 
(Qiagen). cDNA was synthetized using 0.5 μg RNA, 
random hexamer, and RevertAid H Minus Reverse 
Transcriptase (Thermo Scientific). RT-qPCR was 
performed using LightCycler 480 SYBR Green I Master 
mix; Light Cycler LC480 (Roche) and following cycle 
conditions: initial denaturation 95°C for 7 min, followed 
by 45 cycles of denaturation 95°C for 15 s, annealing 
60°C for 15s and extension 72°C for 15s. A melting 
curve analysis was used to confirm the specificity of 
amplification, and Ct values were determined using 
LigtCycler480 software. All data are presented as the ratio 
of the tested mRNA to GAPDH mRNA. Primers are listed 
in the table.
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Statistical analysis

Statistical analysis was performed in GraphPad 
Prism 5.04 software. Statistical significance was 
determined from at least three independent experiments 
using a paired two-tailed T-test (* corresponds to p-value 
< 0.05; ** p-value < 0.005; *** p-value < 0.0005). Error 
bars indicate standard deviations. EC50 was calculated 
using Richard’s five-parameter dose-response curve for 
non-linear fitting analysis.
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