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Die Wissenschaft baut nicht auf Felsengrund. Es ist eher ein Sumpfland, über dem sich 
die kühne Konstruktion ihrer Theorien erhebt; sie ist ein Pfeilerbau, dessen Pfeiler sich 
von oben her in den Sumpf senken, — aber nicht bis zu einem natürlichen, „gegebenen” 
Grund. Denn nicht deshalb hört man auf, die Pfeiler tiefer hineinzutreiben, weil man 
auf eine feste Schicht gestoßen ist: wenn man hofft, dass sie das Gebäude tragen werden, 
beschließt man, sich vorläufig mit der Festigkeit der Pfeiler zu begnügen.

Karl Popper — Logik der Forschung (1934)

Science does not rest upon solid bedrock. The bold structure of its theories rises, as it 
were, above a swamp. It is like a building erected on piles. The piles are driven down from 
above into the swamp, but not down to any natural or ‘given’ base; and if we stop driving 
the piles deeper, it is not because we have reached firm ground. We simply stop when we 
are satisfied that the piles are firm enough to carry the structure, at least for the time 
being.
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The process of cell division is fundamental to all life. From bacteria to man, 

any new cell can only arise by division of a preexisting cell. The adult human 

body is a product of trillions of cell division events and cell division remains essential 

in most organs to replenish cells during life. All cells except those that give rise to 

spermatocytes and oocytes must divide in such a way that the two arising daughter 

cells inherit identical copies of the genetic material encoded in the DNA. This most 

basic function of cell division is achieved by first accurately duplicating the DNA of 

the individual chromosomes and then equally segregating the copies over the two 

arising daughter cells. This sequence of events can be repeated as necessary and is 

known as the cell cycle. 

Damage to the DNA endangers the faithful transmission of genetic material to 

daughter cells, as damaged DNA cannot be correctly copied and broken fragments 

of chromosomes cannot be segregated. The initiation of DNA duplication and chro-

mosome segregation are therefore blocked by the presence of damaged DNA and this 

block must be relieved once the DNA has been repaired. The resumption of the cell 

cycle after a DNA damage-induced arrest and the molecular signals that control this 

process are the subject of this thesis.

Molecular control over the cell cycle
Cell division first requires the replication of the DNA contained on chromosomes and the 
subsequent segregation of single copies of these chromosomes over two daughter cells (Fig-
ure 1.1). The cell cycle is commonly subdivided in four distinguishable phases: the Gap 1 
(G1) phase before initiation of DNA replication, the synthesis (S) phase in which the DNA 
is copied, the Gap 2 (G2) phase before the start of chromosome segregation, and mitosis 
in which the actual cell division takes place. Mitosis is the shortest phase, lasting ~1 hour 
in mammalian cells, yet involves dramatic changes to the cell organization. First, the DNA 
of the duplicated chromosomes is condensed and the nuclear membrane disintegrates in 
prophase. At this time the two identical copies of each chromosome, also known as sister 
chromatids, are still attached at their so-called centromeres and congress to the middle of 
the cell in metaphase. Once all chromosomes form correct attachments to fibers emanating 
from two opposite sides of the cell, the connections between the chromosomes are cleaved 
and the two individual sister chromatids are pulled to opposite sides of the cell in anaphase. 
Nuclear envelopes are subsequently reformed around the two emerging nuclei in telophase, 
after which a contractile ring between the two daughter nuclei constricts and finally pinches 
off the membrane to create two separate daughter cells in cytokinesis.

The commitment to a round of cell division must be tightly regulated such that new cells 
are formed only when appropriate. Moreover, once the cell cycle has been engaged, the pro-
gression through the cell cycle must be controlled such that only one full copy of the DNA is 
made before entry into mitosis and that the machinery required to execute all the necessary 
subsequent steps is in place.

Cyclins and Cyclin-dependent kinases control cell cycle progression

The progression from one phase to the next is carefully controlled by a multitude of mecha-
nisms, centered around Cyclins that accumulate in the specific phases and promote progres-
sion to the next phase (Figure 1.1; reviewed in (Pines, 1995)). Cyclins partner with Cyclin-de-
pendent kinases (Cdks) to form functional Cyclin-Cdk complexes that can phosphorylate 
other proteins. Cyclin D (D1, D2 and D3) accumulates as cells progress through G1, levels 
of Cyclin E (E1 and E2) peak at the G1-S transition, Cyclin A (A1 and A2) accumulates from 
S-phase up to mitosis and Cyclin B (B1, B2 and B3) accumulates in G2 and disappears at the 
metaphase-anaphase transition during mitosis. While the abundance of any given Cyclin 
is associated with specific cell cycle phases, the levels of Cdks remain relatively constant. 
In mammals, four Cdks are involved in cell cycle regulation and preferentially pair with 
a subset of Cyclins. Cdk1 pairs with Cyclins A and B, Cdk2 with Cyclins A, B and E, while 
Cdk4 and Cdk6 both pair with D-type Cyclins (Figure 1.1). Cyclin-Cdk kinase activity is es-
sential for progression through the cell cycle. In general, total kinase activity progressively 
increases from G1 to mitosis, where all remaining Cyclins are rapidly degraded at the meta-
phase-anaphase transition. Phosphorylation events by Cyclin-Cdk complexes activate the 
required transcriptional programs for each cell cycle phase, initiate the replication of DNA, 
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scription factors that bind sequence elements present in promoter regions of these genes. In 
the absence of Cdk activity in early G1, E2F activity is inhibited by so-called pocket proteins, 
which include the Retinoblastoma protein (pRb) and the related p107 and p130 proteins 
(Cobrinik, 2005). Pocket proteins are not able to bind the DNA directly, but are recruited to 
the promoter regions of cell cycle genes by binding to E2F transcription factors. Once re-
cruited, pocket proteins repress gene transcription by blocking the transactivation domain 
of E2Fs and recruitment of additional co-repressors. Rising Cdk4/6 activity in G1 results 
in the mono-phosphorylation of the pocket proteins at multiple sites that attenuates the 
binding of the co-repressors and the inhibition of E2F transcription factors . This process is 
further consolidated by the ensuing rise of Cyclin E-Cdk2 activity that induces the complete 
phosphorylation of pocket proteins at all Cdk-sites (Narasimha et al., 2014).

Additional positive feedback mechanisms ensure that the commitment to DNA replica-
tion is a switch-like and irreversible event. Two important brakes on the rise of Cdk2 activity 
are simultaneously released as Cdk4/6 activity rises. The Cyclin-dependent kinase inhibitor 
protein p27 binds Cyclin-Cdk complexes and normally inhibits their activity. Secondly, the 
active APC/C continues to target synthesized Cyclin A for degradation. Rising Cdk activ-
ity triggers the degradation of p27 and causes the inactivation of the APC/C, causing an 
immediate and unimpeded further rise in Cdk-activity. These two processes are coupled, 
as inactivation of the APC/C allows the accumulation of the Skp2 protein that targets p27 
for degradation (Yuan et al., 2014). Finally, Cyclin E-Cdk2 activity feeds a feedback loop to 
promote its own activity by enhancing Cdc25A phosphatase activity towards an inhibitory 
phosphorylation site on Cdk2 (Hoffmann et al., 1994). Collectively, these mechanisms com-
mit the cell to the cell cycle program at a ‘restriction point’ several hours before the start of 
DNA replication, after which the cell no longer requires growth factors or Cdk4/6 activity for 
further progression through the cell cycle.

control the condensation of DNA into mitotic chromosomes, break down the nuclear en-
velope, and reorganize the structural components of the cell in mitosis (Malumbres and 
Barbacid, 2009).

Different Cyclin-Cdk complexes have partly overlapping, but also distinct, substrate spe-
cificities that allow the efficient and orderly regulation of the different processes throughout 
the cell cycle. Because Cyclin-Cdk activity also affects the transcription and stability of other 
Cyclins, a program emerges in which the Cyclins are always expressed in a fixed order. More 
specifically, external signals trigger the accumulation of Cyclin D, which promotes the ex-
pression of Cyclin E and A. High Cdk2 activity causes the destruction of Cyclin E, while Cy-
clin A accumulates and stimulates the production of Cyclin B. At the metaphase-anaphase 
transition, a protein complex that earmarks cell cycle proteins for destruction is activated 
and quickly extinguishes all Cdk activity. This anaphase-promoting complex, or ‘cyclosome’ 
(APC/C), continues to be active in G1, until it is again inactivated by rising Cdk levels and a 
new round of cell division can be initiated (Malumbres and Barbacid, 2009).

The G1-S transition

During G1 a cell integrates growth- and proliferation-stimulatory signals to decide whether 
conditions are sufficiently favorable to commit to a new cell division cycle. Cyclin D genes 
are responsive to growth factors, partner with Cdk4 or Cdk6 and subsequently activate the 
transcription of cell cycle progression genes, including Cyclins E and A.

Transcriptional activation of many cell cycle genes is regulated by the E2F family of tran-

Figure 1.1 | The mammalian cell cycle and associated 
Cyclin-Cdk complexes. The mammalian cell cycle is com-
monly subdivided into four phases: the Synthesis (S) phase 
in which the DNA is duplicated, Mitosis in which the DNA 
is divided over the two daughter cells and the intervening 
Gap phases. In the Gap 1 (G1) phase, the cell integrates 
growth-stimulatory signals, increases in size and commits 
to a round of cell division. This entails copying the DNA in 
S-phase, preparing for cell division in the Gap 2 (G2) phase 
and ultimately condensing the DNA to compact chromo-
somes, nuclear envelope breakdown, chromosome segrega-
tion, reformation of daughter nuclei and separation of cell 
membranes in mitosis. Distinct complexes of Cyclins and 
their Cyclin-dependent kinases drive progression through 
the cell cycle. Cyclin D variants associate with either Cdk4 
or Cdk6 and facilitate progression through G1, ultimately 
promoting the expression of Cyclin E and Cyclin A. Cyclin 
E associates with Cdk2 to control the G1-S transition, after 

which Cyclin A-Cdk2 complexes regulate the further completion of DNA replication. In addition, rising Cyclin 
A-associated Cdk2 activity initiates the transcriptional program for progression through G2, including the in-
duction of Cyclin B. Cyclin B-Cdk1 complexes are essential for the G2-M transition and the execution of mitosis. 
Halfway through mitosis, when chromosomes are attached to fibers from opposing sides of the cell, all remaining 
Cyclins are targeted for degradation by the anaphase-promoting complex/cyclosome (APC/C). The concomitant 
loss of Cdk1 activity enables the completion of mitosis, resulting in two daughter cells in a new G1 phase.
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Figure 1.2 | Simplified feedback systems controlling the 
G1-S transition. Growth factor signaling promotes the tran-
scription of D-type Cyclins, which associate with Cdk4 or 
Cdk6 to form active kinase complexes. Pocket proteins (pRb, 
p107 and P130) constitute the main target of Cdk4/6. Pocket 
proteins block E2F-dependent transcription of G1/S genes, 
which include Cyclin E and Cyclin A. Cdk4/6 complexes phos-
phorylate the pocket proteins to relieve this block. The ensu-
ing transcription of Cyclin E and Cyclin A feeds Cdk2 activity 
that further phosphorylates and inactivates pocket proteins. 
The combination of high Cdk2 activity and sufficient expres-
sion of G1/S genes propel the cell into S-phase. Additional 
feedback loops ensure that the commitment to S-phase is an 
irreversible event. See main text for details.
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The molecular response to DNA damage
DNA is an organic molecule. Simply due to cellular oxygen metabolism, temperature and 
background radiation thousands of bases become modified in in the genome of each cell on 
a daily basis. Many exogenous sources of DNA damage, such as UV light, ionizing radiation, 
tobacco smoke and other chemical compounds can expand this number of lesions. Most of 
the lesions are immediately recognized and repaired without impacting other cell processes. 
However, the more serious lesions provoke a DNA damage response. Locally, this response 
facilitates specific repair of the damaged DNA by releasing potentially obstructive protein 
interactions, recruiting repair factors, preventing local transcription and replication, and by 
enabling movement of broken DNA ends to search for one another. In addition, DNA dam-
age triggers a more general stress response, stimulates the transcription of repair factors, 
alters RNA processing, imposes a cell cycle arrest and can cause a permanent cell cycle exit 
or cell death (Ciccia and Elledge, 2010).

The phosphatidylinositide-3-kinase-related kinases ataxia telangiectasia-mutated 
(ATM), and the ataxia telangiectasia- and rad3-related (ATR) kinases are activated by struc-
tures of damaged DNA and stand at the apex of this response. Double-stranded breaks of 
the DNA activate ATM, while stretches of exposed single-stranded DNA that also arise as in-
termediates of many repair pathways and occur during DNA replication activate ATR. Once 
activated, ATM and ATR phosphorylate the C-terminus of histone H2AX (serine-139) of 
the surrounding chromatin, which serves as a binding platform for additional proteins in-
volved in repair and ATM signal amplification. These signals extend several megabases into 
the surrounding DNA, resulting in foci of phosphorylated ATM, H2AX and other recruited 
mediators that can be microscopically detected with antibodies (Ciccia and Elledge, 2010). 
To control non-local processes, ATR and ATM activate the effector checkpoint kinases Chk1 
and Chk2, respectively, that propagate the signal to mediators and downstream targets. The 
mitogen-activated protein kinase (mapk) p38 functions as a third effector kinase in conjunc-
tion with its mapk-activated protein kinase 2 (MK2) and is activated indirectly by ATM (Ra-
man et al., 2007; Reinhardt and Yaffe, 2009). These kinases together coordinate the various 
cellular responses to DNA damage and halt or stall cell cycle progression.

The G1 DNA damage checkpoint

DNA damage prevents progression to S-phase by multiple mechanisms that impinge on the 
inhibition of Cyclin-Cdk complexes (Figure 1.4). Activated ATM and ATR phosphorylate 
and stabilize FBXO31 that marks Cyclin D1 for degradation (Agami and Bernards, 2000; San-
tra et al., 2009). Similarly, phosphorylation of Cdc25A by Chk1, Chk2 or MK2 promotes its 
rapid destruction in response to DNA damage (Boutros et al., 2007; Mailand et al., 2000a). 
These acute effects rapidly, but transiently, inhibit Cyclin-Cdk activity. A prolonged arrest 
requires the additional stabilization of the tumor suppressor p53. Levels of p53 protein are 
normally kept low by rapid proteolysis, which is controlled by Mdm2-mediated ubiquityl-
ation. In response to DNA damage, phosphorylation of p53 by ATM, Chk1, Chk2 and p38 

The G2-M transition

Once DNA replication is initiated, Cyclin E is degraded and Cyclin A stimulates the gradual 
accumulation of Cyclin B (Malumbres and Barbacid, 2009). In contrast to the largely tran-
scriptionally regulated commitment to DNA replication, the entry into mitosis is controlled 
by feedback loops that primarily operate on the protein level (Lindqvist et al., 2009c). Anal-
ogous to inhibitory phosphorylation of Cdk2, Cyclin B-Cdk1 complexes are kept inactive as 
Cyclin B accumulates. This is achieved through inhibitory phosphorylation on Cdk1, me-
diated by Wee1 and Myt1 kinases. High levels of Cyclin B eventually overload this system 
and rapidly activate the Cdc25 phosphatases that remove the inhibitory phosphorylation 
while simultaneously inhibiting Wee1. This switch is further aided by Polo-like kinase 1 
(Plk1), which inactivates the inhibitors and activates the activator of Cdk1. Plk1 targets Myt1 
for destruction and inactivates Wee1, while activating the Cdc25C phosphatase by distinct 
phosphorylation events. Finally, compartmentalization of these processes provides another 
level of regulation. Throughout G2, Cyclin B-Cdk1 complexes are mostly maintained in the 
cytoplasm, while the active Cyclin A-Cdk2 complexes reside in the nucleus (Santos et al., 
2012). Plk1, its activator Aurora A kinase, Cdc25B, Cdc25C and Cyclin B-Cdk1 all accumulate 
on the centrosomes for the initial activation of Cyclin B-Cdk1 complexes, which autophos-
phorylate in trans to promote their nuclear translocation (Jackman et al., 2003; Takizawa 
and Morgan, 2000). However, nuclear Wee1 rapidly inactivates these complexes that are 
subsequently shuttled back to the cytoplasm. Only when the rate of import is sufficient to 
overcome Wee1-mediated inhibition and instead results in the deactivation of Wee1, does 
full engagement of feedback loops occur, resulting in nuclear envelope breakdown. Ulti-
mately, this disruption of the nuclear envelope irreversibly lifts this inhibitory mechanism 
(Lindqvist et al., 2009c; Santos et al., 2012). These concerted mechanisms create a bistable 
switch that, when activated, results in the rapid activation of all Cyclin B-Cdk1 complexes 
and entry into mitosis. To prevent mitotic entry before the completion of DNA replication, 
these positive feedback mechanisms are negatively controlled by structures of replicating 
DNA that provoke DNA damage signaling, as discussed below.

Cyclin A-Cdk2 activity

Cyclin B transcription

Cyclin B-Cdk1 activity

Mitosis

Wee1, Myt1

Cdc25A/B/C

Plk1

Figure 1.3 | Simplified feedback systems con-
trolling the G2-M transition. Accumulation of Cyclin 
B by Cdk-dependent mechanisms ultimately triggers 
the activation of multiple feedback loops that ensure 
that all Cyclin B-Cdk1 complexes are activated. These 
positive feedback mechanisms center around the inhib-
itory phosphorylation deposited on Cdk1 by Wee1 and 
Myt1 kinases and their reversal by Cdc25 phosphatases. 
See main text for details.
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Wild-type p53-induced phosphatase 1 shuts down the checkpoint

During the course of the DNA damage response, hundreds of proteins are phosphorylated, 
ubiquitylated, sumoylated, poly-ADP-ribosylated, methylated and acetylated (Ciccia and 
Elledge, 2010; Gagne et al., 2012; Jackson and Durocher, 2013). These modifications must 
be undone for the termination of checkpoint signaling. While substantial work has been 
dedicated to checkpoint dephosphorylation by phosphatases, the pathways that control the 
reversal of other modifications are only beginning to be understood (Jacq et al., 2013).

Multiple phosphatase enzymes that remove protein phosphorylation are involved in 
counteracting the DNA damage-signaling kinases (reviewed in (Lee and Chowdhury, 2011)). 

prevents recognition by Mdm2 (Jenkins et al., 2012). In parallel, direct phosphorylation by 
ATM of Mdm2 can stimulate Mdm2 to ubiquitylate itself, leading to its degradation (Wade 
et al., 2010). These mechanisms disable p53 degradation, allowing p53 to accumulate and 
act as a transcription factor. P53 directly binds promoter DNA of target genes to activate 
or repress transcription and is responsible for most transcriptional effects of DNA damage 
(Rashi-Elkeles et al., 2011). To inhibit Cyclin-Cdk activity, p53 induces the transcription of 
the p21 Cdk inhibitor protein, which binds and inhibits Cyclin-Cdk complexes in a manner 
analogous to p27. Both p53 and p21 are absolutely required to arrest cells in G1 upon DNA 
damage (Deng et al., 1995; Kastan et al., 1991). Collectively, these mechanisms effectively 
block Cdk activity and the initiation of DNA replication when the DNA is damaged.

The G2 DNA damage checkpoint

To swiftly prevent mitotic entry when DNA damage is detected in G2, DNA damage signal-
ing dismantles the feedback loops that control Cyclin B-Cdk1 activation. As a rapid first re-
sponse, DNA damage establishes inhibitory phosphorylation of Cdk1 complexes. The Wee1 
kinase that deposits inhibitory phosphates on Cdk1 is activated by Chk1 (Lee et al., 2001; 
O’Connell et al., 1997), while the counteracting three Cdc25 phosphatase members that 
are expressed in G2 are all inactivated by phosphorylation. Chk1-, Chk2- or MK2-mediated 
phosphorylations promote the degradation of Cdc25A. Similar modifications of Cdc25B and 
Cdc25C instead create binding sites for 14-3-3 proteins that block substrate access to the 
catalytic site and sequester the phosphatases away from nuclear Cdks (Reinhardt and Yaffe, 
2009). On top of activating the kinase and inactivating the phosphatases of Cdk1 inhibi-
tory phosphorylation, DNA damage signaling also disables the Plk1-dependent regulation 
of these modules. Both Plk1 and its activator Aurora kinase A are rapidly inhibited by DNA 
damage (Krystyniak et al., 2006; Smits et al., 2000). Similar to the response in G1, p53 is 
stabilized and promotes the expression of the Cdk inhibitor p21 for long-term inhibition 
of Cdk2 and Cdk1. Finally, a combination of the consequent reduction in Cdk activity and 
direct p53-dependent repression of target promoters compromises the transcriptional pro-
gram for cell cycle progression, reducing the expression of key pro-mitotic genes, including 
Cyclin B and Plk1. In case of severe or prolonged damage, the combination of these inhibi-
tory mechanisms can depress Cdk activity to such an extent that it can no longer maintain 
a G2-state, resulting in activation of the APC/C and permanent cell cycle exit (Alvarez-Fer-
nandez et al., 2010b; Krenning et al., 2014; Wiebusch and Hagemeier, 2010).

Reversal of checkpoint arrests
Once the damage has been repaired, checkpoint arrests must be dismantled and the cell 
cycle machinery must be restored. 

resection

also during DNA replication
intermediate in DNA repair pathways

double-stranded break single-stranded break

ATRATM

Chk2 Chk1p38

MK2

H2AX

p53 Mdm2

p21

Cdk4/6

Cdk2

Cdk2
Cdk1

S-phase entry mitosis

pro-mitotic 
gene expression

Cdc25B/C

Cdc25A

Wee1

Cyclin D

Wee1

Figure 1.4 | The DNA damage checkpoints in G1 and G2. The DNA damage checkpoint is orchestrated by the 
ATM and ATR kinases that are activated by distinct structures of damaged DNA. These sensor kinases remain on 
the site of the lesion, where amplification systems further promote their activity. Most checkpoint functions are 
mediated by effector checkpoint kinases that are activated by ATM and ATR. To inhibit cell cycle progression at the 
G1-S and G2-M borders, the combined action of these kinases ensures via multiple pathways that the relevant Cdks 
are inhibited. Note that Wee1 and Cdk2 feature twice in the scheme. See main text for details.
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Normally redundant components reinitiate the cell cycle after DNA damage

As the strength of the checkpoint weakens, the normal cell cycle program should resume. 
Thus far, this process has only been studied for cells arrested in G2. Recovery from a DNA 
damage checkpoint critically requires components of the cell cycle machinery that are dis-
pensable in a normal cell cycle. Plk1 and Cdc25B are redundant for the G2-M transition in 
an unperturbed cell cycle, but are essential for the resumption of cell cycle progression after 
DNA damage (van Vugt et al., 2004). 

After DNA damage, levels of various pro-mitotic factors are altered, posing different de-
mands on the system for Cyclin B-Cdk1 activation. The loss of redundancy between Cdc25 
phosphatases is likely a result of the checkpoint-induced degradation of Cdc25A. As Cdc25C 
remains excluded from the nucleus at low Cdk1 activity, Cdc25B is the only family member in 
place to restore nuclear Cyclin A-Cdk2 activity during the arrest and drive the transcription 
of Cyclin B (Lindqvist et al., 2009c). Moreover, specific Cdc25B isoforms that lack a nuclear 
export signal may be refractory to cytoplasmic sequestration by 14-3-3 proteins and help 
maintain minimal Cyclin A-Cdk2 activity (Jullien et al., 2011). Recovery from DNA damage 
also poses distinct requirements for the transcriptional machinery.  The FOXM1 and B-Myb 
transcription factors that participate in the transactivation of pro-mitotic genes, including 
Cyclin B, are not essential for mitotic entry in unperturbed cells, at least in most cell types 
(Ackermann Misfeldt et al., 2008; Laoukili et al., 2005; Mucenski et al., 1991; Schuller et al., 
2007; Xue et al., 2010; Yoshida et al., 2007; Zhang et al., 2006). After DNA damage, however, 
p53 and E2F4-p130 complexes repress these pro-mitotic genes and both FOXM1 and B-Myb 
become critically required to maintain and promote the mitotic transcriptional program 
(Alvarez-Fernandez et al., 2010a; Mannefeld et al., 2009).

The contribution of Plk1 is bifold in the reversal of the DNA damage checkpoint in G2. 
Besides its function in the regulation of Wee1, Myt1 and Cdc25 phosphatases, Plk1 has a 
central role in the deactivation of checkpoint signaling. Claspin, which bridges ATR and 
Chk1 to allow Chk1 activation, is phosphorylated by Plk1, thus marking it for degradation 
and preventing further Chk1 activation (Yoo et al., 2004). To counteract Chk2, Plk1 phospho-
rylates the dimerization interface of Chk2 and its N-terminal forkhead-associated domain 
(van Vugt et al., 2010). These modifications prevent Chk2 recruitment to signaling adaptors 
required for its ATM-dependent activation and interfere with Chk2 dimerization required 
for its activity (Oliver et al., 2006; Pike et al., 2001). In addition to blocking the further acti-
vation of Chk1 and Chk2, Plk1 also promotes the degradation of p53. To do so, Plk1 phospho-
rylates the G2-specific expression 1 protein, allowing it to shuttle its direct binding partner 
p53 out of the nucleus. Once sequestered to the cytoplasm, p53 is degraded in an Mdm2-de-
pendent manner (Liu et al., 2010). Thus, Plk1 not only stimulates the activation of Cyclin 
B-Cdk1 complexes, but also concurrently inactivates major DNA damage signaling pathways 
to efficiently reverse the DNA damage checkpoint in G2. It is unknown whether similar cross 
talk exists between the DNA damage checkpoint and cell cycle machinery in G1.

Most participate in many cellular processes and are essential for normal cell viability. How-
ever, the wild-type p53-induced phosphatase 1 (Wip1) appears to be specialized in counter-
acting DNA damage signals. DNA damage promotes the expression of Wip1 by p53-depend-
ent gene transcription and an ATM-dependent pathway further stimulates Wip1 expression 
by preventing its rapid degradation (Choi et al., 2013; Fiscella et al., 1997b). The accumulated 
Wip1 associates with chromatin and is recruited to sites of DNA damage via unknown mech-
anisms, placing it in the ideal position do dismantle the foci of active ATM and ATR that 
have assembled on the DNA (Macurek et al., 2010b). Moreover, the target specificity of Wip1 
overlaps with the substrate preference of ATM and ATR, which enables Wip1 to undo ATM- 
and ATR-dependent phosphorylation of ATM itself, H2AX, Chk2, Chk1, p53 and Mdm2 (Lu 
et al., 2007; Lu et al., 2005b; Macurek et al., 2010b; Yamaguchi et al., 2007). DNA damage sig-
naling thus primes its own termination by activating its inhibitor. These actions make Wip1 
essential for reversal of a checkpoint arrest in G2. However, this dependence is only seen in 
cells that contain functional p53, indicating that Wip1 is primarily required for regulating 
p53 levels in response to DNA damage (Lindqvist et al., 2009b).
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Thesis outline
The cell cycle machinery that is disrupted by the checkpoint kinases is distinct in G1 from G2 
and those cell cycle components that are required for recovery from a DNA damage check-
point in G2 are not expressed in G1. We therefore expect the reversal of a checkpoint arrest in 
G1 to be significantly different. As most tumor cell lines have a compromised G1 checkpoint, 
we use immortalized, but non-transformed cell lines to study the DNA damage checkpoint 
in G1 and its reversal. In chapter 2 we dissect which checkpoint kinases are responsible for 
the initial activation and maintenance of a checkpoint arrest in G1 after ionizing radiation. 
As these many phosphorylation events must be undone to reverse the checkpoint during 
recovery, we perform an siRNA screen of all phosphatases to assess how these checkpoint 
phosphorylations in G1 are removed. We uncover a phosphatase complex that removes 
Chk2-dependent phosphorylation of a transcriptional repressor specifically required for the 
reversal of a DNA damage checkpoint arrest in G1, but not in G2. Unexpectedly, we also find 
that Wip1 is only required for reversal of a checkpoint arrest in G2, but not in G1. We con-
tinue in chapter 3 with the identification of gain-of-function mutations in Wip1 in cancer 
cell lines and cancer patients that compromise the DNA damage checkpoint in G1, revealing 
that uncontrolled expression of Wip1 is sufficient to prevent checkpoint activation in G1 and 
may predispose to breast and colon cancer. To assess the relative importance of checkpoint 
reversal in G1 or G2 in vivo, we turn to the mouse intestine in chapter 4. We employ cell cycle 
tracers to follow and compare the fates of cells irradiated in G0/G1 or S/G2 in this highly pro-
liferative tissue. In addition, we determine the impact of Wip1-deficiency on these processes 
both in vivo and in ex vivo organoid cultures of the small intestine. Returning to a more 
molecular level, in chapter 5 we investigate redundancy in the cell cycle machinery in an 
unperturbed G1 and after DNA damage. Reminiscent of the distinct requirement for Cdc25B 
and Plk1 to restart the cell cycle after DNA damage in G2, we discover a network of cell cycle 
regulators that becomes essential for S-phase entry after DNA damage in G1. 

Finally, in chapter 6 we discuss our findings in the light of the recent literature, focusing 
on cell cycle differences in DNA damage checkpoints and their reversal, considerations for 
these processes in the context of complete tissues and their therapeutic potential.
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Introduction
A cell’s genomic integrity is constantly challenged by endogenous and exogenous sources 
of DNA damage. Double-strand breaks (DSB) are particularly threatening to the genom-
ic stability of proliferative cells and provoke a checkpoint response that coordinates repair 
processes with further cell cycle progression to prevent the replication and segregation of 
broken DNA. This DNA damage response (DDR) is orchestrated by multiple kinases that 
sense the DNA damage and relay this signal (Harper and Elledge, 2007). Cellular recovery 
from a DNA damage insult ultimately requires the termination of the DDR once repair of 
the DNA is complete.

PI3-kinase-related kinases (pikks) Ataxia telangiectasia mutated (ATM) and ATM- and 
Rad3-related (ATR) are activated by distinct structures of damaged DNA and phosphory-
late histone H2AX in the vicinity of the damaged site to recruit repair proteins (Ciccia and 
Elledge, 2010). In addition to such local events, ATM and ATR activate a subsequent layer 
of checkpoint kinases (Chk) 2 and 1, respectively, that disseminate from the damaged site 
(Liu et al., 2000; Matsuoka et al., 1998). ATM also activates p38 mapk, which coordinates 
the DNA damage response outside the nucleus (Raman et al., 2007; Reinhardt et al., 2007). 
Combined, these checkpoint kinases ensure that cell cycle progression is prevented at the 
G1/S or G2/M boundaries (Reinhardt and Yaffe, 2009).

Pikks and checkpoint kinases commonly converge on the transcription factor p53, a key 
regulator of stress responses. Phosphorylation of p53 prevents its degradation by Mdm2-me-
diated polyubiquitination, allowing p53 to accumulate and induce its target genes, including 
p21 (Harper and Elledge, 2007). Both p53 and its transcriptional target p21 are sufficient to 
impose an arrest in both G1 and G2 and are absolutely required for a bona fide checkpoint 
arrest in G1 (Agarwal et al., 1995; Deng et al., 1995; Katayose et al., 1995; Kuerbitz et al., 1992).

Recovery from a checkpoint-induced arrest requires silencing of the checkpoint ma-
chinery and coincides with the removal of phosphorylations deposited by pikks and other 
checkpoint kinases. We have previously shown that wild-type p53-induced phosphatase 1 
(Wip1) is essential for checkpoint recovery from a DNA damage-induced arrest in G2, by 
preventing p53-dependent repression of several mitotic regulators (Lindqvist et al., 2009b). 
Wip1 is also known to act as a homeostatic antagonist of p53 by removal of ATM-dependent 
S15 phosphorylation on p53 (Fiscella et al., 1997b; Lu et al., 2007; Lu et al., 2005b; Takeka-
wa et al., 2000). In addition, Wip1 dephosphorylates other ATM substrates, including ATM 
itself, H2AX pS139 (γH2AX), Chk2, p38 mapk and Mdm2 (Fujimoto et al., 2006; Macurek 
et al., 2010b; Shreeram et al., 2006; Takekawa et al., 2000). Given this role of Wip1 in the si-
lencing of p53 as well as other components of the DDR, we expected Wip1 to be essential for 
recovery from a G1 arrest. Here we show instead that Wip1 is not required for recovery from 
a G1 arrest caused by γ-irradiation. This prompted us to screen for other phosphatases that 
are essential for the reversal of a checkpoint-dependent arrest in G1.

The basic machinery that detects DNA damage is the same throughout the 

cell cycle. Here we show in contrast that reversal of DNA damage responses and 

recovery are fundamentally different in G1 and G2 phases of the cell cycle. We find 

that distinct phosphatases are required to counteract the checkpoint response in G1 

versus G2. While Wip1/PPM1D promotes recovery in G2-arrested cells by antagoni-

zing p53, it is dispensable for recovery from a G1 arrest. Instead, we identify PP4 to 

be specifically required for cell cycle restart after DNA damage in G1. PP4 dephosp-

horylates KAP1-S473 to repress p53-dependent transcriptional activation of p21 when 

the DNA damage response is silenced. Taken together, our results show that PP4 and 

Wip1 are differentially required to counteract the p53-dependent cell cycle arrest in 

G1 and G2, by either antagonizing early or late p53-mediated responses, respectively.
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Results

Wip1 is required for spontaneous recovery after low-dose irradiation in G2, but not G1

We previously uncovered the Wip1 phosphatase as a critical regulator of recovery from a 
DNA damage-induced G2 arrest (Lindqvist et al., 2009b). How recovery from a DNA dam-
age-induced G1 arrest is regulated is not known. To study this we used non-transformed 
retinal pigment epithelial (RPE) cells immortalized with hTert and expressed fluorescent 
ubiquitination-based cell cycle indicators (RPE-fucci) (Sakaue-Sawano et al., 2008).

G1 cells were identified by exclusive expression of Cdt1 (amino acids 30-120) fused to an 
orange fluorescent protein (mKO2-Cdt1) at the start of the experiment and followed over 
time to the moment of S-phase entry, marked by the co-expression of Geminin (amino ac-
ids 1-110) fused to a green fluorescent protein (mAG1-Geminin; Figure 2.1A). To determine 
the fate of S/G2 cells after irradiation, we followed cells exclusively expressing fluorescent 
mAG1-Geminin into mitosis. 

In the absence of DNA damage, S-phase entry of G1 cells occurred within 20 hours, while 
after exposure to 1 Gy γ-irradiation the rate of S-phase entry was much reduced with approx-
imately 53±13% of cells progressing within 48 hours (Figure 2.1B, Movie 2S1). The RPE-fuc-
ci cells thus enable sensitive detection of recovery from irradiation in G1. Exposure in G2 
resulted in a rapid checkpoint arrest of a defined duration of 3.3±1 hours (measured as the 
time difference between reaching half of the maximal mitotic entry). Approximately 60% of 
irradiated G2 cells ultimately entered mitosis within nine hours, contrasting with the four 
times slower cell cycle progression of cells irradiated in G1 (Figure 2.1C). RPE-fucci cells 
that were irradiated in G2, but failed to enter mitosis returned to a G1-like state expressing 
mKO2-Cdt1 3-15 hours after irradiation within the same time window as mitotic entry in the 
recovering population (Figure 2.1C and 2.1D).

When we compared the performance of 1 Gy-irradiated RPE-fucci cells after siRNA-me-
diated depletion of Wip1, the mitotic entry of cells irradiated in G2 was two-fold reduced 
compared to control siRNA-transfected cells and the overall delay in mitotic entry after ir-
radiation was longer (5.6±3 h) (Figure 2.1C). In contrast, we did not detect any effect on the 
spontaneous recovery of cells irradiated in G1, neither on the rate of S-phase entry nor on 
the percentage of cells that ultimately entered S-phase (Figure 2.1B). We obtained similar 
results with hTert-immortalized BJ human foreskin fibroblasts expressing the fucci system 
(Figure 2S1). These results suggest that Wip1 is differentially required to promote recovery 
in G1 versus G2.
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Figure 2.1 | Wip1 is differentially required for recovery from a DNA damage-induced arrest in G1 and G2 of 
the cell cycle. (A) Example stills of observed cell fates in RPE-fucci cells. (B and C) Asynchronously proliferating 
RPE-fucci cells were transfected with indicated siRNAs for 48 hours, irradiated and filmed immediately thereaf-
ter. Cells in G1 (mKO2-Cdt1+; mAG1-Geminin−) at the start of the experiment were followed (B) to mAG1-Geminin 
co-expression (S-phase entry). Cells in G2 (mKO2-Cdt1−; mAG1-Geminin+) at the start of the experiment were 
followed to mitosis (C). Black and green dots mark means and s.d. of Wip1-depleted cells normalized to con-
trol-transfections of the same experiments. (D) Timing of mitotic entry or loss of mAG1-Geminin expression in 
1 Gy-irradiated RPE fucci cells. Whiskers represent 5-95% of data points. (E) Phosphorylation of p53 on S15 was 
determined by immunofluorescence of asynchronous cultures depleted of Wip1 after irradiation. Individual 2N 

cells were identified by DAPI fluorescence (Figure 2S2) and mean nuclear fluorescence intensity of p53-pS15 was 
quantified. (F and G) RPE cells were treated with siRNAs targeting Wip1 during G1 synchronization and the clear-
ance of H2AX S139 phosphorylation (γH2AX) after irradiation was determined by immunofluorescence. Nuclear 
mean fluorescence intensity was quantified. Whiskers represent 5-95% of data points. Shown are representatives 
of three independent experiments. Scale bar = 75 μm. * indicates p < 0.0001.

figure 2.1 legend continued...
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Wip1 is a transcriptional target of p53 (Fiscella et al., 1997b) and a negative regulator of 
DDR signaling by removing S15 phosphorylation on p53 and S139 phosphorylation of H2AX 
(Lindqvist et al., 2009b; Lu et al., 2005b; Macurek et al., 2010b). Induction of Wip1 protein 
levels after irradiation is intact in RPE cells synchronized in G1 by serum starvation and 
restimulation (Figure 2S2). siRNA-mediated depletion of Wip1 resulted in increased (both 
basal and post-IR) levels of S15 phosphorylation of p53 as detected by immunofluorescence 
of asynchronous cultures, irrespective of cell cycle phase (Figure 2.1E and 2S2). Further-
more, cells depleted of Wip1 during G1 synchronization displayed markedly elevated levels 
of γH2AX after irradiation (Figure 2.1F and 2.1G), confirming that Wip1 is functional as a 
phosphatase following DNA damage in both G1 and G2 phase of the cell cycle.

The DNA damage checkpoint in G1 is maintained by Chk2 and p38

Redundancy of Wip1 for recovery from DNA damage in G1 suggests recovery is differentially 
regulated during the different phases of the cell cycle. To study how recovery from an IR-in-
duced arrest in G1 is controlled, we first tested which checkpoint kinases maintain the G1 
arrest. Exposure to 4 Gy IR arrested G1-synchronized RPE cells in G1 for at least 40 hours as 
measured by BrdU incorporation (Figure 2.2A). Addition of an ATM inhibitor (KU55933) 
prior to irradiation prevented the cells from arresting in G1 (Figure 2.2B), confirming that 
the observed cell cycle arrest is a result of an ATM-dependent DSB response. However, ad-
dition of ATM inhibitor at later time points failed to abrogate the checkpoint arrest (Figure 
2.2B). ATM is the most upstream kinase to initiate signaling from a DSB and it controls the 
activation of several downstream checkpoint kinases, including Chk1, Chk2 and p38 MAP 
kinase (Reinhardt and Yaffe, 2009). We applied inhibitors of these kinases to cells arrested 
in G1 for 16 hours and determined S-phase entry of the cells in the following 24 hours. Com-
binations of a Chk2 inhibitor and either one of three different p38 mapk inhibitors caused a 
full reversal of the established G1 arrest (Figure 2.2A, 2.2B and 2S2). A similar setup with BJ 
fibroblasts confirmed a critical role for Chk2- and p38 mapk-dependent signaling to main-
tain a DNA damage-induced arrest in G1 (Figure 2S1). To understand the kinetics of recovery 
induced by Chk2 and p38 inhibition, we applied inhibitors to irradiated RPE-fucci cells. 
Even when Chk2 and p38 mapk were inhibited, G1-phase RPE-fucci cells first arrested for 
~13 h in response to 4 Gy before progressing to S-phase (Figure 2.2C). Although combined 
inhibition of Chk2 and p38 prior to irradiation ultimately permits S-phase entry, it cannot 
prevent an initial delay. This suggests that initial ATM-dependent responses are sufficient to 
install a checkpoint arrest without further involvement of Chk2 and p38 mapk. Interestingly, 
the role of Chk2 and p38 mapk in checkpoint maintenance is restricted to G1. Combined 
inhibition of p38 and Chk2 was not sufficient to prevent or abrogate a checkpoint arrest 
in the G2-phase RPE-fucci cells. Conversely, the application of caffeine shortly after irra-
diation permits full mitotic entry of the G2 population, but cannot relieve the checkpoint 
arrest in G1 (Figure 2.2C). Taken together, these results reveal temporal and cell cycle-de-
pendent complexity in the function of checkpoint kinases, with ATM driving the initiation 
of a checkpoint arrest in G1, while p38 and Chk2 perpetuate the arrest at later times, which 
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is specific to the G1-phase.

As expected, the observed arrest requires p53 and p21, and is prevented by siRNA-mediat-
ed depletion of either p53 or p21 (Figure 2S2). Inhibition of Chk2 and p38 mapk require the 
presence of Mdm2, but not Wip1, to promote S-phase entry in G1-arrested cells, confirming 
that Wip1 is not necessary to revert these p53-mediated responses (Figure 2S2). Irradiation 
of G1 cells results in increased protein levels of p53 and p21, and reduced Cyclin-Cdk activ-
ity as evidenced by a lack of phosphorylation on pocket proteins Retinoblastoma (Rb) and 
p130 (Figure 2.2D-F). Indeed, treatment of cells with p38 mapk and Chk2 inhibitors results 
in loss of protein levels of p53 and p21 over a period of eight hours with concomitant re-
phosphorylation of pocket proteins, coinciding with the cell cycle restart (Figure 2.2D). This 
phosphorylation of Rb occurs without the resolution of remaining γH2AX foci (Figure 2.2E 
and 2.2F). Together, these experiments show that p38 mapk and Chk2 cooperate to sustain 
activation of p53 and maintain expression of p21 during the G1 arrest and that their inhibi-
tion promotes checkpoint recovery even when DNA damage persists.

Phosphatases required for recovery from a G1 arrest

As p38 mapk and Chk2 kinases are essential for the maintenance of the checkpoint arrest 
in G1 (Figure 2.2B), we expected checkpoint recovery to require dephosphorylation or deg-
radation of their substrates. We therefore tested an siRNA library of 224 phosphatases and 
regulatory proteins to identify the phosphatase(s) required for recovery of DNA-damaged 
G1 cells. We monitored EdU-incorporation in RPE cells irradiated (4 Gy) in G1 and stimu-
lated to re-enter the cell cycle by inhibition of p38 mapk and Chk2 (Figure 2.3A and Table 
2S1). The majority of siRNAs did not prevent EdU incorporation after serum stimulation, nor 
after inhibition of Chk2 and p38 mapk in cells arrested in G1 for 16 hours, including siRNAs 
targeting Wip1. Importantly, PP4, PSPH, PTPRN2, PP5, PTPN6, the B56δ subunit of PP2A 
(PP2R5D) and DUSP2 were identified as potential regulators of G1 checkpoint recovery that 
compromised EdU incorporation after DNA damage and subsequent checkpoint silencing 
(recovery < mean − 2∙SD of mock-transfected), but allowed normal cell cycle progression 
in the absence of damage (unperturbed/recovery > 1.67; unperturbed entry > 67% of mock 
transfected in > 2 out of 3 experiments). Phenotypes were confirmed with multiple single 
siRNAs for PP4, PTPRN2, PTPN6, and DUSP2 (Figure 2S3).

PP4 is required for recovery after irradiation in G1, but not G2

To look further into the reversal of Chk2 and p38 phosphorylations, we proceeded with 
analysis of the only phosphoserine/-threonine phosphatase, phosphoprotein phosphatase 
4 catalytic subunit (PP4). PP4 is a multimeric type 2A phosphatase that functions in di- or 
trimeric complexes to balance a wide range of signaling pathways (Gingras et al., 2005; Han 
et al., 2009; Lyu et al., 2011; Oler and Cairns, 2012; Sousa-Nunes et al., 2009). In particular, 
PP4 in complex with its regulatory subunit PP4R2 has well-documented roles in the reversal 
of DDR phosphorylations (Chowdhury et al., 2008; Falk et al., 2010; Gingras et al., 2005; Lee 
et al., 2010). Indeed we find that PP4R2, but not other regulatory subunits, is required for 
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determined by automated microscopy (Figure 2S3). Scatter plot of recovery/unperturbed S-phase entry as deter-
mined by percentage of EdU-positive cells normalized to mock-transfected control wells. Shown are means of 
three independent experiments. siRNA pools targeting GAPDH and Cdk2 were included in each plate as controls 
for normal and impaired S-phase entry. (B) Time-lapse microscopy for cell cycle progression of asynchronously 
proliferating RPE-fucci cells irradiated in G1 (B) or G2 (C) after depletion of PP4 or PP4R2 by siRNA. Shown is the 
average cumulative progression of three independent experiments. Dots represent cell cycle progression normal-
ized to control siRNA-transfected RPE-fucci cells of the same experiment. Error bars represent s.d. (n = 3). (D) 
Immunofluorescence detection of p21 in RPE cells arrested 16 hours in G1 (4 Gy) and incubated for an additional 
four hours with Chk2 and p38 inhibitors. Mean nuclear intensity was quantified. Whiskers represent 5-95% of 
data points.
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phosphorylation of S473, on the other hand, is delayed in onset, pan-nuclear and persists 
well up to 16 hours after irradiation (Figure 2.4A and 2.4B), as described before (Lee et al., 
2012; White et al., 2012). This suggested to us that PP4 might be required to reactivate KAP1 
during recovery by removing the Chk2-dependent phosphorylation on S473 and repress p21 
transcription.

Upon inhibition of p38 mapk and Chk2, phosphorylation on S473 of KAP1 was lost within 
two hours (Figure 2.4B), correlating with decreasing levels of p21 protein (Figure 2.3D) as ob-
served by immunofluorescence. In PP4 or PP4R2-depleted cells, however, phosphorylation 
on S473 was sustained. 

As persistent phosphorylation is inhibitory to KAP1 function, we tested whether KAP1 
depletion would mimic depletion of PP4 or PP4R2. Indeed, cells depleted of KAP1 had el-
evated levels of p21 in response to DNA damage in G1, failed to eliminate p21 protein and 

recovery from a G1 checkpoint arrest after inhibition of p38 mapk and Chk2 (Figure 2S3). 

When we depleted PP4 or PP4R2 in RPE-fucci cells, effects on cell cycle progression of 
unperturbed cells were limited (Figure 2.3B and 2.3C). In contrast with depletion of Wip1, 
which did not affect the spontaneous recovery of cells irradiated (1 Gy) in G1, depletion of 
either PP4 or PP4R2 reduced recovery by 75%±15 and 64%±7, respectively (Figure 2.3B, 2.3C 
and Movie 2S2). Conversely, the PP4 phosphatase complex did not contribute significant-
ly to mitotic progression of cells irradiated in G2 (mAG1-Geminin+; mKO2-Cdt1−), while 
mitotic progression was reduced by 46%±7 in the absence of Wip1 (Figure 2.1C and 2.3C). 
BJ-hTert fucci cells showed a similar G1-specific defect after 2 Gy γ-irradiation when PP4 or 
PP4R2 were depleted (Figure 2S1).

These results confirm a critical role for the PP4 phosphatase complex in G1, but more im-
portantly, they reveal differential and complementary requirements for checkpoint recovery 
in different phases of the cell cycle. 

Inhibition of p38 and Chk2 promotes recovery in the presence of persistent foci of γH2AX 
(Figure 2.2E and 2.2F), but not after depletion of PP4 or PP4R2 (Figure 2.3A and 2S3), indi-
cating that PP4 acts independent of DNA repair. Indeed, foci of γH2AX disappeared with 
normal kinetics in PP4-depleted RPE cells irradiated in G1 (Figure 2S4). The DNA dam-
age-induced checkpoint in G1 absolutely requires a functional p53 pathway (Kuerbitz et al., 
1992) and whenever we co-depleted PP4 and p53, or PP4R2 and p53 in G1-synchronized RPE 
cells or RPE-fucci cells we observed a complete checkpoint override (Figure 2S4). PP4 must 
therefore act downstream of p38 and Chk2 in the reversal of p53-dependent responses.

We had observed previously that p53’s principal transcriptional target p21 is eliminated 
within several hours after inhibition of p38 and Chk2 kinases (Figure 2.2D). While p53 pro-
tein levels dropped normally after checkpoint silencing in PP4-depleted cells (Figure 2S4), 
we found elevated levels of p21 throughout the arrest in G1 that persisted after checkpoint 
silencing (Figure 2.3D), suggesting a role to antagonize p21 particularly once the DDR is 
terminated. 

PP4-PP4R2 regulates KAP1 S473 phosphorylation to eliminate p21 in recovery

P21 transcription is dynamically regulated to enable rapid expression in response to stress, 
but also to ensure timely shutdown of transcription when the stressor is under control 
(Gomes and Espinosa, 2010). Krab domain-associated protein 1 (KAP1) is a transcriptional 
co-repressor protein for the p21 gene CDKN1A and prevents transcription initiation of the 
poised promoter (Lee et al., 2007; Li et al., 2007). Its activity is impeded by DNA damage 
through phosphorylation by ATM on S824 and Chk1/Chk2 on S473 (Chang et al., 2008; Hu 
et al., 2012; Li et al., 2007; White et al., 2012). Dephosphorylation of these sites, in turn, is 
regulated by PP4 (Lee et al., 2012). Consistently, we find that PP4-depleted cells display 
increased and prolonged phosphorylation of KAP1 in response to damage (Figure 2.4A). 
ATM-dependent phosphorylation on S824 is rapid and transient, even after depletion of 
PP4, and disappears within the first hours after irradiation. Checkpoint kinase-dependent 
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Figure 2.4 | PP4 dephosphorylates KAP1 S473 to eliminate p21 during recovery from a G1 arrest. (A) Inhib-
itory phosphorylations of KAP1 on S824 and S473 detected in response to irradiation 48 hours after siRNA trans-
fection in G1-synchronized RPE cells by Western Blot. (B) KAP1 S473-phosphorylation 16 hours after irradiation 
determined by immunofluorescence, and after inhibition of p38 and Chk2 in G1-synchronized RPE cells. Nuclei 
are outlined in white based on DAPI signal and nuclear mean fluorescence of pS473 was quantified. (C) RPE cells 
treated as in Figure 2.3A. S-phase entry was detected by EdU incorporation 40 hours after irradiation. (D) Mean 
nuclear fluorescence intensity of p21 by immunofluorescence of cells treated as in (B). (E) Stable RPE clones ex-
pressing flag-KAP1 or S473A mutant were transfected with siRNA targeting endogenous KAP1 alone (control) or 
in combination with PP4 (PP4) during serum starvation and treated further as in (C). Protein levels of the same 
experiments were detected by Western Blot (Figure 2S4). Immunofluorescence experiments are representative 
of three independent experiments. Whiskers represent 5-95% of data points. * indicates p < 0.0001. Error bars 
represent s.d. (n = 3).
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only are G1-specific mechanisms in dealing with DNA damage undeniably significant for 
normal cellular behavior, but their frequent inactivation in cancer also highlights a pivotal 
role in preventing the accumulation of mutations during carcinogenesis.

We find that recovery from irradiation in G1 or G2 of the cell cycle are fundamentally 
different, in terms of their kinetics, checkpoint kinases that maintain the arrest and the 
phosphatases that promote recovery. In two non-transformed, hTert-immortalized cell lines 
we show that mitotic entry after exposure to IR is restricted in time, while S-phase entry after 
exposure to the same dose is permitted 72 hours after the insult (Figure 2.1). Within sever-
al hours after irradiation in G2, p53-dependent responses compromise the competence for 

mRNA after pharmacological checkpoint silencing and did not progress to S-phase (Figure 
2.4C and 2S4). To further pinpoint KAP1 as the relevant substrate of PP4-PP4R2, we replaced 
endogenous KAP1 with a non-phosphorylatable S473A mutant and assessed its ability to 
circumvent the requirement for PP4 in recovery from a G1 arrest. When we thus prevented 
initial phosphorylation of KAP1 S473 after DNA damage, cells progressed to S-phase (Figure 
2.4E and 2S4) upon checkpoint silencing without PP4, confirming phosphorylated S473 on 
KAP1 as the critical substrate for PP4 in recovery from a G1 arrest. Taken together, these data 
show that PP4 is required for recovery in G1 by promoting the dephosphorylation of S473 on 
KAP1, allowing it to repress p21.

Wip1, but not PP4, prevents p53-dependent repression of Cyclin B1

P21 and p53 are sufficient to induce a cell cycle arrest in both G1 and G2 (Agarwal et al., 
1995; Katayose et al., 1995), yet we find that PP4 is only required in G1 to recover from the 
checkpoint-induced cell cycle arrest. Inversely, Wip1 is required to moderate p53 activity 
during a G2 arrest (Lindqvist et al., 2009b), but we show here that its activity is not essential 
to recover from a checkpoint-induced arrest established in G1. Since depletion of Wip1 was 
shown to lead to p53-dependent repression of Cyclin B1, we examined if we could confirm a 
differential requirement for Wip1 and PP4 in G2 by analysis of Cyclin B1 expression during 
an on-going DNA damage response. To this end, we made use of RPE cells in which the 
endogenous locus of Cyclin B1 was C-terminally fused to yellow fluorescent protein (YFP), 
allowing sensitive and quantitative detection of endogenous Cyclin B1 levels under its nor-
mal transcriptional and post-transcriptional regulation (Figure 2S5). 

As expected, co-depletion of p53 and Wip1 relieved the G2 recovery defect in RPE cells 
observed by Wip1 depletion alone (Figure 2S5). In addition, the rate of Cyclin B1-YFP accu-
mulation decreased in a p53-dependent manner starting two hours after irradiation (Figure 
2.5A, 2.5B and 2S5). When Wip1 was depleted, Cyclin B1-YFP failed to accumulate beyond 
two hours after damage, and started to decline to non-detectable levels after four to eight 
hours, corresponding in time with the loss of the Geminin probe in irradiated RPE-fucci 
cells (Figure 2.1D). Depletion of PP4R2 or KAP1 had no effect on Cyclin B1-YFP levels during 
this checkpoint arrest, indicating that PP4-dependent dephosphorylation of KAP1 has no 
role in p53-mediated regulation of Cyclin B1 immediately after DNA damage. Consistent 
with this notion, we find that KAP1 S473 dephosphorylation occurs well after the onset of 
Cyclin B1 repression (Figure 2.4A and 2S4).

Discussion
At any given time the vast majority of cells with proliferative capacity in the human body 
are in G0/G1. Yet, we know little about the particular molecular pathways that these cells 
employ to recover from a DNA damage insult and resume proliferation. We do know that 
deregulation of p53- and the Rb-pathways is common in cancer and results in the loss of a 
functional G1 checkpoint (Crawford et al., 1981; Kuerbitz et al., 1992; Lukas et al., 1994). Not 

Figure 2.5 | Wip1 prevents p53-dependent repression of Cyclin B1. (A) RPE-fucci cells were treated with 
indicated siRNAs for 48 h and irradiated (1 Gy). Time-lapse microscopy and cumulative mitotic entry of the Gem-
inin-mAG1 single-positive cells. (B) RPE cells expressing endogenously tagged Cyclin B1-YFP (Figure 2S5). Stills 
of single RPE-CyclinB1-YFP cells followed in time after 1 Gy γ-irradiation, 48 hours after transfection. ‘M’ marks 
mitosis. (C) Total fluorescence intensity of the Cyclin B1-YFP signal was quantified of the same cells as (B). (D) 
Quantification of the change in mean fluorescence intensity after irradiation in RPE-Cyclin B1-YFP cells. Error bars 
represent s.e.m. (n > 20). Representative of three independent experiments. (E) Model of mechanism of action of 
Wip1 and PP4, which are separated in time corresponding with the timing of recovery in G2 and G1, respectively. 
Red (inhibitory) and yellow (activating) dots represent phosphorylation.
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Materials and Methods

Cell culture

 hTert-immortalized BJ fibroblasts, hTert-immortalized retinal pigment epithelium (RPE) 
and derived cell lines were maintained in dmem/F12 (Gibco) supplemented with ultragluta-
mine, penicillin/streptomycin and 6% fetal bovine serum. 

G1 synchronization, checkpoint silencing and flow cytometry

We seeded RPE or BJ-hTert cells grown to confluency at 15,000 cm−² and withdrew se-
rum for 36 h after cell attachment. Six hours after serum stimulation cells were exposed 
to γ-irradiation from a Cs-137 source (1 Gy min−¹). Inhibitors and BrdU (Sigma; 10 µM) or 
5-ethynyl-2’-deoxyuridine (Invitrogen; 10 μM) were added as indicated and at various time 
points cells were collected by trypsinization or fixed in wells for automated fluorescence 
microscopy.

Immunofluorescence

At indicated time points after irradiation and inhibitor treatment, we fixed cells in PBS-buff-
ered 3.7% formaldehyde, permeabilized with −20 °C methanol and blocked aspecific bind-
ing with TBS containing 4% BSA and 0.1% Tween-20 prior to antibody incubation for im-
munofluorescence. 
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further cell cycle progression, while a G1 arrest remains fully reversible in the first 16 hours 
(Figure 2.2).

Our experiments show that these differences are paralleled by a differential requirement 
for phosphatases in the reversal of the DDR in a G1-arrested versus a G2-arrested cell (Figure 
2.5C). PP4 facilitates turning off engaged p21 transcription and thereby antagonizes the p53 
pathway to allow recovery from a G1 arrest hours after irradiation. Even though Wip1 acts on 
DDR substrates in G1, it is redundant for the elimination of p21 after checkpoint silencing 
and Wip1 is therefore dispensable for recovery from irradiation in G1. In G2, however, Wip1 
is essential to prevent premature p53-dependent loss of Cyclin B1 and possibly other mitotic 
regulators immediately after irradiation to permit subsequent recovery. Thus, both phos-
phatases antagonize p53-dependent responses, but each in a distinct timeframe, required 
for recovery in distinct phases of the cell cycle.

Contrary to our expectations, depletion of Wip1 did not affect cell cycle restart of G1-ar-
rested cells. Even in mouse embryonic fibroblasts from Wip1 knockout animals, S-phase 
entry after irradiation is only decreased by 10% (Choi et al., 2002). This limited role of Wip1 
in recovery from a G1 arrest after irradiation is striking, given the overt effects on p53 S15- 
and H2AX phosphorylation levels and its requirement for recovery from a G2 arrest. None-
theless, even though γH2AX is cleared inefficiently in the absence of Wip1, most foci are 
resolved within 16 hours, allowing ample time for the relatively slow recovery from a G1 
arrest to occur. Our results predict that the proposed clinical application of compounds that 
inhibit Wip1 will prove ineffective for tumors that retain a G1 checkpoint arrest after DNA 
damage and most effective in p53-proficient tumors that arrest primarily in G2 (Harrison et 
al., 2004).

Overexpression of Wip1 and PP4 occurs frequently in cancer and is associated with poor 
disease outcome (Rauta et al., 2006b; Wang et al., 2008; Weng et al., 2012). As carcinogenesis 
requires multiple mutation events, overexpressed Wip1 or PP4 may help overcome the an-
ti-cancer barrier posed by the DNA damage response, promoting cell cycle progression after 
damage to the DNA and acquisition of additional mutations. In established tumors, over-
expressed Wip1 and PP4 may promote recovery at the expense of the envisioned cell killing, 
conferring resistance to conventional genotoxic chemotherapy and radiotherapy.

Reversibility of a DNA damage-induced checkpoint arrest is an inherent prerequisite for 
cellular recovery after repair of the damaged DNA. While the machinery that detects DNA 
damage is shared throughout the cell cycle, available repair pathways and the cell cycle ma-
chinery that must be called to a halt differ significantly in G1 and G2. Reversal of DNA dam-
age-induced checkpoints in G1 and G2 is correspondingly regulated in distinct manners.
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GATTTCCC-3’ and 5’-GACATGGAGAAAATCTGGCA-3’ for β-actin as described before 
(Li et al., 2007).

Flow cytometry

Trypsinized cells were fixed in −20 °C 70% ethanol. After treatment with 2 M hydrochloric 
acid and 0.1% Triton-X100, cells were stained with anti-BrdU and Alexa Fluor647-coupled 
goat anti-rat antibodies, followed by propidium iodide and RNase A. We collected data of 104 
cells on a Becton Dickinson FACSCalibur flow cytometer, which were analysed by CellQuest 
software.

Antibodies and inhibitors

Antibodies used in this study are the following: antibodies directed against PP4, KAP1 pS473 
(Abcam), KAP1, KAP1 pS824, PP4R2 (Bethyl), Wip1, p21, p53(DO-1), p130 (C-20), beta actin 
(Santa Cruz Biotechnologies), H2AX pS139 (Millipore), α-tubulin, flag (Sigma), p27, Rb, 
CD25-APC (BD Biosciences), and p53 pS15 (Cell Signalling). We tested inhibitors against 
ATM (KU55933; 10 μM, Sigma Aldrich), ATR (ATR-45; 10 μM; Ohio State University), p38 
([SB202190; 3 μM; Millipore];[SB203580 and SB239063; 10 μM; Sigma Aldrich]), Chk2 (Chk2 
inhibitor II; 10 μM; Sigma Aldrich) and Chk1 ([SB218078; 2.5 μM; Sigma Aldrich]; [UCN01; 
0.3 μM; Sigma Aldrich]), or used caffeine (5 mM; Sigma Aldrich) as a general pikk inhibitor. 

Immunofluorescence

Cells grown on glass cover slips were synchronised and transfected with siRNAs as before. At 
indicated time points after irradiation and inhibitor treatment, we fixed cells in PBS-buff-
ered 3.7% formaldehyde, permeabilised with −20 °C methanol and blocked aspecific bind-
ing with TBS containing 4% BSA and 0.1% Tween-20 prior to antibody incubation for im-
munofluorescence. Images were collected with an Olympus U-Plan S-Apo 20× (NA 0.75) 
objective, Quad/mCherry polychroic mirror and Alexa Fluor filter sets on a Deltavision (Ap-
plied Precision) system and mean fluorescence intensity per nucleus was determined using 
ImageJ software (http://rsb.info.nih.gov/ij/).

Time-lapse microscopy

Asynchronously proliferating RPE-fucci, BJ-hTert-fucci or RPE-CyclinB1-YFP cells were 
transfected with indicated siRNAs using RNAiMAX transfection reagent (Invitrogen) in 
Lab-Tek II (Thermo Scientific) chambers. Time lapse was set up 48 hours after transfec-
tion, immediately after (mock) irradiation from a caesium-137 source and replacement of 
medium with pre-warmed Leibovitz’s L-15 medium containing all supplements. For sponta-
neous recovery, images were acquired with a CoolSNAP-HQ2 camera and an Olympus 10× 
(NA 0.40) U-Plan S-Apo objective with Quad-mCherry polychroic mirror and GFP/mCherry 
emission filters at 15-minute intervals on a Deltavision system (Applied Precision). >60 G1 
(clear/red fluorescent) and >60 S/G2 (green fluorescent) cells were followed per condition 
per experiment from the first frame of the experiment until the last frame or mitosis. Cyclin 

Supplementary Materials and Methods

Cell lines

RPE-fucci cells were generated as described by lentiviral infection with pCSII-MCS-EF-
mKO2-hCdt1(30/120) and pCSII-MCS-EF-mAG1-hGeminin(1/110), after which a single 
cell was expanded for RPE-fucci (Sakaue-Sawano et al., 2008b). BJ-fucci cells were ob-
tained by similar transduction, followed by sequential fluorescence-activated cell sorting of 
mAG1-hGeminin(1/110)-single positive and mKO2-hCdt1(30/120)-single positive cell popula-
tions. siRNA-resistant pOZ-N-FH-KAP1 and S473A mutant were provided by Dr. D. Chow-
dhury. Stable clones of KAP1-expressing RPE cells were obtained by retroviral transduction 
and expansion of single clones staining positive with CD25-APC antibodies (Wang et al., 
2008). 

siRNA transfection and screen

The on-targetplus phosphatase siRNA library, CDK2, PP4R2, GAPDH, CDKN1A, TP53, 
MDM2, luciferase (GL2 duplex) and previously described KAP1 (sense) 5’-GAGGACUA-
CAACCUUAUUGUUAUUG-3’ (Lee et al., 2012) siRNAs were purchased from Dharmacon. 
After serum withdrawal, we transfected cells with 20 nM pooled siRNA using HiPerFect 
transfection reagent (Qiagen). We irradiated the cells six hours after serum restimulation 
with 4 Gy from an X-ray source (200 keV; 50 cGy min−¹) and supplemented medium with 
5-ethynyl-2’-deoxyuridine (EdU; 10 μM; Invitrogen). For G1 checkpoint recovery, Chk2 in-
hibitor II and SB202190 were added 16 h after irradiation and cells were allowed to recover 
in the continuous presence of EdU for an additional 24 hours. Either 24 hours after mock 
irradiation or checkpoint silencing, we fixed cells in 3% formaldehyde in PBS and stained for 
EdU incorporation with click chemistry (100 mM Tris pH 8.5, 100 mM ascorbic acid, 1 μM 
AlexaFluor 488-azide [Invitrogen], 1 mM CuSO4) as described (Salic and Mitchison, 2008). 
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; 1 μg mL−¹; Sigma 
Aldrich) and imaged in a Cellomics Arrayscan automated fluorescence microscope with a 
20× (NA 0.4) Zeiss Axiovert 200M objective. At least 400 cells were imaged per well and 
EdU-positive cells were identified with a fixed threshold of the average fluorescence intensi-
ty in the nucleus over the immediate background in a ring around the nucleus. 

Western Blot and RT-PCR

For Western Blot, equal numbers of cells were lysed in Laemmli sample buffer, protein sep-
arated by sds-page and transferred to a nitrocellulose membrane (Whatman), stained with 
the indicated antibodies and visualized by chemiluminescence (GE Healthcare). For RT-
PCR, we collected RNA using an RNeasy mini kit (Qiagen), reverse transcribed into cDNA 
with Superscript II reverse transcriptase (Invitrogen) and oligo-(dT) primers according to 
manufacturer’s instructions. Primers for PCR were 5’–TTTCTCTCGGCTCCCCATGT-3’ 
and 5’-GCTGTATATTCAGCATTGTGGG-3’ for p21 transcript and 5’-AATGTCACGCAC-
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B1-YFP levels were detected with an Olympus U-Plan S-Apo 20× (NA 0.75), a C/YFP/mCher-
ry polychroic mirror and YFP emission filters at 15-minute intervals on the same system. 
YFP levels were determined as mean fluorescence intensity of a fixed area encompassing the 
entire cell over time. We examined >20 cells per condition per experiment.
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Figure 2S1 | G1 recovery in BJ-hTert fibroblasts. (A) Experimental setup of experiment. (B) Detection of EdU-in-
corporation of BJ-hTert fibroblasts treated as in (A). Nuclear outlines were generated from DAPI counterstains. 
Scale bar = 75 μm. (C) Quantification of (B). Error bars indicate s.d. (n = 2). (D) BJ-hTert fibroblasts treated as in 
(A) were collected 8 h after irradiation and protein lysates were used for Western Blot. (E) Examples of observed 
phenotypes in BJ-hTert fucci cells. (F) S-phase entry of the G1 population of BJ-hTert fucci cells after 2 Gy γ-irra-
diation. >50 cells were followed per experiment (n = 2). (G) Mitotic entry of the G2 population of BJ-hTert fucci 
cells after 2 Gy γ-irradiation. >50 cells were followed per experiment (n = 3).
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control wells. (C) Recovery of G1-synchronized RPE cells transfected with single siRNAs from pools identified in 
Figure 3A. Red and green squares indicate whether the ratio of unperturbed/recovery satisfies the screen’s criteri-
on. (D) Recovery of G1-synchronized RPE cells depleted of various PP4 subunits. (E) Individual siRNAs targeting 
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was assessed by Western blot. Dotted line indicates the mean level of recovery in cells transfected with control 
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Introduction
Proliferating cells respond to genotoxic stress by activating a conserved DNA damage re-
sponse pathway that blocks cell cycle progression (checkpoint) and facilitates DNA repair. 
Activation of ATM/Chk2, ATR/Chk1 and p38/MK2 kinases converges on the tumor suppres-
sor p53 that plays a central role in regulating cell fate decisions in response to genotoxic 
stress (Jackson and Bartek, 2009; Medema and Macurek, 2012). In general, genotoxic stress 
induces stabilization, oligomerization and binding of p53 to promoters causing a wide-
spread modulation of gene expression (Vogelstein et al., 2000). Whereas high doses of DNA 
damage (such as therapeutic irradiation or radiomimetic drugs) lead to p53-induced pro-
grammed cell death or permanent withdrawal from the cell cycle (senescence), more mod-
erate 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 checkpoint (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., 1997a). Wip1 
has been implicated in dephosphorylation of multiple DDR components including ATM, 
Chk1/2, γH2AX and p53 all contributing to timely inactivation of DDR after DNA repair (re-
viewed in (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., 2009a). 

Recent work has identified oncogene-induced replication stress and DNA breakage that 
trigger the DDR as an intrinsic barrier against progression of early pre-invasive stages of 
solid tumors to malignant lesions (Bartkova et al., 2005; Bartkova et al., 2006; Di Micco et 
al., 2006; Gorgoulis et al., 2005; Halazonetis et al., 2008). According to this model, cells that 
accumulate mutations circumventing the checkpoint barrier have a selective advantage 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 response 
to genotoxic stress, leads to genomic instability and is found in about half of  human tum-
ors (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, amplifica-
tion of the 17q23 locus carrying the PPM1D gene has been reported in various p53-wild-type 
tumors pointing towards a role of Wip1 in cancer development, and Wip1 overexpression is 
associated with poor prognosis (Bulavin et al., 2002b; Bulavin et al., 2004; Castellino et al., 
2008a; Li et al., 2002; Liang et al., 2012; Rauta et al., 2006a; Saito-Ohara et al., 2003). The on-
cogenic behavior of Wip1 is further supported by mouse genetics showing that loss of Wip1 
protects from cancer development (Bulavin et al., 2004; Nannenga et al., 2006). However, 
point mutations that affect Wip1 function have not been reported. Here we have identified 
novel truncating mutations of Wip1 that show a gain-of-function effect and impair p53-de-
pendent responses to genotoxic stress. Strikingly, mutations in PPM1D gene were found also 

The DNA damage response pathway and its core component tumor suppres-

sor p53 block cell cycle progression following genotoxic stress and represent an 

intrinsic barrier preventing cancer development. The serine/threonine phosphatase 

PPM1D/Wip1 inactivates p53 and promotes termination of the DNA damage response 

pathway. Wip1 has been suggested to act as an oncogene in a subset of tumors that re-

tain wild-type p53. Here 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 germ-line. We show that mutations in PPM1D affect the DNA damage 

response pathway and propose that they could predispose to cancer.
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only the slower-migrating band (Figure 3.1A and 3S1A). In addition, both bands were deplet-
ed by three independent Wip1 siRNAs, indicating that the two protein bands correspond to 
various forms of Wip1 (Figure 3S1B). Consistent with this, sequencing of genomic DNA re-
vealed heterozygous 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) 
(Figure 3.1C). Expression of both the full-length and truncated version of Wip1 in U2OS and 
HCT116 cells was further confirmed by immunopurification of Wip1 and subsequent MS 
analysis (Figure 3S1C and 3S1D). Importantly, epitope-tagged versions of truncated Wip1 
proteins expressed from plasmid DNA showed electrophoretic mobility that closely resem-
bled that of the aberrant endogenous Wip1 proteins (Figure 3S1E). 

To understand if truncation of Wip1 affects its function in the DDR, we asked if the 
respective truncation mutants were capable of suppressing formation of ionizing radia-
tion-induced foci (irif) as has been described for full-length Wip1 (Macurek et al., 2010a). 
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 (Figure 3.2A). As expected, overexpression of full-length Wip1 resulted 
in a reduction in irif formation, as determined by the number of 53BP1 foci induced after 
irradiation (Figure 3.2B). Similarly, overexpression of Wip1-L450X and Wip1-R458X (but not 
phosphatase dead Wip1-D314A) also caused a dramatic reduction in irif formation sug-
gesting that the mutants retain normal phosphatase activity that opposes irif assembly 
(Figure 3.2B). In addition, expression of FL-Wip1, Wip1-L450X and Wip1-R458X significantly 
decreased levels of radiation-induced phosphorylation of histone H2AX (γH2AX) and pS-
er15-p53 (both established markers of DDR and substrates of Wip1 (Lu et al., 2005a; Ma-
curek et al., 2010a)) suggesting that all tested Wip1 proteins are capable of silencing the 
DDR (Figure 3.2C). Wip1 is a monomeric phosphatase and since all identified truncating 
mutations reside in the C-terminal region of Wip1 leaving the N-terminal catalytic domain 
intact, we hypothesized that the truncation mutants retain phosphatase activity. Indeed, 
immunopurified FL-Wip1, Wip1-L450X and Wip1-R458X showed comparable phosphatase 
activity in vitro and therefore it is unlikely that mutation of PPM1D leads to production of a 
hyperactive Wip1 (Figure 3.2D).

Since mutations in oncogenes are expected to cause a gain-of-function effect we won-
dered whether the C-terminal region coded by exon 6 reduces the stability of Wip1. Con-
sistent with this notion, we found that both U2OS and HCT116 cells expressed about 10-20 
fold more of the truncated Wip1 compared to the full-length Wip1 (Figure 3.2E). 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 
(Figure 3S1F). Indeed, the full-length Wip1 disappeared rapidly after treatment of cells with 
cycloheximide (half-life 1-2 h) whereas both truncated mutants exhibited enhanced stabil-
ity (half-life > 6 h) (Figure 3.3A and 3.3B). In addition, treatment with the proteasomal in-
hibitor MG-132 reversed the effect of the cycloheximide on destabilization of the full-length 

in breast and colorectal cancer patients suggesting that such truncating mutations of Wip1 
may predispose to a wider range of cancer types.

Results & Discussion
Since 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., 2002b; Rauta et al., 2006a). 
Predictably, we could confirm high expression of Wip1 in MCF7 cells that are known to carry 
an extensive amplification of the PPM1D locus (Pärssinen et al., 2008) (Figure 3.1A). All oth-
er tested cell lines expressed substantially lower amounts of full-length 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 (Figure 3.1A and 3.1B). 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 

Figure 3.1 | PPM1D gene is mutated in selected cancer cell lines. (A) Whole-cell lysates from indicated cell 
lines were probed with anti-Wip1 (Bethyl), anti-Wip1 (Santa Cruz, SC) and anti-14-3-3 (loading control) antibod-
ies. Note the additional Wip1-reactive band around 60 kDa 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 gene bank reference sequence NT_010783.15. Mutations are indicated 
by arrowheads and underlined. Wild-type PPM1D (WT), mutated PPM1D (Mut), nucleotide sequence (c.) and 
Wip1 peptide sequence (p.).
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in response to IR and preferentially arrest in the G2 checkpoint that remains intact (Figure 
3S2A and 3S2B). 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 activity, 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 (Figure 
3.4A and 3S2C). Moreover, this arrest was fully dependent on p53 since co-depletion of Wip1 
and p53 or depletion of Wip1 in p53-negative cell lines SW480, DLD1 and HT29 did not re-
store any G1 checkpoint function (Figure 3.4A and data not shown). In addition, depletion of 
the truncated Wip1 (but not of the full-length Wip1) by isoform-specific RNAi was sufficient 

Wip1 (Figure 3.3C). This suggests that the C-terminal domain of Wip1 somehow renders the 
full-length protein unstable and that its turnover is regulated by the proteasome. To further 
corroborate this notion, we fused the C-terminal non-catalytic part of Wip1 (a.a. 380-605) to 
GFP and analyzed its effect on protein stability. Similar to what we observed for full-length 
Wip1, we found that the GFP-fusion containing the C-terminal tail of Wip1 was less stable 
than GFP itself (Figure 3.3D). 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.

Despite the fact that U2OS and HCT116 contain wild-type p53, they fail to arrest in G1 
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a synthetic phosphopeptide corresponding to pSer15-p53 (lower panel) and the precipitated material was probed 
with anti-Wip1 antibody as a control of equal loading (upper panel). Error bars indicate s.d. (n = 4) (E) Quantifi-
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Figure 3.3 | Truncated Wip1 mutants show increased protein stability. (A) HCT116 and U2OS cells were treat-
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to rescue the G1 arrest in irradiated U2OS cells thus further supporting the conclusion that 
expression of the truncated variant of Wip1 abrogates the G1 checkpoint (Figure 3.4B). As an 
alternative approach, we followed the progression from G1 to S phase by time-lapse analysis 
of living HCT116 cells expressing fluorescent markers to monitor cell cycle progression (Fig-
ure 3.4C). HCT116 cells treated with control siRNA were delayed in G1 following irradiation 
(Figure 3.4C), consistent with previous observations that degradation of Cdc25A and Cyclin 
D1 can delay S phase entry in a p53-independent manner (Agami and Bernards, 2000; Mai-
land et al., 2000b). However, the majority of control cells eventually entered S phase (Figure 
3.4C). In contrast, HCT116 cells depleted of Wip1 mounted a lasting G1 checkpoint arrest 
(Figure 3.4C). In accordance with restoration of p53 function upon depletion of Wip1, we 
observed increased levels of p21 after exposure to IR in U2OS and HCT116 cells treated with 
Wip1 RNAi (Figure 3.4D and 3.4E). 

We conclude that cells with mutations that enhance Wip1 protein stability are unable 
to engage p53 function, fail to arrest in G1 following 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 truncat-
ed Wip1 may also directly cause accumulation of mutations through the described negative 
role of Wip1 in regulation of nucleotide excision repair (Nguyen et al., 2010). All these mech-
anisms may contribute to the elimination of the intrinsic DDR-mediated barrier against 
tumor development in cells carrying gain-of-function mutations of Wip1.

Finally, we wished to address the clinical relevance of the identified Wip1 mutations. 
We therefore performed mutational analysis of the PPM1D gene in a panel of unselected 
colorectal 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 to no such mutations present in non-cancer con-
trol samples (n = 450) (Figure 3.5A; Table 3S1). 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 present in cancer 
patients confirmed that these truncations retain the enzymatic activity as well as the ability 
to bind to chromatin (Figure 3.5B, 3.5C and data not shown). In addition, we analyzed pro-
tein levels of Wip1 in leukocytes in one of the mutant carriers and found that the truncated 

Figure 3.4 | 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, irra-
diated or not with 4 Gy and grown for a further 16 h. Cells were analyzed by immunoblotting (upper panel), or 
by flow cytometry (lower panel) to determine the fraction of G1 cells (2N, BrdU-negative). (B) U2OS cells were 
transfected by siRNA targeting various isoforms of Wip1, irradiated and probed with indicated antibodies (left 
panel) or analyzed by cytometry (right panel). Fraction of BrdU-negative 2N cells corresponds to cells arrested in 
G1. (C) fucci-expressing HCT116 cells were transfected with Wip1 or Luc siRNA, irradiated (4 Gy) and followed by 
live-cell imaging. Cumulative progression into S phase was determined based on the loss of fucci-G1 Orange and 

appearance of fucci-S/G2/M Green (left panel). Numbers of analyzed cells are indicated in brackets. Representa-
tive images of four individual cells transfected with Wip1 or Luciferase siRNA are shown; scale bars 10 μm. (right 
panel).  (D) RPE, U2OS and HCT116 cells were transfected with Wip1 or Luciferase siRNA and grown for 48 h prior 
irradiation (5 Gy). Cells were fixed 4 h after IR and probed for total p53 and p21. Scale bars 50 μm.  (E) U2OS cells 
were treated as in D, collected 6 h after IR and probed with the indicated antibodies.

figure 3.4 legend continued...
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Wip1 is expressed at much higher level than the full-length Wip1 thus phenocopying the sit-
uation in tumor cell lines (Figure 3.5D). Finally, we analyzed a non-cancer mammary tissue 
and tumor tissue from one mutation carrier and identified a heterozygous mutation in the 
tumor tissue (Figure 3.5E).

Remarkably, all truncating mutations identified in the PPM1D gene in patients and can-
cer cell lines were heterozygous gain-of-function mutations, which is consistent with the 
role of Wip1 as an oncogene. Of note, alterations in cancer patients were identified in pe-
ripheral blood samples excluding the possibility that these mutations arise in the develop-
ing tumor simply as a consequence of genetic instability. The targeting to a discrete hot-spot 
region in the exon 6 of the PPM1D oncogene; their gain-of-function character proven by 
in vitro experiments; the variable onset of cancer in affected individuals and the versatile 
spectrum of cancer types appearing in mutation carriers and cancer cell lines all indicate 
that mutations in PPM1D may represent an unusual and novel genetic risk factor of general 
cancer predisposition not associated with a single specific cancer type.

Although the majority of hereditary cancers is caused by mutations in tumor suppres-
sor genes, germ-line mutations in oncogenes are not unprecedented (Knudson, 2002). For 
example, germ-line mutations of oncogenic tyrosine kinases RET, MET and KIT are linked 
with medullary thyroid carcinoma, hereditary papillary renal carcinoma and hereditary gas-
trointestinal stromal tumor syndrome, respectively (Mulligan et al., 1993; Nishida et al., 
1998; Schmidt et al., 1997). Whereas tumor development is substantially boosted by inacti-
vation of the second allele of the tumor suppressor genes, mono allelic gain-of-function mu-
tations are usually sufficient to activate oncogenes (Vogelstein and Kinzler, 2004). In agree-
ment with this, identified mutations of PPM1D in the tumor cell lines were heterozygous 
and both wild-type and truncated PPM1D alleles were expressed. 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 through-
out 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 cancer was recently documented by an extensive case-control study (Ruark et al., 
2013b). 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 suitable 
candidate for pharmacological intervention in cancer patients carrying PPM1D mutations.
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Figure 3.5 | Truncation mutations of Wip1 are present in cancer patients. (A) Chromatograms of four trun-
cating mutations identified by screening of the PPM1D gene in cancer patients. Mutations are indicated by ar-
rowheads and underlined. Wild-type PPM1D (WT), mutated PPM1D (Mut), nucleotide sequence (c.) and Wip1 
peptide sequence (p.). (B) Cells expressing egfp-Wip1-FL, -R458X, -L484X, -F534X, or -K535X mutants were ir-
radiated and the number of 53BP1 foci was analyzed as in Figure 2B. (C) Flag-Wip1-FL, -R458X, -L484X, -F534X, 
or -K535X mutants were immunoprecipitated and phosphatase activity was determined as in Fig. 3.2D. (C) Wip1 
expression in leukocytes from healthy control or #brca1855 patient was analyzed by immunoblotting. Asterisk 
indicates cross-reacting band in the blood sample. Note increased expression level of the truncated Wip1 in 
leukocytes from cancer patient. (D) Mutation of PPM1D was analyzed in micro-dissected mammary non-cancer 
tissue and in cancer tissue from #brca1855 patient.
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Precision). Automated image acquisition was done using Olympus Scan^R high-content 
screening station (Olympus IX81 and ORCA-285 CCD camera) equipped with a 40×/1.3 
objective (Olympus RMS40×-PFO). Nuclei were identified based on the DAPI signal and 
the average number of 53BP1 foci was determined using a spot detection module. At least 
1000 nuclei were counted per condition in three independent experiments. Cells transiently 
transfected with full-length or mutant egfp-Wip1 were gated according to the egfp sig-
nal and neighboring egfp-negative cells were used as controls. 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 and movies were acquired using DeltaVision sys-
tem equipped with an Olympus 10×/0.40 U-Plan S-Apo objective,  CoolSNAP_HQ2 camera, 
Quad-mCherry polychroic filter and mCherry/GFP emission filter sets. Nuclei negative for 
geminin-mAG1 (corresponding to G1) directly after irradiation were followed until the ap-
pearance 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 followed by sonication (3×10 s) and spinning down 
(20,000·g, 10 min). Polyclonal anti-Wip1 (H300, 2 μg/reaction) antibody was incubated with 
30 μL protein A/G Ultra link resin (Thermo 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 poly-
clonal anti-Wip1 (Bethyl) and monoclonal anti-Wip1 (Santa Cruz). Alternatively, the gel was 
stained by CBB and immunoprecipitated bands were subjected to MS analysis. Normalized 
cell extracts from cells expressing full-length or truncated flag-Wip1 were incubated with 
M2 agarose (Sigma). 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, 50 mM MgCl2) supplemented 
with VEPPLpSQETFS synthetic phosphopeptide (100 μM; Genscript). Release of phosphate 
was measured after incubation at 30°C for 20 min using Biomol Green reagent (Enzo) and 
was described previously (Macurek et al., 2010a). Finally, beads containing all immuno-pre-
cipitated material were separated by sds-page and probed for Wip1.

Subcellular fractionation

Soluble and chromatin fractions were prepared as described (Macurek et al., 2010a). Briefly, 
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 
1500·g for 2 min. Soluble nuclear fraction was obtained 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, 1 mM DTT) 
and spinning down at 2000·g for 2 min. Both soluble fractions were mixed (1:1). Insoluble 
chromatin was washed with buffer B and finally resuspended in SDS sample buffer.

Materials and Methods

Antibodies 

Rabbit anti-Wip1 (H300), mouse anti-Wip1 (F-10), anti-p53 (DO1), anti-p21 (C19) and an-
ti-53BP1 (Santa Cruz Biotechnology); anti-PPM1D (A300-664A, Bethyl Laboratories); an-
ti-pSer15p53, anti-p53 and anti-pSer139-H2AX (Cell Signaling Technology); anti-α-tubulin 
and anti-flag (Sigma-Aldrich); anti-BrdU (clone BU1/75; Abcam); AlexaFluor-conjugated 
secondary antibodies (Life Technologies).

Plasmids 

DNA fragments coding for flag-tagged human full-length or truncated (R458X, L450X, and 
F534X) Wip1 were generated by PCR and subcloned into BamHI/XbaI sites of pcDNA4/TO 
plasmid. Alternatively, coding sequence for egfp was inserted in HindIII site of pcDNA4/TO 
and full-length or truncated Wip1 was cloned in frame into BamHI/XbaI sites. 

Cell culture

Human U2OS, HCT116 and LoVo, MCF7, HeLa, SH-SY5Y and PC3 or non-tumor diploid 
RPE (retinal pigment epithelium) cells were grown in Dulbecco’s modified Eagle’s medium 
(dmem, Gibco) supplemented with 10% FCS, L-glutamine (2 mM), penicillin (100 U/mL), 
and streptomycin (100 μg/mL). Tet-repressor expressing U2OS-TR cells were grown in me-
dia containing Tet system approved FCS and protein expression was induced by tetracycline. 
Stable cell line expressing fucci (fluorescent, ubiquitination-based cell cycle indicator) 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., 2008a) 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-tar-
getplus siRNAs targeting Wip1 (GGCCAAGGGUGAAUUCUAA, CGAAAUGGCUUAAGUC-
GAA and AGUAACGUCCUCCAUGUAC) and control siRNAs (Dharmacon) were transfected 
(5-10 nM) using RNAiMAX (Invitrogen). Alternatively, isoform-specific siRNAs targeting 
the FL-Wip1 (AUAGCUCGAGAGAAUGUCC) or the 458X-Wip1 (AUAGCUUGAGAGAAU-
GUCC) were used.

Immunofluorescence and microscopic analysis

Cells cultured on glass cover slips were left untreated or exposed to ionizing radiation (dose 
3-5 Gy as indicated) and fixed at indicated times by 4% formaldehyde 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 in RT. After washing, 
coverslips were incubated with AlexaFluor-conjugated secondary antibodies and mount-
ed using Vectashield reagent (Vector Laboratories) supplemented with DAPI (1 μg/mL). 
Imaging was performed on DeltaVision Imaging System using NA 1.4 objectives (Applied 
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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 colorec-
tal cancer patients (n = 304), and non-cancer controls (n = 450) as described previously 
(Kleibl et al., 2009; Kleibl et al., 2008; Ticha et al., 2010). Caucasian patients and controls 
of the Czech origin gave written informed consent approved by local ethics committees. 
Altered DNA sequences were identified by subjecting PCR amplicons corresponding to the 
exons 2-6 to a high-resolution melting analysis (Roche) and samples with aberrant melting 
profile were bi-directionally sequenced using ABI3130 Genetic Analyzer (Life Technologies; 
primers available upon request). Direct sequencing analysis was performed for the analysis 
of the exon 1. All identified PPM1D alterations were reconfirmed by sequencing from an 
independent PCR amplification. The same method was used for the analysis of DNAs iso-
lated from human tumor cell lines. Mutation analysis of amplicon covering exon 6 only was 
performed in the validation set of another 398 high-risk, BRCA1/2-negative breast cancer 
patients. Mutation analysis in the formalin-fixed paraffin-embedded breast cancer speci-
men from #brca1855 patient was performed by sequencing following PCR amplification of 
exon 6 from DNA isolated from micro-dissected cancer and non-cancer tissue by DNeasy 
Blood & Tissue Kit (Qiagen). 
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Flow cytometry analysis

Asynchronous cells were transfected with indicated siRNAs (20 nM) and cultured for 48 
hours before γ-irradiation. To allow determination of cell cycle progression cells were grown 
further for 16 hours in the presence of BrdU (10 μM) and STLC (10 μM). Cells were col-
lected by trypsinization and either lysed in SDS sample buffer for Western Blot or fixed in 
ice-cold ethanol for flow cytometry. After incubation in 2 M hydrochloric acid and 0.1% 
Triton-X100 cells were stained with anti-BrdU (replication marker) and anti-mpm2 (mitotic 
marker) followed by incubation with AlexaFluor-coupled secondary antibodies. DNA was 
stained with propidium iodide. Flow cytometry was performed on a FACSCalibur cytometer 
and single cells were analyzed with CellQuest software (BD Biosciences). 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 time of IR and remained arrested in the G1 check-
point (2 N DNA content, BrdU−mpm2−), cells that were in G1/S and progressed to G2 (4 N 
DNA content, BrdU+mpm2−), cells that were in G1/S and progressed to mitosis (4 N DNA 
content, BrdU+mpm2+), cells that were in G2 and remained arrested in the G2 checkpoint 
(4 N DNA content, BrdU−mpm2−) and cells that were in G2 and progressed to mitosis or 
were in mitosis at the start of the experiment (4 N DNA content, BrdU−, mpm2+). The 4 N 
BrdU-negative populations were used to exclude differences in cell cycle distribution at the 
moment of irradiation. 2 N BrdU− populations were used for quantification of cells remain-
ing in G1. Alternatively, cells were pulsed with BrdU (15 min, 10 μM) prior to 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 indicated times with cycloheximide (50 μg/mL) were lyzed, equal amounts 
of protein were separated on 4-12% nupage Bis-Tris precast gels (Life Technologies) and 
probed with indicated antibodies. Where indicated, cells were treated with DMSO or MG-
132 (5 μg/mL). Unsaturated films were scanned at 600 dpi as 16-bit grayscale tiff formatted 
images. The densitometry analysis was done using ImageJ software. No image adjustments 
were made prior to the analysis. Signal intensities were normalized to the loading control 
from the same gel.

Mass spectrometry

Wip1 was immunoprecipitated from U2OS or HeLa cells using monoclonal anti-Wip1 anti-
body (Santa Cruz; 2 μg/reaction) immobilized on protein A/G Ultra link resin (Thermo Sci-
entific). Samples were separated by sds-page and stained by Gel Code protein stain (Ther-
mo Scientific). 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 soft-
ware (Bruker Daltonics).
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Supplemental Figure 3S2. (A) Asynchronous cells were irradiated as indicated, cultured further for 16 h in the 
presence of BrdU (10 μM) and stained with propidium iodide. Population of 2N, BrdU-negative cells (G1 cells) was 
quantified by flow cytometry (red numbers). (B) Cells were pulsed with BrdU (10 μM, 15 min), irradiated as indi-
cated and after fixation at 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 experi-
ment shown in Fig. 3.4B. U2OS cells transfected by siRNA targeting Luciferase or Wip1 were treated with BrdU and 
STLC, irradiated or not 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).

Supplemental Figure 3S1. (A) Epitope mapping of anti-Wip1 antibodies using bacterially expressed and 
purified FL or truncated His-Wip1. Note that the anti-Wip1 (SC) recognizes an epitope between amino acid 
residues 380-410 of Wip1 and stains both truncated mutants of Wip1 (L450X and R458X) whereas anti-Wip1 
(Bethyl) directed against residues 500-550 recognizes only full-length Wip1. (B) U2OS or HCT116 cells were 
transfected by indicated siRNAs and total cell lysates were probed for Wip1. (C) Wip1 was immunoprecipi-
tated from U2OS cells by rabbit anti-Wip1 (SC) and probed by anti-Wip1 (Bethyl) and mouse anti-Wip1 (SC). 
(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 full length 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 
to endogenous Wip1 signal in U2OS, HCT116 and MCF7 cells. (F) Total cellular RNA was isolated from U2OS 
and HCT116 cells, converted to cDNA by reverse transcription and exon 6 was sequenced. Chromatograms 
of the affected regions are shown. Mutations are indicated by arrowheads. Wild-type Wip1 (WT), mutated 
Wip1 (Mut), nucleotide sequence (c.) and peptide sequence (p.). Note that both wild-type and mutated 
alleles are expressed.
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Table 3S1. 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 = 330 a n = 398 b n = 304 a n = 450 a

Truncating variants
e6 c.1372C>T c p.R458X – 0 0 1 e 0
e6 c.1451T>G d p.L484X – 0 1 f 0 0
e6 c.1601_1615del p.F534X – 1 g 0 0 0
e6 c.1602dupT p.K535X – 0 0 1 h 0
Missense variants
e1 c.29G>A p.S10N – 0 ND 0 1
e1 c.131C>G d 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>G d 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>A d p.E30 rs16944543 1 ND 0 2
e1 c.234T>A d p.P78 – 0 ND 1 0
e1 c.456C>T d 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
3‘ UTR c.*37A>G unknown rs191317670 3 1 0 0
3‘ UTR c.*44dupA unknown – 1 1 0 7

Numbering of the nucleotide sequence is based on the NCBI GenBank reference sequence NT_010783.1 5 (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 di�erentiated 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 su�ered from breast cancer (57 yr); mother’s mother su�ered very 
probably from breast cancer (died at 85 yr, only anamnestic data); patient’s brother su�ered 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 su�ered from ce rvical cancer (64 yr) and hematological malignancy 
(72 yr); mother’s sister su�ered 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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Introduction
The epithelium of the intestine is the fastest proliferating tissue of the body, where cell di-
vision of stem and progenitor cells in the crypts of Lieberkühn replenishes the entire intes-
tinal lining every 3-5 days. As a highly proliferative tissue, the small intestine is sensitive to 
DNA-damaging agents and the application of chemotherapy or abdominal radiotherapy is 
often limited by gut toxicity. Structures of damaged DNA activate the related kinases ataxia 
telangiectasia-mutated (ATM) and ataxia telangiectasia- and rad3-related (ATR) (Sancar et 
al., 2004). ATM or ATR then phosphorylate several proteins surrounding the lesion to medi-
ate DNA repair, including histone H2AX on serine-139 (S140 in mouse; (Stucki and Jackson, 
2006), and install checkpoint arrests in the G1 and G2 phases of the cell cycle. The tumor 
suppressor and transcription factor p53 is a key effector of the checkpoint and is phosphor-
ylated by ATM and ATR to allow its accumulation (Sperka et al., 2012). During recovery, re-
versal of these checkpoint arrests requires the dephosphorylation of checkpoint substrates, 
which is mediated by the oncogenic wild-type p53-induced phosphatase 1 (Wip1). DNA 
damage induces Wip1 expression, both on the transcriptional level by p53 and on the protein 
level by HIPK2-mediated phosphorylation downstream of ATM (Choi et al., 2013; Fiscella 
et al., 1997b). Accumulated Wip1 subsequently promotes checkpoint silencing and cellular 
recovery from DNA damage by counteracting ATM- and ATR-dependent phosphorylations 
on DNA damage signaling components, including ATM itself, p53 pS15 and H2AX pS139 (Lu 
et al., 2005c; Macurek et al., 2010b). Consequently, after knockdown or inhibition of Wip1 
in cancer cell lines the DNA damage-induced arrest in G2 becomes irreversible (Lindqvist 
et al., 2009b; Lu et al., 2005b). Similar, though milder, effects of Wip1 depletion are seen in 
G2-arrested non-transformed cell lines (Shaltiel et al., 2014). Interestingly, recovery from a 
DNA damage-induced arrest in G1 in these cell lines does not require Wip1.

The small intestinal epithelium has a well-defined organization that allows us to assess 
cell fates of checkpoint-arrested cells as the tissue recovers. At the bottom of the crypts, 
several of the ~14 crypt base columnal (CBC) multipotent stem cells divide every day un-
der steady-state conditions, feeding a population of transit-amplifying progenitor cells that 
complete 4-5 12-hour cell division cycles before differentiating into absorptive cells (~80%), 
or one of the endocrine cell fates (Clevers, 2013). Differentiation towards absorptive or en-
teroendocrine cell fates is governed by Delta-Notch lateral inhibition in early descendants of 
the stem cells resulting in secretory progenitors that produce the mucus-producing goblet 
cells, hormone-secreting enteroendocrine and antimicrobial-secreting Paneth cells (van Es 
et al., 2012). While absorptive, goblet and enterendocrine cells all migrate upward to the 
villus tips where they are eventually shed after 2-5 days, Paneth cells progressively move 
downward to the crypt bottom as they mature and persist for up to two months (Clevers and 
Bevins, 2013). 

Exposure to radiation alters this pattern of proliferation. DNA damage prompts an imme-
diate block of mitotic entry and a more delayed, p53-dependent block of DNA replication 
lasting several hours depending on the dose (Chwalinski and Potten, 1986; Wilson et al., 

The small intestine is one of the tissues most sensitive to radiation-induced 

DNA damage. DNA damage checkpoints in G1 and G2 temporarily block cell 

cycle progression and must be reversed to allow recovery of the epithelium. We have 

used a combination of thymidine analogs to trace the fates of cells irradiated either 

before or after the onset of DNA replication. We find that radiation-induced apop-

tosis is most prominent in the S/G2 phase cells at the crypt bottom. However, both 

cells recovering from a G1 or a G2 arrest give rise to fully functional progeny that can 

replenish progenitor and stem cell compartments. The recovering epithelium con-

sists in equal parts of descendants from cells irradiated in G0/G1 and cells irradiated 

in S/G2 phase and both also produce differentiated cells of the endocrine lineage. 

Within the recovered stem cell niche, we find back the same number of crypt base 

columnar cells derived from cells irradiated in S/G2 as in non-irradiated mice. We 

further compared responses of mice deficient for wild-type p53-induced phosphatase 

1 (Wip1), which is a key regulator of checkpoint silencing during recovery from a DNA 

damage-induced arrest. While crypt organoid outgrowth of Wip1-knockout animals 

was impaired and established organoids exhibited increased sensitivity to irradia-

tion, intestines of Wip1-deficient animals showed surprisingly normal responses to 

irradiation.
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1998). Between 3-6 h after exposure, apoptosis occurs at the lower positions in the crypt, 
which critically depends on p53 and its transcriptional target PUMA (Clarke et al., 1994; 
Merritt et al., 1994; Qiu et al., 2008). 

Recovery of the intestinal epithelium must involve checkpoint reversal and resumed pro-
liferation of the surviving cells. It is unclear how the reversal of checkpoint arrests in G1 and 
G2 contribute to recovery of the epithelium after irradiation. Here, we determined cell cycle 
progression and the potential fates of cells that recover from a DNA damage-induced arrest 
in either G1 or G2 and how this is affected by Wip1 deletion.

Results

Irradiated S/G2 enterocytes arrest in late G2

In response to DNA damage caused by ionizing radiation, proliferative cells of the intestine 
arrest at DNA damage checkpoints either before initiation of DNA replication in G1 or in G2, 
before mitotic chromosome segregation (Lesher and Lesher, 1970). The cell cycle in the small 
intestine is well characterized, lasting 13.4 h on average, of which ~7.5 h are spent in S-phase 
and ~2.5 h in G2 (Schultze, 1981). To discriminate responses of cells that were in S-phase or 
G2 at the moment of irradiation from the quiescent (G0) and G1-phase cell populations in 
the small intestine, we injected mice intraperitoneally with a bolus of 5-ethynyl-2’-deoxyuri-
dine (EdU), which is incorporated into nascent DNA of replicating cells. We confirmed that 
the availability of EdU declines to non-detectible levels within four hours (Figure 4S1) and 
allowed two hours for non-labeled G2 cells to progress to mitosis before irradiation, such 
that most S- and G2-phase cells were EdU-positive, while G0/G1 cells remained label-free 
(Figure 4.1A). To assess responses to DNA damage, we subsequently exposed mice to a 3 Gy-
dose of whole body irradiation from an X-ray source and collected tissues four hours later. 

We were distinctly interested in recovery processes after DNA damage-induced check-
point activation. The DNA damage checkpoint in G2 prevents progression to mitosis. To 
confirm the establishment of a proper checkpoint response, we first assessed the occur-
rence of mitotic cells in the crypt by fluorescence staining for S10-phosphorylated histone 
H3 (pH3), a mitotic marker. Pro-, meta- and anaphase mitotic cells were readily identified 
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Figure 4.1 | Irradiated S/G2 enterocytes arrest in late G2. A) Schematic overview of the experiment. EdU is 
incorporated into the nascent DNA of replicating cells in S-phase. Over time the EdU-labeled population pro-
gresses further through the cell cycle. The time of irradiation was chosen such that the EdU-pulsed population 
is in S-phase or G2. B) Examples of histone H3 phosphoserine-10 (pH3) staining in the mouse intestine identi-
fying cells in late G2 and all phases of mitosis. C) Examples of intestines from mice treated as in (A), stained for 
pH3. D) Intestines from mice treated as in (A) were stained for EdU, Cyclin B1 and pH3. Single Z-plane confocal 
images are shown. 20×20 μm grayscale images show a higher magnification from an irradiated Wip1−/− animal, 
exhibiting complete overlap of pH3 speckles, high cytoplasmic Cyclin B1 and EdU. E) Example maximum intensity 
projections of small intestines from mice treated as in (A), stained for EdU and pH3. F) The number of EdU- and 
pH3-labeled cells per crypt cross section was quantified and presented as stacked column, in which the total col-
umn depicts the total EdU-positive population. Mitotic pan-nuclear or late G2 speckled pH3 staining was scored 
separately. Error bars represent the s.d. of all crypts measured from three animals per condition. Scale bar = 20 μm.



72 73

4 4

Recovery from
 D

N
A

 dam
age in the sm

all intestine

fate after DNA damage for S/G2 phase cells at the crypt bottoms.

Cells irradiated in G0/G1 or S/G2 contribute equally to recovery of the intestinal lining

Having established that EdU-pulsed cells have engaged a DNA damage checkpoint arrest, 
we next addressed how the surviving cells contributed to recovery. To gain further insight 
into the relative contributions to recovery of cells that were in G0/G1 or S/G2 at the moment 
of irradiation, we again applied EdU pulse-labeling two hours before irradiation, but now 
chased with BrdU starting twelve hours after the initial EdU pulse up to 48 h after irradia-
tion. As such, cells that received the radiation dose in S/G2 are marked with EdU and sub-
sequent proliferative cycles are co-marked by BrdU. Cells that received the radiation dose in 
G0/G1, in turn, either remain label-negative or have replicated and are now uniquely labeled 
with BrdU (Figure 4.3A). EdU and BrdU were readily detected with minimal cross-reactivity 
(Figure 4.3B). In non-irradiated mice the average cell cycle of transit amplifying cells is 13.4 
h (Al-Dewachi et al., 1979; Schultze, 1981; Tsubouchi, 1983), allowing up to four mitotic di-
visions throughout the experiment. Consistently, the dimmest EdU-positive cells contained 
16-fold (24) lower levels of EdU fluorescence than the undiluted EdU+BrdU− population 
(Figure 4S2), confirming that we can detect all progeny of the original S/G2 cells.

As a general measure of recovery of the intestinal epithelium, we followed the migration 
of the EdU-pulsed cells from the crypt to the villus. 50 h after the pulse, EdU-positive cells 
were detected outside of the proliferative compartment up to 260 μm from the crypt base 
with a mean of 170 μm (Figure 4.3C and 4.3D), translating into a migration velocity of ~3 
μm/hour. In 3 Gy-irradiated mice the frontier of EdU-positive cells was relatively similar to 

in the crypt lumen of non-irradiated mice and showed complete overlap of pH3, EdU and 
DNA (DAPI) signals (Figure 4.1B, 4.1C and 4.1E). In intestines from irradiated mice, however, 
EdU-positive mitotic figures were completely absent, indicating an engaged G2 checkpoint 
arrest (Figure 4.1C).

In addition, a fraction of cells was detected with speckled patterns of nuclear pH3 signal. 
These cells were generally EdU-positive and likely represent late G2 cells in which pericen-
tromeric chromatin starts to become phosphorylated (Hendzel et al., 1997).  Indeed, when 
co-stained for Cyclin B1, which accumulates in G2 and is degraded in mitosis, we found all 
cells with nuclear speckles of pH3 to also contain high levels of cytoplasmic Cyclin B1, estab-
lishing these cells as late G2 cells (Figure 4.1D). We exploited this late G2 staining pattern 
of pH3 to further characterize the checkpoint response. 72% of EdU-positive cells in irradi-
ated mice harbor pH3 speckles and all cells were Cyclin B1-positive, indicating that few to 
none have progressed through mitosis and that most cells arrest late in G2 (Figure 4.1E and 
4.1F). If checkpoint activation had prevented mitotic cell division of the EdU-pulsed cells, 
we would also expect fewer EdU-positive cells than in non-irradiated controls where some 
of the EdU-positive cells have divided. Indeed, we observed fewer EdU-positive cells per 
crypt cross-section in irradiated mice (10±3 in irradiated animals vs. 17±2 in controls; Figure 
4.1F). Moreover, the majority (80%) of EdU-pulsed cells in non-irradiated mice were nega-
tive for nuclear pH3 speckles and approximately half of the EdU-positive cells were negative 
for Cyclin B1. Thus, the EdU-pulsed population in control mice is progressing into mitosis 
at the time of observation, with a proportion that has already completed mitosis, while in 
irradiated mice (4 h post 3 Gy) virtually none of these cells have passed through mitosis with 
the majority arrested in late G2.

S/G2 cells are more inclined to undergo apoptosis after irradiation

Irradiation causes a wave of apoptosis that peaks 3-6 h after exposure (Potten, 1992). Ac-
cordingly, we observed fragmented nuclei in irradiated mice that stained positive for cleaved 
caspase-3, identifying them as apoptotic bodies (Figure 4.2A). After 3 Gy X-ray irradiation, 
apoptosis was limited, averaging 1.3 cleaved caspase-3-positive bodies per crypt cross-sec-
tion. As described before (Ijiri and Potten, 1983), the apoptotic bodies were confined to the 
lower parts of the crypt with 81% occurring in the stem cell compartment (cell position ≤4). 
Based on EdU incorporation, we could now also determine whether there are cell cycle-de-
pendent differences in the apoptotic response to irradiation. Interestingly, apoptosis was 
strongly associated with cells that had recently replicated their DNA. While EdU-positive 
cells made up only 40% of the cells within the proliferative compartments, most apoptotic 
bodies (70%) were positive for EdU, suggesting that S/G2 phase enterocytes are more prone 
to undergo apoptosis after irradiation (Figure 4.2B). When we consider irradiation-induced 
apoptosis within the intestinal stem cell compartment, apoptosis of the S/G2 phase cells was 
considerable with 35% of the EdU-positive cells scoring also positive for cleaved caspase-3. 
In contrast, only 3.6% the crypt bottom cells that were irradiated in G0/G1 were apoptotic. 
Thus, even though apoptosis is a minor outcome within the total crypt, it is a significant cell 
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Figure 4.2 | Enterocytes irradiated in S/G2 phase are more prone to apoptosis. A) Example maximum inten-
sity projections of small intestines from mice treated as in Figure 4.1A stained for EdU and cleaved caspase 3. B) 
Apoptotic bodies were scored for EdU-labeled nuclear debris to determine the cell cycle phase at the moment of 
irradiation. Number of apoptoses per crypt cross section in irradiated animals was quantified and presented as a 
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s.d. between mice (n = 2). Scale bar = 20 μm.
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controls, indicating that a similar stretch of intestinal lining had been produced during the 
48 h of recovery. This was accompanied by a higher proliferation rate in irradiated animals 
as determined by cells positive for pH3 (Figure 4.3E). Interestingly, despite similar migration 
of EdU-positive cells along the villus, we find that the total number of replications (BrdU+) 
is reduced after irradiation (47±8 cells per crypt-villus cross section after irradiation versus 
71±3 in controls; Figure 4.3F). This discrepancy suggests that part of the intestinal epitheli-
um during recovery is generated by increased cell size, rather than cell division. 

The recovered intestinal lining consists of a combination of progeny from cells that were 
exposed to irradiation in different cell cycle phases. When we next assessed the contribution 
of cells irradiated either in G0/G1 (EdU−BrdU+) or S/G2 (EdU+) to the recovering epitheli-
um, we found 28.0±2 G0/G1 and 32.4±4 S/G2 progeny per crypt-villus axis after irradiation, 
placing the contribution of either cell cycle population on a par for tissue recovery. Non-ir-
radiated mice similarly show almost equal numbers of EdU-positive or –negative replicated 
cells, indicating that the relative proportions are unaltered by radiation (Figure 4.3F).

We wondered whether DNA damage affects differentiation fates of progenitor cells. Most 
intestinal cells ultimately differentiate into absorptive cells, but ~20% commit to a secreto-
ry differentiation program giving rise to goblet, Paneth and enterendocrine cells. Of these 
secretory lineages, goblet cells are the most numerous and can be identified by their distinc-
tive large mucus-containing vacuoles. We found both EdU+BrdU− and EdU−BrdU+ goblet 
cells indicating that cells irradiated in G0/G1 or S/G2 not only contribute equal numbers of 
progeny to the recovering intestinal lining, but both these cell cycle populations also give 
rise to differentiated cells of the absorptive as well as endocrine lineages (Figure 4.3G).
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Figure 4.3 | Recovery from irradiation involves equal contribution of cells irradiated in G0/G1 and S/G2
A) Schematic representation of tracer injections to detect proliferation of cells irradiated in S/G2 (EdU-positive) 
and G0/G1 (EdU-negative) by BrdU incorporation. B) Example of a crypt/villus section after click chemistry cou-
pling of Alexafluor488 to EdU and immunostaining of BrdU. Line plots represent the raw fluorescent intensity 
in the boxed area. Scare bar = 20 μm. As EdU is detected by chemical conjugation of a fluorophore rather than 
antibodies, cross-reactivity is minimal between the two labels. C) Example maximum intensity projections of 
EdU- and BrdU-stained confocal image stacks from the small intestine of animals treated as in (A). D) Distances 
of the most distal EdU-positive cell to the nearest contiguous crypt base was measured. Dots represent single mea-
surements pooled from three (0 Gy) and two (3 Gy) animals. See ruler in (C) as a reference. E) Nuclei positive for 
either speckled or pan-nuclear pH3 staining from mice treated as in (A) were quantified. Error bars represent s.d. 
of three animals. F) The number of single- and double-labeled nuclei was quantified and presented as a stacked 
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Example single z-plane confocal images from irradiated mice showing EdU- or BrdU-labeled goblet cells. 
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double-positive cells (0 Gy: n = 3; 3 Gy: n = 2) is superimposed. Scale bars = 20 μm.
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The recovering stem cell compartment retains cells irradiated in S/G2 

Renewal of the gut epithelium is governed by stem cells residing in the bottom of the crypts 
that become clonal by neutral drift (Lopez-Garcia et al., 2010; Snippert et al., 2010). Long-
term recovery will be dictated by the fate of this stem cell population, which may be distinct 
from the cell cycle-independent recovery that we have observed in the transit-amplifying 
compartment. While the course of our experiment is too short to observe complete crypt 
conversion and to assess clonal competition of G0/G1 and S/G2 populations, we can deter-
mine the composition of cells in the intestinal stem cell compartment 48 h after irradiation.

When we only measured cells within 20 μm from the crypt base encompassing the 0 
through 4 cell positions of the intestinal stem cell compartment, we found ~25% to be la-
bel-negative, corresponding to long-lived post-mitotic Paneth cells residing in this region 
(Figure 4.4A, 4.6D and 4.6E). Weakly autofluorescent granules could routinely be visualized 
in these cells. Of the remaining crypt base columnar (CBC) cells that had replicated DNA 
during the 50 h of the experiment, approximately one third contained EdU. Interestingly, 
despite the significant apoptosis of S/G2 cells at low positions in the crypts, irradiation did 
not change the fraction of EdU-containing CBC cells after 48 h of recovery (Figure 4.4B). 
Moreover, in both irradiated and control animals, roughly half of these EdU-positive CBC 
cells had also incorporated BrdU in a subsequent cell division cycle. Thus, at doses of 3 Gy 
used in these experiments we find no evidence for negative selection of stem cells irradiated 
in S or G2 phase within the first 48 h after irradiation as EdU-positive cells persist and repli-
cate in the stem cell compartment.

Wip1 deletion does not affect the immediate response to DNA damage

Wip1 is one of the key phosphatases that counteract DNA damage signaling by ATM and 
ATR kinases, making it crucial for recovery from a DNA damage-induced checkpoint arrest 
in G2 in various cultured cell lines (Lindqvist et al., 2009b; Shaltiel et al., 2014; Xia et al., 
2009; Yamaguchi et al., 2007). We wondered whether this role is conserved in vivo in the 
small intestinal epithelium. Wip1 is the main phosphatase for γH2AX in cell culture and 
γH2AX levels are elevated in Wip1-depleted cells (Cha et al., 2010; Macurek et al., 2010b). 
Similarly, Wip1 antagonizes p53-stabilization by removal of serine-15 (serine-14 in mice) 
phosphorylation of p53 (Lu et al., 2005b). 

As expected, DNA damage could be detected in all nuclei in the small intestine as foci of 
S140-phosphorylated H2AX (γH2AX) (Figure 4.5A). Consistent with previous work (Hua et 
al., 2012), we detected more DNA damage foci in the non-proliferative villi attributable to 
slower repair kinetics. Within the crypts, we detected γH2AX in all cells, with the EdU-posi-
tive (S/G2-phase) cells displaying larger and brighter foci (Figure 4.5B). Overall, whole body 
X-ray irradiation causes DNA damage in all cells of the small intestine, irrespective of cell 
cycle or differentiation status. In contrast, the induction of p53 after DNA damage occurred 
only in crypts, but not villi, as described before (Wilson et al., 1998; Figure 4.5C). Also mor-
phologically identified Paneth cells were negative for p53, suggesting that despite similar 

DAPI
EdU
γH2AX

DAPI
γH2AX

p53

Wip1+/+ 0 Gy Wip1−/− 0 Gy Wip1+/+ 3 Gy Wip1−/− 3 Gy

Wip1+/+

 0 Gy  3 Gy

DAPI
EdU
γH2AX

Wip1+/+ 0 Gy Wip1−/− 0 Gy Wip1+/+ 3 Gy Wip1−/− 3 Gy
C

BA

0.0

0.5

1.0

1.5

2.0

ca
sp

as
e 

3+
 c

el
ls

/c
ry

pt
 c

ro
ss

-s
ec

tio
n

EdU– (3 Gy in G1)
EdU+ (3 Gy in S/G2)

Wip1+
/+

 3 G
y

Wip1−
/−

 3 G
y

0

5

10

15

20

25

30

cells/crypt cross-section

Wip1+
/+

 3 G
y

Wip1−
/−

 3 G
y

apoptoses all

Wip1−/−0 Gy Wip1−/− 3 Gy

25

20

15

10

5

0

ce
lls

/c
ry

pt
 c

ro
ss

-s
ec

tio
n

Wip1+
/+

 0 G
y

Wip1−
/−

 0 G
y

Wip1+
/+

 3 G
y

Wip1−
/−

 3 G
y

EdU+
pan-nuclear pH3
pH3 speckles

DAPI
EdU
pH3

D E F

Figure 4.5 | DNA damage signaling after irradiation. A) Wip1−/− and Wip1+/+ female littermates were injected 
i.p. with EdU and X-irradiated (3 Gy) two hours later. Intestines were collected four hours after irradiation and 
stained for EdU and γH2AX. Example maximum intensity projections of crypts are shown. B) A higher magnifi-
cation maximum intensity projection of irradiated Wip1−/− intestine. C) Immunohistochemical detection of p53. 
Scale bar = 20 μm. D) Maximum intensity projection of the small intestine stained for pH3 and EdU. E) The num-
ber of EdU-positive cells and the proportion co-stained by pH3 was quantified. Wild-type littermate values from 
Figure 4.1 are included as reference. Error bars represent s.d. of all crypts measured from three individual animals. 
F) Quantification of cells staining positive for cleaved caspase-3 in the small intestine. Wild-type littermate values 
from Figure 4.1 are included as reference. Error bars represent s.d. between mice (n = 2). Scale bars = 20 μm.
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DNA damage load p53-induction is generally restricted to cells with proliferative capacity. 
Responses of G0/G1 and S/G2 cells were similar, as all cells were positive for nuclear p53 
within the transit-amplifying compartment.

To our surprise, we did not detect differences in p53 levels between irradiated mice de-
pending on Wip1 status. Unfortunately, staining variability was relatively large and pre-
cluded assessment of relative γH2AX levels between irradiated Wip1-proficient and defi-
cient mice. In non-irradiated mice we did consistently observe elevated levels of γH2AX in 
EdU-labeled cells of Wip1 knockout animals, suggesting a role for Wip1 in limiting γH2AX 
formation during normal replication (Figure 4.5A). Based on these well-characterized sub-
strates of Wip1, we currently find no evidence for a role of Wip1 in regulating immediate re-
sponses after whole body irradiation in the small intestine. In agreement with these limited 
effects of Wip1 on the immediate response to DNA damage in the intestine, Wip1-deficient 
mice also showed a normal G2 checkpoint arrest and similar numbers of apoptotic cells after 
irradiation (Figure 4.5D, 4.5E, and 4.5F).

Wip1 is required for normal proliferation kinetics in the intestine

To determine whether Wip1 is required for the recovery of the intestinal epithelium after 
DNA damage, we examined Wip1 knockout animals that were exposed to EdU and BrdU 
tracers as before (Figure 4.3A). In line with a specific function in promoting recovery of 
arrested G2 cells, the number of cells irradiated in S/G2 that had participated in subse-
quent replications (EdU+BrdU+) was diminished (12±3 cells per crypt/villus cross section 
in Wip1−/− versus 19±6 in Wip1+/+), while the number of replicated cells originating from G0/
G1 at time of irradiation (EdU−BrdU+) was not (35±4 cells per crypt/villus cross section in 
Wip1−/− versus 28±2 in Wip1+/+; Figure 4.6A and 4.6C). However, when we examined non-irra-
diated Wip1 null animals we found that these differences occur not only after irradiation. Re-
gardless of treatment, the original S/G2 cells had managed to produce relatively few progeny 
in Wip1-deficient mice (Figure 4.6C). More proliferation of cells that were not EdU-labeled 
compensated for this population, producing a similar total number of cells and replacing a 
similar length of villus in 48 h (Figure 4.4B and 4.4C). 

We wondered what could be the cause of this low number of EdU+BrdU+ cells in non-ir-
radiated Wip1−/− mice. Fewer EdU-positive cells can be a result from apoptosis, a protracted 
cell cycle or fewer cells retaining full replicative capacity. In contrast with previous work 
(Demidov et al., 2007), we rarely observed apoptotic cells in non-irradiated Wip1-deficient 
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Figure 4.6 | Altered steady-state proliferation but normal responses to irradiation in Wip1-deficient mice.
A) Example maximum intensity projections of EdU- and BrdU-stained confocal image stacks from the small in-
testine of animals treated as in Figure 4.3A. B) Distances of the most distal EdU-positive cell to the nearest con-
tiguous crypt base. Dots represent single measurements pooled from four animals. Compare to Figure 4.3C. C) 
The number of single- and double-labeled nuclei was quantified and presented as a stacked column in which the 
entire column represents the total number of cells containing any label per crypt-villus axis. Error bars represent 
s.d. between animals of the single- or double-positive populations (n = 4). Grey arrows indicate corresponding 
mean numbers of EdU-positive cells found in Wip1-proficient littermates. Littermate control values from Figure 
4.3F are included as reference. D) Occurrence of EdU- and BrdU-labeled cells and pH3 staining in 20 μm bins from 
images as in Figure 4.3A. Lines are averages from individual animals (Wip1+: n = 3; Wip1−/−: n = 4). Grey bars indi-

cate the total number (right axis) of cells quantified per bin. E) Similar to (D). Lines are averages from individual 
animals (Wip1+/+: n = 2; Wip1−/−: n = 4). F) Label dilution in irradiated and control Wip1−/− animals. Background 
corrected fluorescence intensities of EdU and BrdU in individual EdU-positive cells from sum of Z-slice projec-
tions of images as in (A). The green column approximates the range of EdU-intensities found in the undiluted 
BrdU-negative population. Grey and black dots distinguish cells from two individual animals. Compare to Figure 
4S2. G) Unusually large EdU-positive cells (arrows) were quantified from images as in (A). Error bars indicate s.d. 
of 3 or 4 individual animals.

figure 4.6 legend continued...
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(Figure 4.6F). Irradiation thus restores the retention and further proliferation of the original 
S/G2 population in the small intestine of Wip1-deficient animals. We conclude that Wip1 
has no significant effect on the recovery from irradiation in the small intestine. 

Wip1 is required for crypt outgrowth ex vivo

Cell survival in the intestinal epithelium is governed by both cell-intrinsic and -extrinsic 
variables. We surmised that tissue components might be dominant in the regulation of sur-
vival and proliferation of the epithelium, overriding effects of Wip1 on DNA damage sig-
naling in the enterocytes themselves. To specifically examine the effects of Wip1 deficiency 
on the intestinal epithelium, we isolated crypts from Wip1+/+ and Wip1−/− small intestines 
and cultured them in vitro in matrigel with the minimal required growth factors (Sato et 
al., 2009). Dissociated crypts of Wip1-knockout animals grew out poorly under organoid 
culture conditions, yielding tenfold fewer organoids after 7 d of culture (data not shown). 
Organoids that did arise, expanded approximately four times more slowly, also after mild 
disruption and replacement in fresh matrigel months after establishment. We considered 
that non-physiological ambient oxygen levels might be responsible for poor expansion of 
Wip1-deficient organoids. However, poor outgrowth persisted when we cultured disrupted 
organoids at 5% oxygen (data not shown). Exposure to γ-irradiation exacerbated growth de-

animals (~0.04 cell per crypt cross section). It is therefore unlikely that the reduction in 
EdU+BrdU+ cells was caused by elimination of the EdU-positive cells during the course of 
the experiment. Moreover, the number of cells originating from S/G2 that withdrew from 
further proliferation (EdU+BrdU−) was not affected by Wip1 status (Figure 4.6C). However, 
when we compared how EdU+BrdU+ cells were distributed over the crypt-villus axis, it be-
came clear that Wip1-knockout animals failed to retain EdU-positive cells in the transit-am-
plifying compartment, suggesting that the cells in transit are turned over quickly (Figure 
4.6D). 

Transit-amplifying cells normally divide 4-5 times before terminal differentiation (Marsh-
man et al., 2001), which is supported by the presence of EdU+BrdU+ cells with 16 (24)-fold 
diluted EdU signal intensity in non-irradiated wild-type animals (Figure 4S2). In contrast, 
signal intensities of EdU and BrdU in Wip1-deficient animals showed primarily EdU+BrdU+ 
cells with a 2-fold lower EdU signal intensity, indicating that most cells divide only twice 
in the transit amplifying compartment before terminal differentiation under steady-state 
conditions in the Wip1-deficient mice (Figure 4.6F). Possibly to compensate for these fewer 
rounds of proliferation, the transit amplifying compartment is ~20 μm longer in non-ir-
radiated Wip1-deficient animals as indicated by the distribution of pH3-containing nuclei 
(Figure 4.6D). Despite identical proliferation output of crypts, these data reveal that pro-
liferation kinetics in the small intestine of Wip1-deleted animals is profoundly altered and 
suggest that steady-state proliferation requires more stem cell divisions to feed a crippled 
transit-amplifying compartment.

Irradiation restores proliferative cycles of transit amplifying cells in Wip1−/− mice

Due to the altered proliferation kinetics in Wip1-deficient mice, we required an alternative 
approach to assess the impact of Wip1 on recovery of G2-arrested cells than BrdU incorpo-
ration of EdU-pulsed cells. A failure to recover from a DNA damage-induced arrest in G2 
results in the persistence of cells with duplicated DNA content, which can be detected as 
abnormally large nuclei in the intestinal epithelium (Clarke et al., 2007). Villi of irradiated 
animals did indeed contain such large EdU+BrdU− nuclei that were absent in non-irradiated 
controls (Figure 4.6G). However, at 1.9±0.9 cells per villus of Wip1−/− animals, this number 
was rather decreased as compared to irradiated control animals (3.3±0.3 per villus). 

To our surprise, we found no evidence for radiosensitivity of Wip1−/− intestines. Recovery 
of the intestinal epithelium from irradiation (3 Gy) occurred normally in terms of cellular 
proliferation and migration along the villus in the absence of Wip1 (Figure 4.6A, B, and C). 
Radiation even improved some of the proliferative defects observed in non-irradiated Wip1−/− 
animals. In the recovering small intestine of Wip1-deficient animals, the distribution over 
the crypt-villus axis of all labeled populations was similar to wild-type littermates, retaining 
EdU+BrdU+ cells in the transit-amplifying compartment demarcated by pH3-containing 
cells (Figure 4.6E). Quantitation of EdU signal intensities further suggested that these cells 
had undergone multiple cell division cycles, with the reappearance of dim EdU-positive cells 

Figure 4.7 | Wip1 is required for survival after irradiation of enterocytes ex vivo. Crypts isolated from the 
small intestine of Wip1+/+ or Wip1−/− mice were cultured for at least three weeks in matrigel with required growth 
factors, mildly disrupted and reseeded 24 h before the experiment. Differential interference contrast images were 
acquired before and on consecutive days after irradiation. Images are representative of 9 organoids from three 
individual animals per genotype. Scale bar = 100 μm.
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events occurring 4 to 48 h after irradiation, a picture emerges in which ~10% of G2-arrested 
cells commit to apoptosis and ~30% abstain from mitotic division and migrate out of the 
proliferative zone. The remaining ~60% of G2-arrested cells progress to mitosis, generat-
ing daughter cells of which only ~10% participate in subsequent cell cycles. From the 10.2 
G2-arrested cells per crypt cross section, only 1.5 daughter cell participated in subsequent 
cell cycles to generate the 18.6 EdU+BrdU+ cells 48 h after irradiation. It is impressive that 
these few cells that have retained proliferative capacity have such a substantial contribution 
to the overall proliferation during recovery.

When we consider the effects on long-term genomic stability of the small intestine, the fates 
of differentiated and transit-amplifying cells are irrelevant. This is reflected by slower DNA 
repair kinetics and a lack of p53-dependent responses in villous cells, including a lack of 
radiation-induced apoptosis (Figure 4.5C; (Wilson et al., 1998)). Furthermore, survival and 
further proliferation of transit-amplifying cells can ensure turnover of the intestinal epithe-
lium while providing more time for stem cells to repair the inflicted damage. Indeed, cells at 
the crypt base arrest longer after irradiation than those of the transit-amplifying compart-
ment (Al-Dewachi et al., 1979; Pruitt et al., 2010). We have not performed lineage-tracing 
studies of stem cells, nor confirmed the stem cell identity of labeled cells at the crypt bases. 
As such, it is possible that some of the EdU-positive cells that we detect in the stem cell zone 
could have originated from other positions in the crypt or in fact have committed to differ-
entiation. Even so, as a similar proportion of these cells replicates again within 48 h in both 
irradiated and non-irradiated animals, we are confident that these cells primarily represent 
the CBC stem cells with proliferative capacity.

Under steady-state conditions, most CBC cells enter a variable period of quiescence for 
up to four days before a next cell division cycle (Pruitt et al., 2010), which is also emulated 
by the ~30% of EdU-positive cells that have not also incorporated BrdU within 50 h (Figure 
4.4). As a consequence, the majority of the stem cell population at any given time will be 
in G0/G1. Although we find no evidence for negative selection in the stem cell zone of cells 
irradiated in S/G2, most of the label-containing cells at the crypt base are BrdU+EdU− prog-
eny from cells irradiated in G0/G1 (Figure 4.4B).  It is likely that long-term recovery of crypts 
will therefore primarily rely on stem cells that had received and resolved the DNA damage 
in G0/G1, underscoring the importance of the DNA damage checkpoint in G1 for genomic 
stability of the tissue. While CBC cells are normally sufficient to sustain long-term prolifer-
ation of the crypt, Bmi1-expressing secretory progenitor cells can be reverted to stem cells 
in case of injury to replenish the stem cell compartment (Buczacki et al., 2013; Tian et al., 
2011; van Es et al., 2012; Yan et al., 2012). It will be interesting to determine whether any of 
the cells we find at the crypt base after recovery originated from non-classical, reserve stem 
cell populations.

Wip1 phosphatase counteracts DNA damage signaling and is required for recovery from 

fects of Wip1−/− intestinal organoids and at 2 Gy most (7/9) Wip1-deficient organoids failed 
to produce new crypt-like buds, while wild-type organoids recovered within two days (Figure 
4.7). Thus, when the epithelium is separated from the surrounding mesenchyme, Wip1 be-
comes critical for normal survival and proliferation of the gut epithelium.

Discussion
The small intestine constitutes one of the most proliferative compartments of the human 
body and consequently one of the most sensitive tissues to DNA damaging agents. We have 
for the first time assessed how irradiation before and after the initiation of DNA replication 
impacts the proliferative capacity of these cells during the subsequent recovery. We show 
that at a non-lethal dose of X-ray radiation, both cells receiving the radiation dose in G0/
G1 and S/G2 contribute equally to cell renewal during recovery. In the crypt bases contain-
ing the intestinal stem cells, the majority of cells irradiated in S/G2 that survives perform 
similar to non-irradiated counterparts, suggesting that the same holds true for the stem cell 
compartment. 

Combining our quantifications of apoptotic events, abnormally large cells, BrdU-positive 
and -negative cells, we can reconstruct some of the cell fate decisions made by the G2-ar-
rested population (Figure 4.8). While we realize that we have no information on apoptotic 
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Figure 4.8 | Cell fates of S/G2 
cells in the mouse intestine. 
Per crypt-villus cross section 10.2 
cells are originally pulse-labeled 
with EdU and arrest in G2 after 
irradiation (Figure 4.1F). Under 
normal circumstances, all these 
cells divide to give rise to 20.4 
daughter cells per crypt cross 
section, of which 15.7 terminal-
ly differentiate (EdU+BrdU−; 
Figure 4.3F). The remaining 
4.7 cells per crypt cross-section 
replicate further to generate 
27.1 EdU+BrdU+ cells, in good 
agreement with four cell division 
cycles in which the same propor-
tion (~3/4) of cells terminally 
differentiates. After irradiation, 
the EdU-pulsed cells arrest in G2 
with DNA damage. Of the 10.2 
cells 0.9 die by apoptosis (Figure 
4.2B) and 3.3 never enter mitosis 
(Figure 4.6G). The remaining 6.0 
cells divide, giving rise to 12 cells 
of which the vast majority termi-

nally differentiates (Figure 4.3F), leaving only 1.5 cells that proliferate further to generate the 18.6 EdU+BrdU+ in 
the recovering epithelium. Assuming a 13.4-hour cell cycle (Al-Dewachi et al., 1979), this requires all daughter cells 
to remain in cycle and refrain from differentiation.
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et al., 2007; Network, 2012; Rauta et al., 2006b) and attenuates cell cycle arrests after DNA 
damage (Cha et al., 2010; Kleiblova et al., 2013; Lindqvist et al., 2009b; Lu et al., 2005b; 
Takekawa et al., 2000). Depletion or inhibition of Wip1 in tumor cell lines of various origins 
inhibit further growth and sensitize these tumors to DNA damage (Gilmartin et al., 2014; 
Parssinen et al., 2008). Adverse effects on non-tumor tissue will limit the therapeutic po-
tential of Wip1 inhibitors in combination with genotoxic therapy. In this light, the normal 
responses to irradiation found in Wip1-deficient intestines are encouraging. 

Materials and Methods

Mice

C57BL/6 NCrl animals for pilot experiments (Figure 4S1) were purchased from Charles River. 
Wip1+/− males were provided by dr. L. Donehower and crossed with C57BL/6 NCrl females. 
Genotypes were determined by PCR on ear clippings as described before (Choi et al., 2002). 
Wip1−/− and Wip1+/+ littermate females (8-16 weeks) were used for experiments. Fucci504;-
Fucci596 compound transgenic animals were obtained from dr. M. Miyawaki (Sakaue-Sawa-
no et al., 2008b) and crossed with Wip1+/− females to obtain Fucci504;Fucci596; Wip1+/− mice 
from which Fucci-Wip1+/+ and Fucci-Wip1−/− offspring were used for the production of or-
ganoid cultures. Organoids were generated and propagated as described (Sato et al., 2009) 
seeding 500 crypts in 50 μL growth factor-reduced Matrigel (BD Biosciences) and medium 
containing described supplements, 50 ng/mL murine EGF (Invitrogen), 100 ng/mL murine 
Noggin (Peprotech) and 400 ng/mL R-Spondin1 (Sato et al., 2009). Animal rooms were il-
luminated from 7:00 to 19:00. All animal procedures conformed to relevant regulations and 
were approved by the Animal Experiments Committee of Utrecht or the Netherlands Cancer 
Institute.

Irradiation and tracer administration

Mice were injected intraperitoneally with 200 μg 5-ethynyl-2’-deoxyuridine (EdU; Invit-
rogen; 80 μL of 10 mM EdU in PBS) at 8:00 a.m. and irradiated at indicated times 3 Gy 
from a 200 keV X-ray source (0.25 Gy·min–¹) in a perspex container. Non-irradiated mice 
were mock-irradiated in the same container for 12 min. At indicated times, 500 μg of 5-bro-
mo-2’-deoxyuridine (BrdU; Sigma; 166 μL of 10 mM BrdU in PBS) was injected intraperi-
toneally and, where applicable, supplied in the drinking water (200 mg·L–¹ BrdU; 5% w/v 
sucrose). Intestines were extracted and formalin-fixed as Swiss rolls.

Fluorescence microscopy

Formalin-fixed, paraffin-embedded tissue sections were deparaffinized, rehydrated and 
boiled in 100 mM pH 6.0 sodium citrate. Following a PBS wash, EdU was detected by cu-
prous ion-catalyzed cycloaddition of Alexafluor 488-azide (Invitrogen) as described (Salic 
and Mitchison, 2008). Aspecific protein binding was subsequently blocked (4% BSA; 0.1% 

DNA damage in G2 in various cell lines, including those of intestinal origin (Lindqvist et 
al., 2009b). We investigated how recovery from irradiation of the small intestine is affected 
by Wip1 deletion. To our surprise, we find that despite poor outgrowth and increased ra-
diosensitivity of Wip1-deficient organoid cultures from the small intestine, Wip1-deficient 
intestines in vivo show no differences in apoptotic events or cell renewal after irradiation. 
The lack of an obvious radiosensitive phenotype is also apparent from mouse survival after 
4 and 8 Gy of whole body irradiation (Darlington et al., 2012). The disparate phenotypes 
of Wip1-deficient crypts in vivo and their derived organoids ex vivo suggest that despite a 
role for Wip1 in enterocyte proliferation and survival, tissue components present in vivo can 
compensate for these defects of Wip1-deficient epithelial cells. Indeed, there are clear con-
tributions of mesenchymal and systemic signals to survival and proliferation of the intes-
tinal epithelium, including growth factors, cytokines and circadian oscillators (Drucker et 
al., 1996; Farin et al., 2012; Farrell et al., 1998; Jin et al., 2010; McKenna et al., 1994; Okunieff 
et al., 1998). 

Wip1 expression on mRNA and protein levels in the small intestine is normally limited 
to a fraction of cells residing at the crypt base within the first 10 cell positions and this ex-
pression is not dependent on p53 (Demidov et al., 2007). The elevated levels of spontaneous 
γH2AX in newly replicated cells of Wip1-deficient crypts (Figure 4.5A) suggest that this Wip1 
has a non-essential function in limiting γH2AX-formation during replication. In contrast 
with Wip1 ablation in the thymus (Darlington et al., 2012), we have not detected effects of 
Wip1 status on p53 or γH2AX levels after irradiation in the small intestine (Figure 4.5A and 
4.5C), which may have been due to the staining variability. A more quantitative method, 
such as Western blot on protein lysates, would be useful to fully exclude effects in vivo on 
these well-characterized substrates of Wip1. If so, it is possible that the absence of overt 
effects of Wip1 nullizygosity on DNA damage signaling is a consequence of limited expres-
sion of Wip1 in the intestine in general. As a p53 target gene, we expect Wip1 expression to 
be induced in all proliferative cells in which p53 stabilization is observed after irradiation. 
However, expression levels of Wip1 after irradiation remain to be characterized.

The small intestine of Wip1-deficient mice shows a normal rate of cell renewal, but the 
proliferative zone of the crypts is enlarged and cells accomplish fewer rounds of cell division 
before terminal differentiation. A similar number of cell divisions by a larger transit-ampli-
fying compartment suggests that the average cell cycle duration is longer in the absence of 
Wip1. Such a protracted cell cycle could also explain the fewer cell cycles we observe as cells 
will simply not have the time to complete as many cycles before migrating out of the crypt. 
It is unclear which signals allow the extension of the proliferative zone, but the absence of 
such a signal in intestinal organoid cultures could reconcile the observed growth defects ex 
vivo with the normal renewal of the intestinal lining in vivo.

Wip1 is an oncogenic phosphatase overexpressed in the majority of tumors that harbor 
wild-type p53 (Bulavin et al., 2002a; Rauta et al., 2006b). Overexpression of Wip1 is fre-
quently observed in cancer (Castellino et al., 2008b; Hirasawa et al., 2003; Loukopoulos 



86 87

4 4

Recovery from
 D

N
A

 dam
age in the sm

all intestine

v/v Tween-20; TBS) and sections were incubated overnight at 4 °C with primary antibodies. 
Antibodies used were, rabbit anti-Histone H3 phosphoserine-10 (Millipore; 1:250), rat an-
ti-BrdU BU1/75 ICR1 (Abcam; 1:100), mouse anti-histone H2AX phosphoserine-139 (Milli-
pore; 1:100), mouse anti-Cyclin B1 GNS1 (Santa Cruz; 1:100) and rabbit anti-cleaved caspase 3 
(Cell Signaling; 1:250). Alexafluor-conjugated secondary antibodies (Invitrogen; 1:500) and 
DAPI were incubated one hour at room temperature. Slides were mounted in Vectashield 
(Vector Labs) and sealed.

Confocal images at 1 μm intervals were collected sequentially on a Leica system with a 
HCX PL APO CS 63.0×1.40 oil objective and HyD detectors at 400 Hz and 1 Airy pinhole size. 
HyD detector wavelength ranges were set to 498-551 nm (AF488; EdU), 571-623 nm (AF647; 
pH3, γH2AX, Cyclin B1, cleaved caspase 3), and 643-750 nm (AF647; BrdU, cleaved caspase 
3). Lower magnification images were collected on a DeltaVision (Applied Precision) system 
with an Olympus U-Plan S-Apo 20× 0.75 NA objective, Quad-mCherry polychroic mirror, 
AlexaFluor filter sets and a CoolSNAP HQ2 camera. Differential interference contrast im-
ages of organoids were acquired on the said DeltaVision system. X, y and z positions were 
stored to find back the same organoids on consecutive days. All images were analyzed using 
ImageJ software.
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incorporated into the DNA during replication. BrdU that is not incorporated into DNA is quickly dehalogenated 
with a half-life of ~3 min, allowing for pulse-labeling in vivo (Ryser et al., 1999). Decay parameters of EdU in vivo 
have not been described. (top left) We injected mice intraperitoneally (i.p.) with EdU 4 hours prior to BrdU i.p. 
injection to assess whether EdU remains available four hours after injection. (right) Due to the duration of S-phase 
(~7.5 h), we expect a significant number of cells that have incorporated both EdU and BrdU. BrdU+EdU− cells 
only appear if the EdU is no longer available at the moment of BrdU injection. (bottom left) We observed similar 
proportions of EdU and BrdU single positive cells in the small intestine, indicating that EdU had fallen below de-
tectible levels in four hours. B) Genotypes were determined by PCR of ear clippings and reconfirmed after sacrifice 
(Choi et al., 2002). D) Wip1−/− females were born below expected Mendelian frequency at 14% of sister siblings 
from heterozygous parents as described before (Choi et al., 2002). 
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Introduction
Cell division is a tightly regulated process to ensure proper organismal development and tis-
sue homeostasis. Cyclins and their associated Cyclin-dependent kinases (Cdks) are the key 
regulators of the cell division cycle and their combined activity is associated with specific 
cell cycle transitions. More specifically, D-type Cyclins associate with Cdk4 and Cdk6 during 
the G1-phase of the cell cycle leading up to activation of Cdk2 bound to E-type Cyclins at 
the onset of DNA replication. Cdk2-associated A-type Cyclins subsequently enable progres-
sion through S- and G2-phases and ultimately Cdk1-associated B-type Cyclins promote the 
transition through mitosis (Bloom and Cross, 2007). Collectively, Cyclin-Cdk complexes 
coordinate transcriptional programs, the activity of cell cycle-dependent ubiquitin-ligases, 
replication origin firing, and structural reorganization of organelles required for cell divi-
sion (Diffley, 2004; Murray, 2004). 

To maintain genomic integrity, the cell cycle machinery must be responsive to internal 
and external cues that determine when a cell can commit to the next irreversible transition 
in the cell cycle. Initiation of DNA replication in the presence of damage DNA can have se-
vere deleterious consequences, as progression of the replication fork will turn single-strand 
breaks into double-strand breaks, replication of modified residues may give rise to the accu-
mulation of mutations and damaged bases may interfere with replication in general (Kuzmi-
nov, 1999; Paulovich et al., 1997; Tercero and Diffley, 2001). DNA damage therefore evokes a 
DNA damage checkpoint response that inhibits Cyclin-Cdk activity and prevents initiation 
of DNA replication. This requires the kinase ataxia telangiectasia mutated (ATM) to activate 
downstream kinases p38 and Chk2 (Kastan et al., 1992; Manke et al., 2005; Matsuoka et al., 
1998), stabilization of the tumor suppressor p53 (Kastan et al., 1991) and induction of its 
transcriptional target, the Cdk inhibitor p21 (Deng et al., 1995). This cascade of events re-
sults in an effective shutdown of Cdk activity and causes cells to arrest in G1. In a prolonged 
G1 arrest the Cdk inhibitor p27 is additionally induced (Sugihara et al., 2006). Both p21 and 
p27 bind to and prevent kinase activity of Cyclin-Cdk complexes, which in G1 are required 
for the phosphorylation and inactivation of pocket proteins pRb, p107 and p130 (Vidal and 
Koff, 2000). Unphosphorylated pocket proteins in turn bind to E2F transcription factors and 
suppress E2F target genes that are required for S-phase entry (Chen et al., 2009b).

Despite the well-organized and evolutionarily conserved action of the various Cyclin-Cdk 
complexes, there is ample redundancy within the cell cycle network. Mice in which cdk2 
and cdk4 are genetically deleted are viable and even mouse embryos deficient for cdk2, cdk3, 
cdk4, and cdk6 develop to mid-gestation (Barriere et al., 2007; Santamaria et al., 2007), 
indicating that most Cdks are redundant for cell cycle progression and S-phase entry in 
particular. Similar redundancies have been observed between Cyclins, with all D-Cyclins 
and E-Cyclins being dispensable up to mid-gestation in mice (Geng et al., 2003; Kozar et 
al., 2004; Parisi et al., 2003). Finally, deletion of all activator E2F transcription factors allows 
normal cell cycle progression under certain conditions (Chen et al., 2009a; Timmers et al., 
2007; Wenzel et al., 2011).

Most Cyclin-dependent kinases are redundant for normal cell division. We 

tested whether these redundancies are maintained in the abnormal situation 

of cell cycle reentry after a DNA damage-induced arrest in G1. Interestingly, using 

non-transformed RPE and BJ-Tert cells, we find that while Cdk4 is dispensable both 

for S-phase entry of normally proliferating cells and for cell cycle re-entry after serum 

starvation, it becomes essential to drive S-phase entry after irradiation. Overexpres-

sion of Cdk6 can overcome this dependence on Cdk6, indicating that the overall level 

of Cdk4/6 activity becomes rate-limiting during recovery. We show that Cdk4/6 kina-

se activity is only required once the checkpoint has been turned off, suggesting that 

Cdk4/6 activity is not required for DNA repair or checkpoint silencing. Indeed, DNA 

repair and the elimination of Cdk inhibitor proteins p21 and p27 are unaffected after 

depletion of Cdk4. We find that Cdk4/6 activity is required to phosphorylate pRb 

after irradiation, yet inactivation of pocket proteins is insufficient to allow S-phase 

entry after DNA damage when Cdk4 is depleted. Instead, our data demonstrate that 

Cdk4 drives recovery from a G1 arrest through the activation of FOXM1.
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This ubiquitous redundancy within the cell cycle machinery may reflect requirements for 
selected Cdks in particular cellular situations, such as recovery from a DNA damage-induced 
arrest. Here, we have tested the role of different Cyclin/Cdk subunits in cells recovering from 
a DNA damage-induced arrest in G1.

Results

Recovery from a DNA damage-induced checkpoint arrest in G1 requires Cdk4

The DNA damage checkpoint in G1 is maintained by p38 and Chk2 kinases in non-trans-
formed cells (Chehab et al., 2000; Lafarga et al., 2009; Shaltiel et al., 2014). When inhibi-
tors of these kinases are added to G1-arrested cultures of non-transformed retinal pigment 
epithelium (RPE) cells, we can induce S-phase entry in ~80% of the population in 24 hours 
(Figure 5.1A). We used this setup to determine whether there are particular components of 
the cell cycle machinery that are dispensable for normal G1/S progression, but required for 
recovery from a DNA damage-induced arrest. To this end, RPE cells were transfected with 
siRNA pools targeting the various cell cycle-implicated Cyclins, Cdks and Cdc25 phospha-
tases during serum starvation. After serum restimulation ~90% of control, GAPDH-depleted 
cells progressed to S-phase as measured by EdU incorporation (Figure 5.1B and 5.1C). Gen-
eral S-phase entry of non-irradiated RPE cells was strongly reduced when Cyclin D1, Cyclin 
A2 or Cdk2 were depleted. In addition, combined knockdown of both Cdk4 and 6, known to 
form complexes with D-type Cyclins (Bates et al., 1994), reduced normal G1/S progression. 

Interestingly, when analyzing S-phase entry induced by addition of p38/Chk2 inhibitors 
to DNA damaged G1 cultures, we found that a defect in S-phase entry occurred most evident-
ly after siRNA-mediated knockdown of Cdk4. Depletion of Cdk4 alone allowed for normal 
S-phase entry of non-irradiated cells, but resulted in a 60% reduction in cell cycle re-entry 
in the population recovering from irradiation. Similar results were obtained in non-trans-
formed, hTert-immortalized BJ fibroblasts (Figure 5S1). To confirm that this dependence on 
Cdk4 also exists during spontaneous recovery from DNA damage, we irradiated (1 Gy) asyn-
chronously proliferating RPE cells expressing live cell cycle fluorescence markers (Sakaue-
Sawano et al., 2008b; Figure 5.1D). S-phase entry in the first four hours after irradiation was 
not affected by irradiation, as cells that are beyond the restriction point cannot be prevented 
from progressing to S-phase (Deckbar et al., 2010). When we compared S-phase entry of the 

Figure 5.1 | Cdk4 is required to promote G1 checkpoint recovery. A) RPE cells were synchronized in G1 by con-
tact inhibition followed by reseeding at low density in conditions of serum starvation for 42 hours and six hours 
serum restimulation in the presence of mitotic drug STLC. G1-synchronized cells were (mock-)irradiated and cell 
cycle arrest was assessed by flow cytometry 16 hours later. Cell cycle reentry of 16 hours-arrested cells was induced 
by the addition of p38 inhibitor (SB202190) and Chk2 inhibitor. B) G1-synchronized RPE cells were depleted of 
indicated cell cycle proteins by siRNA-transfection during serum starvation and S-phase entry was assessed by 
EdU incorporation after serum restimulation or induced recovery from a cell cycle arrest as in A). Error bars rep-
resent s.d. of three independent experiments. C) Knockdown was confirmed of several targets by Western Blot. D) 
Asynchronously proliferating RPE-fucci cells were subjected to time-lapse fluorescence microscopy 48 hours after 
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bition in G1-synchronized RPE cell lines expressing siRNA-resistant flag-Cdk4, flag-Cdk6 or kinase-dead (KD) 
flag-Cdk4. E) Quantification of D), error bars represent s.d. for six wells from two independent experiments.

figure 5.1 legend continued...
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Cyclin D1 (Agami and Bernards, 2000; Mailand et al., 2000a), as well as due to the induction 
of p21 and p27 (Cuadrado et al., 2009). To determine how Cdk4/6 activity was affected by 
DNA damage, we analyzed the phosphorylation status of serine-807 and serine-811 of the 
Retinoblastoma protein (pRb), known to be phosphorylated by Cdk4 and Cdk6 (Zarkowska 
and Mittnacht, 1997). S807/811 were phosphorylated in approximately half (48%) of the 2N 
G1-synchronized cells (Figure 5.2D and 5S1). As expected, irradiation caused a reduction in 
S807/S811 phosphorylation evident at four hours after damage, and a modest return of cells 
with phosphorylated pRb after 16 hours (Figure 5.2D). Thus, Cdk4/6 activity is inhibited in 
response to DNA damage and needs to be reactivated in order to drive cells back into the cell 
cycle from a G1-arrested state.

Cdk4 and Cdk4/6 activity are not required to counteract p21 and p27

We wondered what constituted the difference between a G1-arrested state due to serum star-
vation and after irradiation. Both after serum starvation or exposure to ionizing radiation, 
Cdk4/6 activity is low, yet in the irradiated cells this is due to enhanced expression of the 

remaining G1 cells, 83% of the irradiated control G1 cells progressed to S-phase within 48 
hours, compared to only 31% of the Cdk4-depleted cells. Non-irradiated cells depleted of 
Cdk4 progressed relatively normal to S-phase and we detected no effects of Cdk4 depletion 
on cell cycle progression of G2 cells either with or without irradiation (Figure 5.1D and 5S1). 
Thus, Cdk4 becomes critical for S-phase entry after DNA damage.

Cyclin D-Cdk4/6 complexes have been proposed to act to sequester Cdk inhibitor pro-
teins p21 and p27 away from Cyclin-Cdk2 complexes, to allow them to phosphorylate their 
targets and promote cell cycle progression (Sherr and Roberts, 1995). However, re-introduc-
tion of a kinase-dead mutant of Cdk4 in Cdk4-depleted RPE cells did not restore the po-
tential to recover from a G1 arrest (Figure 5.1E and 5.1F), indicating that Cdk4 kinase activity 
is required after a G1 arrest induced by DNA damage. Interestingly, ectopic expression of 
either Cdk6 or an RNAi-insensitive Cdk4 restored S-phase entry of G1-arrested cells once the 
checkpoint was inhibited, indicating that Cdk6 can take over the function of Cdk4 during 
recovery. Thus, the overall Cdk4/6 activity determines the ability to re-enter the cell cycle 
after DNA damage, and unperturbed cell cycle progression requires less overall Cdk4/6 ac-
tivity than recovery after DNA damage.

Cdk4/6 activity is not required during the arrest

To study when exactly Cdk4/6 is required to promote recovery, we made use of a Cdk4/6 
inhibitor (PD0332991) that we added at different stages of the DNA damage response. Much 
like the result we obtained after co-depletion of Cdk4 and Cdk6, continuous inhibition of 
Cdk4/6 using 500 nM PD03332991 blocked cell cycle progression both in unperturbed and 
DNA-damaged RPE cells (Figure 5.2C). However, partial inhibition of Cdk4/6 using 100 nM 
of PD0332991 allowed normal cell cycle progression, but blocked recovery, similar to what we 
find after depletion of Cdk4 alone (Figure 5.1B and 5.2C).  This is consistent with the notion 
that more Cdk4/6 activity is required for recovery than for normal cell cycle progression. 

Next, we added the Cdk4/6 inhibitor at different stages of the DNA damage response 
to test when Cdk4/6 activity is required to promote recovery. Since the recovery defect 
in Cdk4-depleted cells is seen after silencing of the DNA damage checkpoint with small 
molecule inhibitors, we expected the recovery defect observed after Cdk4 depletion to be 
independent of DNA repair and checkpoint silencing. Indeed, the resolution of foci of 
S139-phosphorylated histone variant H2AX (γH2AX), a marker of sites of DNA damage, oc-
curred normally when Cdk4 was depleted or in the presence of 100 nM PD0332991 (Figure 
5.2A and 5.2B). Importantly, when Cdk4/6 activity was inhibited during the first sixteen 
hours of the arrest, this had no effect on the recovery of RPE cells once the inhibitor was 
washed out (Figure 5.2C). In contrast, addition of 100 nM PD0332991 at the moment the 
checkpoint was silenced with Chk2 and p38 inhibitors prevented S-phase entry of the irra-
diated cells. Cdk4/6 kinase activity is therefore required once DNA damage-signaling has 
dissipated and the cell cycle machinery needs to be re-activated.

Cdk activity is repressed in response to DNA damage, due to degradation of Cdc25A and 
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poorer in cell cycle progression (87% vs. 52% EdU+ cells), but not to the extent observed in 
cells recovering from irradiation (20% EdU+ cells in parallel experiments). In addition, the 
elimination of p21 after inhibitor washout was not affected by Cdk4 depletion, which was 
further confirmed for both p21 and p27 after irradiation (Figure 5.3D and 5.3E). Overall, 
these data indicate that the requirement for Cdk4 in recovery from a DNA damage-induced 
arrest in G1 does not stem from a direct role of Cdk4 in modulation of p21 and p27, neither 
to sequester them away from Cdk2, nor to promote their turnover. Thus, while some of the 
dependency on Cdk4 is recapitulated by p53 stabilization alone, other signals generated by 
irradiation must contribute substantially to the Cdk4-dependent state.

The role of Cdk4 during recovery surpasses the inactivation of pocket proteins

We next wanted to know what the downstream target of Cdk4 is that is involved in cell cycle 
re-entry after DNA damage. Pocket proteins Retinoblastoma protein (pRb), p107 and p130 
are the canonical substrates of Cdk4 and Cdk6 and their functions are inhibited by phos-
phorylation (Burkhart and Sage, 2008; Cobrinik, 2005). pRb and p130 phosphorylation is 
lost after irradiation and regained after checkpoint silencing in a Cdk4-dependent manner 
(Figure 2.2, 5.4A and 5.4B). To examine whether this impaired phosphorylation and inhi-
bition of pocket proteins by Cdk4 caused the irreversible arrest in G1 after irradiation, we 
first inactivated the three pocket proteins by co-depletion together with Cdk4. Knockdown 
of pRb enabled RPE cells depleted of both Cdk4 and Cdk6 to progress to S-phase, showing 
that the requirement for either Cdk4 or Cdk6 in normal S-phase entry is to inactivate pRb. 
Surprisingly, co-depletion of pRb with Cdk4 did not improve cell cycle reentry after irradia-
tion (Figure 5.4C and 5.4D). Further depletion of p107 and p130 failed to improve cell cycle 
reentry of irradiated cells, suggesting that a lack of pocket protein phosphorylation by Cdk4 
during checkpoint recovery is not the cause of the failure to re-enter the cell cycle. 

Genetic Rb-null embryonic fibroblasts have been described to lack a G1 checkpoint arrest 
in response to irradiation (Harrington et al., 1998), challenging the quality of the knock-
down in our experiments, where we observed only a minor increase in EdU+ cells after 4 Gy 
irradiation compared to controls (30% vs. 20% in controls). As an independent approach, 
we therefore inactivated pocket proteins by expression of the viral E7 oncoprotein, which 
prevents their binding with E2F transcription factors. E7-transformed RPE cells responded 
to serum starvation but generally failed to arrest after 4 Gy γ-irradiation, also when Cdk4 
was depleted and were consequently not suitable to address recovery from a checkpoint 
arrest in G1 (Figure 5.4E). To circumvent this problem, we generated an RPE cell line in 
which E7 transcription was under the control of a doxycycline-responsive promoter. This 
setup allowed us to specifically test whether Cdk4 is primarily required to shut down pocket 
proteins after an established arrest. As with E7-transformed RPE cells, induction of E7 from 
the moment of serum restimulation (6 hours prior to irradiation) enabled normal S-phase 
progression in Cdk4 and -6 co-depleted cells and gave a significant checkpoint override. 
When we now first allowed a normal G1 checkpoint arrest to establish before doxycycline 
addition (16 hours), E7 expression no longer facilitated S-phase entry after irradiation. Thus, 

Cdk inhibitors p27 and p21 rather than a lack of growth factor signals (Cuadrado et al., 2009; 
Deng et al., 1995). We therefore first assessed whether the recovery defect of Cdk4-depleted 
cells was due to a failure to inactivate p27. Importantly, co-depletion of p27 had no notable 
impact on cell cycle reentry of DNA damage-arrested cells (Figure 5.3A and 5.3B), ruling 
out a critical role for p27 in creating the observed Cdk4-dependence. Interestingly, the re-
duction in S-phase entry seen after serum restimulation in cells depleted of both Cdk4 and 
Cdk6 was partially restored by co-depleting p27 (Figure 5.3A and 5.3B), consistent with a role 
for Cdk4/6 in overcoming the inhibitory action of p27 during normal cell cycle progression.

We next addressed whether Cdk4 is required to overcome p21 during recovery from irra-
diation. Since p21-depleted cells fail to arrest in G1 in response to DNA damage (Figure 5.3A 
and 5.3B), co-depletion experiments could not address the role of p21 during recovery. In-
stead, we therefore tested whether p53-mediated p21 induction is sufficient to precipitate a 
dependency on Cdk4 for further cell cycle progression. To this end, we stabilized p53 and in-
duced p21 for 16 hours without inducing DNA damage using the Nutlin-3 small molecule in-
hibitor of Mdm2 (Figure 5.3C and 5.3D). After washout of Nutlin-3, p21 levels dropped again 
and most cells progressed to S-phase (Figure 5.3C and 5.3D). Cdk4-depleted cells performed 
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Figure 5.3 | Regulation of p21 and p27 Cdk inhibitors in G1 recovery. A) RPE cells were transfected with 
siRNAs during serum starvation, irradiated (4 Gy) six hours after restimulation and collected for Western blot 16 
hours later. B) Cells treated as in A) were treated with p38 and Chk2 inhibitors for an additional 24 hours. S-phase 
entry was determined by EdU incorporation (EdU present from moment of irradiation). Error bars indicate s.d. 
from six wells of two independent experiments. C) RPE cells transfected with siRNAs during serum starvation 
were treated with 5 μM Nutlin-3 for 16 hours, after which the inhibitor was either maintained or washed out in the 
following 24 hours. S-phase entry was determined by EdU incorporation (EdU present from Nutlin-3 addition). 
Error bars indicate s.d. from three independent experiments. Alternatively, cells were harvested at indicated time 
points for Western Blot (D). E) Cells treated as in (B) were collected at indicated time points for Western Blot.
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pocket protein inactivation by the E7 expression in an established arrest is insufficient to 
enable S-phase entry. Moreover, E7 induction at the moment of checkpoint silencing with 
Chk2 and p38 inhibitors did not overcome the requirement for Cdk4 for cell cycle re-entry. 
The Cdk4-depleted cells did not incorporate EdU after checkpoint silencing, and this was 
not improved by doxycycline addition at the moment of inhibitor addition (Figure 5.4F). 
Taken together, these data show that although phosphorylation of pRb is clearly regulated 
by Cdk4 after irradiation, inactivation of pocket proteins is not sufficient to allow cell cycle 
restart from a G1 checkpoint arrest in the absence of Cdk4.

Cdk4 promotes recovery through FOXM1

Having excluded pocket proteins as the key target of Cdk4 during recovery from a checkpoint 
arrest, we searched the available literature for other possible substrates that mediate Cdk4 
effects on cell cycle progression. Compared to Cdk1, 2 and -6, Cdk4 is the most discrimi-
nate kinase of the family with very few bona fide in vivo substrates described. Apart from 
the pocket protein family, these are the Smad3 effector molecule of transforming growth 
factor-beta (TGFβ) signaling (Matsuura et al., 2004) and the forkhead transcription factor 
FOXM1 (Anders et al., 2011). FOXM1 is closely involved with cell cycle-dependent regulation 
of gene transcription (Wierstra, 2013b) and multi-site phosphorylation of FOXM1 by Cdks 
prevents APCCdh1-dependent degradation and relieves autoinhibition by its N-terminus (An-
ders et al., 2011; Laoukili et al., 2008a; Park et al., 2008; Wierstra and Alves, 2006). 

Given this functional overlap in promoting cell cycle progression, we first tested whether 
FOXM1 is required for S-phase entry after irradiation. After irradiation, FOXM1-depleted 
cells indeed remained arrested in G1, similar to Cdk4-depletion or 100 nM Cdk4/6 inhib-
itor (Figure 5.5A and 5.5B). Like Cdk4, FOXM1 was not necessary for EdU incorporation 
of serum-restimulated RPE cells, but these cells subsequently delayed in G2 as described 
(Schuller et al., 2007; Figure 5S1). We ventured that if phosphorylation of FOXM1 by Cdk4 
is necessary for G1 checkpoint recovery, removal of phosphorylation-mediated regulation 
of FOXM1 should allow G1 checkpoint recovery in the absence of Cdk4. To test this, we sta-
bly introduced a FOXM1 mutant in which the autoinhibitory N-terminus and the KEN box 
(FOXM1ΔNΔKEN) that mediates recognition by Cdh1 were deleted (Laoukili et al., 2008b). 
Indeed, RPE cells expressing FOXM1ΔNΔKEN no longer depended on Cdk4 or its kinase 
activity to enable cell cycle progression after a G1 checkpoint arrest (Figure 5.5A and 5.5B). 
While only 17% of Cdk4-depleted cells managed to incorporate EdU after inhibition of p38 
and Chk2, this was significantly improved by FOXM1ΔNΔKEN expression (60% EdU+ cells). 
These results show that FOXM1 can overcome the requirement for Cdk4 during recovery 
from DNA damage and suggest that Cdk4/6-dependent activation of FOXM1 is crucial for 
cell cycle restart after DNA damage.

Cdk4/6 activity is essential to drive the G1/S transcriptional machinery after irradiation

The G1/S transition is driven by a positive feedback in a transcriptional network centered 
on E2F transcription factors. E2F1 promotes the expression of Cyclin E1, Cyclin E2, and Cd-

Figure 5.4 | Cdk4 is required for more than pocket protein inactivation. A) RPE cells were transfected with 
siRNAs during serum starvation and irradiated (4 Gy) six hours after serum-restimulation. 16 hours after irradi-
ation, Chk2 and p38 inhibitors were added and cells were collected 8 hours afterwards for immunofluorescent 
detection of S807/811-phosphorylated pRb. White outlines demarcate nuclei based on DAPI counterstaining. Nu-
clear fluorescence intensities were quantified in B). C) Cells treated as in (A) were maintained 24 hours after in-
hibitor addition and S-phase entry was detected by EdU incorporation (EdU present from moment of irradiation). 
Error bars indicate s.d. from six wells of two independent experiments. D) Protein levels after siRNA transfection 
were assessed by Western blot 16 hours after irradiation. E) RPE cells stably expressing E7 were synchronized in 
G1 and serum-stimulated in the presence of mitotic drug STLC. Cells were collected for flow cytometry 16 hours 
after (mock-)irradiation. F) RPE cells with doxycycline-inducible E7 were siRNA-transfected, G1-synchronized 
and either serum-stimulated with or without doxycycline and irradiated (4 Gy) six hours later. Alternatively, dox-
ycycline was added 16 hours after irradiation. S-phase entry was determined by EdU incorporation (EdU present 
from moment of irradiation).
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(E2F1∆AD; E2F1 a.a. 1-368 [Krek et al., 1995; Rowland et al., 2002]). Expression of E2F1∆AD 
alleviated some of the defect in S-phase entry observed in cells in which both Cdk4 and -6 
were depleted, indicating uncoupling of the G1/S transcriptional program from Cdk4/6 ac-
tivity. However, expression of E2F1∆AD rather impaired recovery from irradiation regardless 
of the presence of Cdk4. In control siRNA-transfected RPE cells that express E2F1∆AD and 
that were irradiated after serum restimulation, 37% of cells incorporated EdU within 40 
hours, which was virtually unchanged (38%) if checkpoint inhibitors were applied 16 hours 
after irradiation. Taken together, these data show that the transactivational activity of both 
FOXM1 and E2F1 are necessary to drive cell cycle reentry after DNA damage, and both are 
under control of Cdk4/6 either through phosphorylation of FOXM1 or pRb, respectively.

Discussion
Cdk2, 4 and 6, as well as Cyclin D1, D2, D3, E1 and E2 knockout mice develop to adulthood 
(Satyanarayana and Kaldis, 2009). Even compound knockout mouse embryos of Cdk2, 4 
and 6 or compound knockouts of all D Cyclins exhibit normal organogenesis and survive 
up to 12 days post fertilization (Barriere et al., 2007; Kozar et al., 2004). This indicates ex-
treme resilience in the basic cell cycle machinery that drives the G1/S transition challenging 
the classical dogma of sequential waves of Cdk4/6-Cyclin D and Cdk2-Cyclin E leading to 
normal S-phase entry in vivo. Many of these redundancies were recapitulated in our experi-
ments by siRNA-mediated knockdown of Cyclins and Cdks in serum-starved RPE cells, with 
the exception of strong dependence on Cyclin D1 and the combined action of Cdk4 and 6 
(Figure 5.1B). Throughout the course of this study, we additionally found that E2F-mediated 
transcription and FOXM1 are dispensable in driving the G1/S transition following serum 
restimulation (Figure 5.5A and E).

We find that cell cycle restart from a G1 arrest imposed after irradiation is distinct from 
serum starvation after contact inhibition. S-phase entry after reversal of a DNA damage-in-
duced checkpoint arrest in RPE cells critically depends on full Cdk4/6 activity, FOXM1 and 
the E2F1 transactivation domain (Figures 5.1A and E). Depletion of Cdk4 in RPE cells or 
human foreskin fibroblasts diminishes the overall Cdk4/6 activity to such an extent that 
cell cycle re-entry after DNA damage is compromised. It is clear that this dependence on 
Cdk4/6 activity does not stem from defective DNA repair or impaired elimination of the 
Cdk inhibitors p21 and p27 after checkpoint silencing (Figure 5.2 and 5.3). While recovery 
requires Cdk4/6 kinase activity, it must rely on more than the canonical inactivation of 
pocket proteins by Cdk-mediated phosphorylation. Also in this respect, we find recovery 
from a G1 arrest to be distinct from serum restimulation, as pocket protein inactivation by 
E7 oncoprotein is sufficient for S phase entry in serum-restimulated cells depleted of Cdk4 
and -6, but not for S phase entry after irradiation (Figure 5.4D). Using inducible expression 
of E7, we can further define this distinction with the observation that E7 expression before 
irradiation abolishes the G1 checkpoint, but E7 expression cannot reverse an established 
G1 arrest. Collectively, our data support a model in which the G1/S transcriptional program 

c25A that further limit pocket protein inhibition of E2F1 and simultaneously drives its own 
expression. FOXM1 is recruited to and regulates many of the same promoters (Grant et al., 
2013). To determine the contribution of Cdk4-dependent phosphorylation of FOXM1 to this 
transcriptional program, we monitored mRNA expression of several known FOXM1 targets 
during recovery from a G1 arrest that are important in regulating the G1/S transition. As 
expected, inhibition of p38 and Chk2 kinases in G1-arrested cells allowed the accumulation 
of CDC25A, CCNE1, CCNE2 and SKP2 transcript but not in cells where FOXM1 was depleted 
(Figure 5.5C and 5.5D). Similar defects were observed when Cdk4 was depleted or inhibited 
(data not shown). Evidently, the G1/S transcriptional program is poorly initiated in the ab-
sence of Cdk4 or FOXM1.

As most of FOXM1-regulated cell cycle genes are also prime targets of E2F transcription 
factors, we wished to assess the relative contribution of E2F-mediated transcriptional activa-
tion in recovery from a G1 arrest. To test this, we deregulated E2F-regulation in general by the 
expression of an E2F1 mutant that lacks its transactivation domain and cannot bind to pRb 
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Figure 5.5 | Cdk4 drives 
the G1/S transcriptional 
program. A) RPE cells, or 
RPE cells stably expressing 
FOXM1ΔNΔKEN were trans-
fected with siRNAs and ir-
radiated (4 Gy) after G1 syn-
chronization. Recovery was 
promoted with inhibitors for 
p38 and Chk2 16 hours after 
irradiation and S-phase en-
try was determined by EdU 
incorporation (EdU present 
from moment of irradia-
tion). Error bars represent 
s.d. of pooled data from two 

or three independent experiments. B) Cells treated as in (A) were collected for Western Blot 8 hours after inhibitor 
addition. C) RPE cells were treated as in (A) with indicated siRNAs. Cells were lysed for RNA isolation 16 hours 
after irradiation (G1 arrest), or nine hours after the addition of Chk2 and p38 inhibitors. Levels of indicated mRNA 
transcripts were assessed by RT-PCR and band intensities were quantified in D). E) RPE cells stably overexpressing 
E2F1 lacking its C-terminal transactivation domain (E2F1ΔAD) were treated as in (A) and S-phase entry was deter-
mined by EdU incorporation. Error bars represent s.d. of six wells from two independent experiments.
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which has been observed before (Bryja et al., 2008; Ely et al., 2005; Parry et al., 1999). Over-
expression of flag-Cdk6 can then overcome D2 and D3 levels to form productive complexes 
with Cyclin D1. Ultimately, the relative expression of either Cdk and of the three D-type 
Cyclins may define how Cdk4/6 activity is achieved in a particular cell.

Cdk4 is required for ErbB-2-driven mammary tumorigenesis, DMBA/TPA-induced skin 
tumor development, Men1+/−-driven neuroendocrine tumorigenesis, PDGF-induced glioma 
and APCMin/+-driven adenoma, and FOXM1 is required for chemically induced pulmonary 
tumorigenesis (Ciznadija et al., 2011; Cole et al., 2010; Gillam et al., 2014; Rodriguez-Puebla 
et al., 2002; Wang et al., 2009; Yu et al., 2006). Conversely, Cdk4, Cyclin D1 and FOXM1 over-
expression is common to many forms of cancer, with CCND1 amplification present in 20% of 
breast cancers and CDK4 amplified in 18% of glioblastomas (tcga, 2008, 2012). Stimulation 
of cell cycle progression clearly presents a growth benefit for cancer cells and is one of the 
hallmarks of cancer. We propose that on top of enhancing mitogenic signaling, such alter-
ations also lower the threshold for proliferation in cells that have suffered damage to their 
DNA and may drive further mutation and carcinogenesis. Indeed, tumor resistant pheno-
types of cdk2 or cdk4 knockout mice are lost in models that inactivate p53, arguing against 
a key role of mitogenic signaling per se (Padmakumar et al., 2009). As such, deregulation 
of Cdk4 and FOXM1 simultaneously supports growth factor independence and tolerance to 
DNA damage during tumorigenesis. As a consequence, inhibition of Cdk4 and/or FOXM1 
could provide a means to limit the proliferative capacity of tumor cells that have retained a 
functional G1 checkpoint. 

Materials and Methods

Cell lines

hTert-immortalized BJ human foreskin fibroblasts, hTert-immortalized retinal pigment ep-
ithelium (RPE) and derived cell lines were maintained in dmem/F12 (Gibco) supplemented 
with ultraglutamine, penicillin/streptomycin and 6% fetal bovine serum. RPE-fucci and 
BJ-fucci cells have been described before (Shaltiel et al., 2014). RPE-FOXM1ΔNΔKEN, RPE-
E2F1ΔAD, RPE-flag-Cdk4(NT), RPE-flag-Cdk4(NT/KD), RPE-flag-Cdk6 and RPE-E7 
were obtained as polyclonal cell lines after retroviral transduction with the corresponding 
pBABE constructs and puromycin selection. RPE with doxycycline-inducible expression of 
E7 was generated by retroviral transduction of RPE cells stably expressing an ecotropic re-
ceptor and the Retro-X Tet-On Advanced Transactivator (Clontech; courtesy of Lenno Kren-
ning) with pRetroX-tight-puro-E7 followed by puromycin selection. 

Constructs

Cdk4 cDNA (Origene) was subjected to site directed mutagenesis using 5’-CTGACCG-
GGAGATCAAAGTAACACTGGTCTTTGAGCATGTAGACC-3’ and complementary 
primers to generate a construct insensitive to Dharmacon siRNA#1 (non-targetable; NT). 

is rewired by DNA damage and becomes critically dependent on multiple transcriptional 
activators (Figure 5.6), similar to some forms of cellular quiescence (Buttitta et al., 2010). 
Incomplete repression of G1/S genes in non-irradiated cells could allow transcription with 
few transcriptional activators that quickly initiates a positive feedback. Active repression of 
gene transcription in combination with eliminated Cdk-activity resulting from DNA dam-
age checkpoint activation would present a unique setting in which Cdk4 becomes the sole 
driver of S-phase entry by liberating E2F1 from pocket proteins and activating FOXM1. How 
such a change to active repression is effected in response to irradiation in terms of histone 
modifications and their molecular modifiers remains to be addressed. 

The unique requirement for Cdk4, but not Cdk6 is poorly explained by this model: both 
Cdks are expressed, both can complex with available Cyclin D1 and both are able to phos-
phorylate pocket proteins and FOXM1 (Anders et al., 2011; Bates et al., 1994; Meyerson and 
Harlow, 1994). There are certainly known differences in T-loop phosphorylation (Bockstaele 
et al., 2009), substrates (Anders et al., 2011) and their inhibition by Cdk inhibitor proteins 
(Bisteau et al., 2013; Faast et al., 2004; Lin et al., 2001; Parry et al., 1999). However, overex-
pression of flag-Cdk6 can overcome the requirement for Cdk4 in G1 recovery (Figure 5.1), 
suggesting that these intrinsic differences are not responsible or can be compensated for 
by elevated Cdk6 levels. As we have observed that RPE cells critically depend on Cyclin D1, 
these results can also be explained by a preference of Cdk6 for binding Cyclin D2 or D3, 
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Figure 5.6 | Model of control mech-
anisms at the G1/S transition. Pro-
posed model for the control of S-phase 
entry in an unperturbed cell cycle and 
recovery from a DNA damage-induced 
arrest. Under normal circumstances a 
combination of residual Cdk2-activity 
(Spencer et al., 2013) and only partial 
repression of E2F-responsive promoters 
allows cell cycle progression with low 
levels of Cdk4/6 activity and in the ab-
sence of FOXM1. DNA damage causes 
rewiring of the transcriptional machin-
ery by modification of E2F-responsive 
promoters, complete loss of Cdk2 activ-
ity and transient loss of Cdk4/6 activity. 
During recovery, Cdk4 regains activity 
and is required to inactivate pocket 
proteins and activate FOXM1. E2F1 and 
FOXM1 subsequently cooperate to reac-
tivate key G1/S gene promoters.
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Flow cytometry

We seeded RPE cells grown to confluency at 15,000 cm−² and withdrew serum for 36 h after 
cell attachment. Six hours after serum stimulation cells were exposed to 4 Gy γ-irradiation 
from a Cs-137 source (1 Gy min−¹). Inhibitors and BrdU (Sigma; 10 μM) were added as in-
dicated and at various time points cells and processed as described before (Shaltiel et al., 
2014).

Time-lapse microscopy

Asynchronously proliferating RPE-fucci or BJ-hTert-fucci cells were transfected with in-
dicated siRNAs using RNAiMAX transfection reagent (Invitrogen) in Lab-Tek II (Thermo 
Scientific) chambers. Time lapse was set up 48 hours after transfection, immediately af-
ter (mock) irradiation from a caesium-137 source and replacement of medium with pre-
warmed Leibovitz’s L-15 medium containing all supplements.  For spontaneous recovery, 
images were acquired with a CoolSNAP-HQ2 camera and an Olympus 10× (NA 0.40) U-Plan 
S-Apo objective with Quad-mCherry polychroic mirror and GFP/mCherry emission filters 
at 15-minute intervals on a Deltavision system (Applied Precision). >60 G1 (clear/red fluo-
rescent) and >60 S/G2 (green fluorescent) cells were followed per condition per experiment 
from the first frame of the experiment until the last frame or mitosis. 

Immunofluorescence

Cells grown on glass cover slips were synchronized and transfected with siRNAs as before. 
At indicated time points after irradiation and inhibitor treatment, we fixed cells in PBS-buff-
ered 3.7% formaldehyde, permeabilized with −20 °C methanol and blocked aspecific bind-
ing with TBS containing 4% BSA and 0.1% Tween-20 prior to antibody incubation for immu-
nofluorescence. Images were collected with an Olympus U-Plan S-Apo 20× (NA 0.75), or an 
Olympus 40× (NA 0.85) IMT2 objective, Quad/mCherry polychroic mirror and Alexa Fluor 
filter sets on a Deltavision (Applied Precision) system and mean fluorescence intensity per 
nucleus was determined using ImageJ software (http://rsb.info.nih.gov/ij/).  

Western Blot and RT-PCR

For Western Blot, cells were lysed in Laemmli sample buffer, protein separated by SDS-
PAGE and transferred to a nitrocellulose membrane (Whatman), stained with the indicated 
antibodies and visualized by chemiluminescence (GE Healthcare). For RT-PCR, we collect-
ed RNA using an RNeasy mini kit (Qiagen), reverse transcribed into cDNA with Super-
script II reverse transcriptase (Invitrogen) and oligo-(dT) primers according to manufactur-
er’s instructions. Primers for RT-PCR were FW 5’-ATGTTTTCCTGTGCCCTGAG-3’ and RV 
5’-ATCTGTGGTGAGGGATGAGG-3’ for E2F1, FW 5’-CTCCACGGCATACTGTCTCA-3’ and RV 
5’-GGGCAAATTCAGAGAATCCA-3’ for SKP2, FW 5’-GAGATCGCCTGGGTAATGAA-3’ and 
RV 5’-TGCGGAACTTCTTCAGGTCT-3’ for Cdc25A, FW 5’-AAGTGGATGGTTCCATTTGC-3’ 
and RV 5’-TCTTTGGTGGAGAAGGATGG-3’ for Cyclin E1, FW 5’-CCGAAGAGCACT-
GAAAAACC-3’ and RV 5’-GAATTGGCTAGGGCAATCAA-3’ for Cyclin E2, and FW 5’-ATATC-

Kinase-dead Cdk4 was generated by additional site-directed mutagenesis using 5’-gaacagt-
caagctggctaactttggcctggc-3’ and complementary primers yielding Cdk4 D158N. pBABE-
flag-Cdk4(NT) and pBABE-flag-Cdk4(NT/KD) were obtained by cloning the PCR prod-
ucts of 5’-gatGGATCCatggactacaaagacgatgacgacaagGCTACCTCTCGATATGAGCCAGTG-3’ 
and 5’-gcataGAATTCtcactccggattaccttcatccttatg-3’ primers with the introduced BamHI and 
EcoRI restriction sites into corresponding sites of pBABE-puro. To obtain pBABE-flag-Cdk6, 
the Cdk6 CDS was amplified from RPE cDNA and was further amplified with 5’-gatGGATC-
CatggactacaaagacgatgacgacaagGAGAAGGACGGCCTGTGCCGCG-3’ and 5’-gcataGAATTCt-
caggctgtattcagctccgagg-3’ primers to introduce the flag-tag and restriction sites for BamHI 
and EcoRI. The sequence corresponding to flag-FOXM1ΔNΔKEN (FOXM1 a.a. 210-763) 
was transferred from pcDNA-FOXM1ΔNΔKEN to pBABE-puro using BamHI and EcoRI re-
striction sites. pBABE-E7 and pBABE-E2F1(1-368) (Krek et al., 1995) were kind gifts of René 
Bernards and Wilhelm Krek, respectively. pRetroX-tight-puro-E7 was obtained by PCR-me-
diated introduction of EcoRI and BamHI restriction sites and ligation of the product into 
corresponding sites of the vector.

Antibodies and reagents

Antibodies used in this study are the following: antibodies directed against Cdk4 (C-22; 
Santa Cruz), Cdk6 (C-21; Santa Cruz), p107 , pRb pS807/811, p21, p53(DO-1), p130 (C-20), 
beta actin (Santa Cruz Biotechnologies), H2AX pS139 (Millipore), α-tubulin, FLAG (Sigma), 
p27, pRb, (BD Biosciences). The following reagents were used: doxycycline (1 μg/mL; Sigma 
Aldrich) Nutlin-3 (5 μM; Sigma Aldrich), S-trityl-L-Cysteine (10 μM; Sigma Aldrich), p38 
([SB202190; 3 μM; Millipore) and Chk2 (Chk2 inhibitor II; 10 μM; Sigma Aldrich).

siRNA transfections and automated microscopy

siRNAs were purchased as ON-TARGETplus pools from Dharmacon. FOXM1 siRNA has been 
described before (Alvarez-Fernandez et al., 2010a). After serum withdrawal, we transfected 
cells with 20 nM pooled siRNA using RNAiMAX transfection reagent (Invitrogen). We irra-
diated the cells six hours after serum restimulation with 4 Gy and supplemented medium 
with 5-ethynyl-2’-deoxyuridine (EdU; 10 μM; Invitrogen). For G1 checkpoint recovery, Chk2 
inhibitor II and SB202190 were added 16 h after irradiation and cells were allowed to recover 
in the continuous presence of EdU for an additional 24 hours. Either 24 hours after mock 
irradiation or checkpoint silencing, we fixed cells in 3% formaldehyde in PBS and stained for 
EdU incorporation with click chemistry (100 mM Tris pH 8.5, 100 mM ascorbic acid, 1 μM 
AlexaFluor 488-azide [Invitrogen], 1 mM CuSO4) as described (Salic and Mitchison, 2008). 
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; 1 μg mL-¹; Sigma 
Aldrich) and imaged in a Cellomics Arrayscan automated fluorescence microscope with a 
20× (NA 0.4) Zeiss Axiovert 200M objective. At least 400 cells were imaged per well and 
EdU-positive cells were identified with a fixed threshold of the average fluorescence intensi-
ty in the nucleus over the immediate background in a ring around the nucleus. 
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Figure 5S1 | Supplemental information. A) Asynchronously proliferating RPE-fucci cells were transfected 
with indicated siRNAs and irradiated (1 Gy) 48 hours later. G2 cells in the starting frame (Geminin-mAG+C-
dt1-mKO1-) were followed into mitosis. Representative of three independent experiments. B) hTert-immortalized 
BJ human foreskin fibroblasts were transfected with indicated siRNAs and G1-synchronized. Eight hours after 4 
Gy γ-irradiation, Chk2 and p38 inhibitors were added to promote recovery. C) BJ fibroblasts treated as in (B) were 
collected eight hours after irradiation for Western blot. D) Scatter plot of mean nuclear fluorescence intensity of 
pRb pS801/811 and DAPI total nuclear fluorescence intensity of G1-synchronized RPE cells. E) Histograms from 
a representative experiment shown in Figure 5.5A. RPE cells or RPE cells stably expressing FOXM1ΔNΔKEN were 
transfected with indicated siRNAs and G1-synchronized. 40 hours after serum restimulation cells were fixed and 
total nuclear DAPI fluorescence of individual nuclei was quantified to generate cell cycle profiles.
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In chapter 2 we have described how different kinases control the initiation and mainte-
nance of radiation-induced checkpoint signaling in G1. When we apply inhibitors against 
p38 and Chk2, cells recover from the checkpoint arrest and restart the cell cycle. We exploit-
ed this controlled model for recovery from a DNA damage-induced checkpoint arrest to ex-
amine which phosphatases are required to dephosphorylate the substrates of p38 and Chk2 
during recovery from DNA damage. We identified a phosphatase complex that is required 
to remove Chk2-mediated phosphorylation on a single serine residue of the transcriptional 
co-repressor KAP1. As long as KAP1 remains phosphorylated, it cannot reverse the transcrip-
tional DNA damage response and cells remain arrested in G1. In addition, we found that the 
Wip1 phosphatase that reverses ATM- and ATR-mediated phosphorylations and is required 
for checkpoint reversal in G2 is not required for checkpoint reversal in G1. While Wip1 is not 
necessary for checkpoint silencing in G1, in chapter 3 we identified gain-of-function muta-
tions in Wip1 that are sufficient to abolish the checkpoint response in G1. These mutations 
are found in tumors and non-cancerous cells of breast and colon cancer patients and result 
in a C-terminally truncated version that escapes normal turnover mechanisms, resulting in 
~15-fold higher expression levels. To further investigate how Wip1 affects recovery from DNA 
damage in vivo, we turned to the mouse small intestine in chapter 4. We separately tracked 
the fates G1 and G2 cells after irradiation to show that the early apoptotic response is mostly 
restricted to the G2 population in the stem cell compartment. The surviving G1 and G2 cells 
subsequently overcome the checkpoint arrest and contribute a same number of progeny to 
the recovering epithelium. Surprisingly, Wip1 is completely dispensable for recovery of the 
small intestine to irradiation, but not when the intestinal epithelium is cultured ex vivo. 
Finally, in chapter 5 we addressed how DNA damage changes the wiring of the kinases that 
control cell cycle transitions, revealing a transcriptional network under the control of Cy-
clin-dependent kinase 4 that becomes essential after DNA damage to allow recovery from a 
checkpoint arrest in G1.

In the following sections we will give an overview of recovery from a checkpoint arrest 
in G1, discuss differences in responses to DNA damage throughout the cell cycle, relevant 
aspects in vivo and therapeutic opportunities for cancer patients with Wip1-overexpressing 
tumors.

Phosphoregulation of checkpoint recovery in G1
There are two obvious requirements for cells to recover from a DNA damage-induced arrest. 
First, checkpoint signaling must be terminated and, next, the cell cycle machinery must be 
reengaged (Figure 6.1). To effectively shut down the checkpoint, countless post-translational 
modifications need to be removed, including phoshorylation, ubiquitylation, methylation, 
acetylation and polyadenosylribosylation of DDR proteins. How this is regulated is still an 
active field of research. We have focused our research in chapter 2 on identifying phospha-
tases that are required for cell cycle progression after a DNA damage-induced arrest in the 
G1 phase of the cell cycle. We found that the PP4-PP4R2 phosphatase complex has a unique 

Cellular processes are invariably dynamic and require continuous regulation. 

Phosphorylation is the most common post-translational modification of pro-

teins (Khoury et al., 2011), allowing rapid and reversible changes to protein function 

at a minimal energy expense. Approximately 500 kinases conjugate phosphate to pro-

teins in human cells and approximately 150 phosphatases can in turn remove these 

phosphate moieties. It is this swiftness and reversibility that make phosphorylation 

the mainstay of the DNA damage response. Detection of a DNA double-stranded 

break (DSB) must be rapidly conveyed to multiple compartments of the cell and mo-

dulate hundreds of proteins involved in DNA repair, oxidative stress responses, RNA 

regulation, transcriptional regulation and the cell cycle (Sancar et al., 2004). Once 

the DNA has been repaired, normal cellular functions should be restored. In the DNA 

damage response, phosphorylation is coordinated with other modifications such as 

ubiquitylation, acetylation and methylation, allowing many levels of control. DNA 

damage also results in activation of various transcriptional programs and modifies 

RNA splicing and RNA translation, changing many aspects of cell biology. That said, 

most of these responses to double-stranded breaks of the DNA critically depend on 

the PI3K-related kinases ATM, ATR and DNA-PK that are activated by the dama-

ged DNA and repair intermediates. ATM and ATR subsequently activate additional 

checkpoint kinases Chk1, Chk2 and p38 to disseminate signals throughout the cell. In 

order for a cell to recover from the arrest and resume its track in the cell cycle, these 

signals should be terminated.
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enhanced growth factor signaling. How SHP1 facilitates cell cycle restart after DNA damage 
is yet unclear, but we expect it to involve the modulation of growth factor signaling. Finally, 
PTPRN2 is an integral membrane protein with a tyrosine phosphatase domain. ¬¬However, 
no phosphatase activity towards phosphotyrosine residues has ever been reported and it is 
currently considered a phosphatidylinositol phosphatase (Caromile et al., 2010). As such, 
PTPRN2 can affect phosphatidylinositol-regulated processes, which include PI3K signaling 
and vesicle fusion to membranes during endo- and exocytosis. Knockdown of PTPRN2 in 
pancreatic beta cells abolishes glucose-induced proliferation, suggesting a role in growth 
signaling (Torii et al., 2009). Within a tissue, the requirement of cell proliferation may at 
times outweigh the potential threat to genomic instability of DNA damage. Growth-stimu-
latory signals should certainly be integrated into cell fate decisions and characterization of 
SHP1 and PTPRN2 function after DNA damage may provide further insight into this signal 
integration.

function to counteract Chk2-dependent phosphorylation of KAP1 serine-473. Our screen 
identified only four phosphatases specifically required for recovery from DNA damage in 
G1. However, this is not to say that these are the only phosphatases involved in the reversal 
of checkpoint phosphorylations. Many phosphatases and regulatory subunits have essential 
roles normal cell biology, and it is possible that these phosphatases also play critical roles 
in checkpoint silencing. Moreover, there is considerable redundancy between phosphatases 
and most phosphorylated proteins are substrates of multiple phosphatases. For example, 
Wip1, PP4, PP2A and PP6 all efficiently dephosphorylate γH2AX in vitro, while their con-
tributions in vivo vary (Chowdhury et al., 2005; Douglas et al., 2010; Keogh et al., 2006; 
Macurek et al., 2010b). Both the viability of Wip1-deficient mice and normal recovery of 
irradiated G1 cells in the absence of Wip1 indicate that other phosphatases can compensate 
for Wip1 loss. Even though Wip1 is not necessary for the recovery of cells irradiated in G1, 
it is clearly active towards its substrates that are critically required for a proper checkpoint 
response (chapter 2). It is therefore not surprising that overexpression of Wip1 due to gene 
amplification or truncating mutations can prevent the efficient activation of the checkpoint 
in G1 (chapter 4). We expect that many more phosphatases that take part in the dephos-
phorylation of DDR proteins are similarly redundant.

Once checkpoint signaling has dissipated, cell cycle progression should be restored. We 
have shown that after a DNA damage-induced arrest in G1, this requires Cdk4, E2F1 and 
FOXM1 (chapter 5 and Figure 6.1). While these three proteins have well-established roles in 
promoting the G1-S transition, S-phase entry in a normal cell cycle is undisturbed in their 
absence. It is only after DNA damage that these proteins become essential to drive the G1-S 
transcriptional machinery. The requirement for Cdc25B and Plk1 for recovery from a DNA 
damage-induced arrest shows a similar trend (Bugler et al., 2006; van Vugt et al., 2004). Both 
proteins are well-known regulators of the G2-M transition, yet they are only essential for mi-
totic entry after a DNA damage-induced arrest. The ample redundant pathways that regulate 
cell cycle transitions may thus exist to accommodate regulation in specific cell situations, 
such as recovery from DNA damage.

In our siRNA screen for phosphatases necessary for cell cycle restart after a DNA damage-in-
duced arrest in G1, we additionally identified DUSP2, SHP1 and PTPRN2 (chapter 2 and 
Figure 6.1). We have not performed further experiments to determine how these phospha-
tases contribute to the cell cycle restart. DUSP2 counteracts the activating phosphorylations 
of p38 (T180/Y182), and its transcription is induced by both p38 activity and p53 (Chu et al., 
1996; Rohan et al., 1993; Yin et al., 2003). We speculate that DUSP2 is required to curb p38 
activity during the arrest to prevent premature induction of senescence. As for SHP1 and 
PTPRN2, a direct role in DNA damage signaling seems unlikely, and we believe that their 
function may lie more in the control of growth factor signaling at the cell membrane. SHP1 
is a tyrosine phosphatase implicated in receptor tyrosine kinase signaling pathways (Lo-
pez-Ruiz et al., 2011; Lorenz, 2009). Paradoxically, SHP1 deficiency is expected to result in 

Figure 6.1 | Phosphoregulation of checkpoint recovery in G1. DNA double-stranded breaks activate ATM 
kinase, which is responsible for the subsequent activation of Chk2 and –indirectly- p38 kinases. Within one hour 
after ATM activation, Chk2 and p38 become sufficient for further maintenance of the checkpoint and modulate 
the phosphorylation state of many proteins. The Cdk inhibitor protein p21 is the key effector of the cell cycle arrest 
in G1 and its transcription is driven by the p53 transcription factor that is phosphorylated and stabilized by Chk2 
and p38. Simultaneously, Chk2 phosphorylation of KAP1 serine-473 prevents repression of p21 transcription. The 
resulting p21 protein binds and inactivates all Cyclin-Cdk complexes – possibly with distinct efficiencies – that are 
required for the phosphorylation and inactivation of pRb and related pocket proteins. The non-phosphorylated 
pRb blocks E2F activity and actively represses target gene transcription to block S-phase entry. Checkpoint silenc-
ing and cell cycle restart requires PP4-PP4R2 to remove KAP1 S473-phosphorylation and reactivate KAP1-depen-
dent transcriptional repression of p53 target genes, including p21. When p21 levels drop, Cdk4 activity is required 
to inactivate pRb, activate FOXM1 and prevent its degradation by the APC/CCdh1. E2F1 and FOXM1 are both required 
for the cell cycle restart and probably cooperate on shared promoters to activate genes required for S-phase entry, 
including Cyclin E. See main text for further details.
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pression of the p21 locus, is required for recovery from a G1 arrest, but has no effect on the 
recovery of G2-arrested cells. We have previously discussed that these actions are temporally 
distinct (chapter 2): the actions of Wip1 are most evident within the first eight hours, while 
those of PP4 only become apparent after this time.

The spontaneous recovery of G2-arrested RPE-fucci cells is limited to a narrow time 
window, after which cells have either progressed to mitosis or have reverted to a G1-like state 
based on the reappearance of ubiquitin-ligase activity of the APC/CCdh1 and concomitant loss 
of SCF-Cul4-Skp2 ubiquitin-ligase activity. Cells that have activated the APC/CCdh1 have ap-
parently lost their competence to reengage the cell cycle machinery to enter mitosis. Further 
research clarified that RPE cells and human foreskin fibroblasts in fact become non-respon-
sive to checkpoint inhibitors already four hours after DNA damage is incurred (Krenning et 
al., 2014). This is well before effects of PP4 on KAP1 S473-phosphorylation become apparent 
and in stark contrast with the recovery from an arrest in G1, which may continue up to 72 
hours after damage. Under circumstances that competence to recover from a G2 arrest is 
maintained, effects of PP4 depletion are expected to emerge. Indeed, the U2OS osteosarco-
ma cell line can maintain a recovery-competent state for more than 16 hours, due to overex-
pression of Wip1 (chapter 4). In this cell line mild defects in recovery from a G2 arrest are 
observed after depletion of PP4 (Lee et al., 2012; Nakada et al., 2008). Both Wip1 and PP4 
thus impinge on shared DNA damage-signaling components, but in non-transformed cells 
cell fate decisions are taken within different time windows in G1 and G2. The time window 
within which the checkpoint arrest remains reversible in G2 may differ between cell types, 
and is regulated by p53-mediated repression of pro-mitotic genes, p21-dependent seques-
tration of Cyclin B1, transcriptional activity of FOXM1, total Cdk activity and the APC (Al-
varez-Fernandez et al., 2010b; Krenning et al., 2014). Cancer cells that often solely depend 
on the DNA damage checkpoint in G2 may benefit from attenuating these pathways and 
extending the time window in which they remain competent to recover.

Recovery from DNA damage in vivo: live, die, or differentiate

Cellular recovery from DNA damage is tuned to individual cells

In chapter 4 we studied recovery from irradiation in the intestinal epithelium and found 
that cellular responses in the intestine are highly dependent on the differentiation status 
of cells. While all cells incurred DNA damage, only undifferentiated cells induced p53 in 
response to the damage and cells that were closer to the crypt base were more prone to un-
dergo apoptosis. Likewise, Kolesnick and colleagues (Hua et al., 2012) have shown that DNA 
repair rates are lower in differentiated enterocytes and highest in intestinal Lgr5-positive 
stem cells. It is clear that when we consider recovery from DNA damage in the context of a 
tissue or an entire organism, responses should be tuned to individual cell function. Within 
the intestine this involves the post-mitotic absorptive and secretory cells, progenitors with 
the potential to revert to stem cells and the true stem cells. The fate of post-mitotic cells is 

G1 and G2 require different responses to DNA damage
Understanding the molecular processes that govern cell cycle restart after a DNA dam-
age-induced checkpoint arrest in G1 has been a main focus of our research. Many of the 
mechanisms that we found turned out to be specific to the G1 phase of the cell cycle: inhi-
bition of p38 and Chk2 does not promote cell cycle restart in G2 (chapter 2), and neither 
PP4 (chapter 2) or Cdk4 (chapter 5) is required for recovery from a DNA damage-induced 
arrest in G2. Conversely, known critical regulators of recovery from a G2 arrest, Plk1 (data 
not shown), Wip1 (chapter 2) and Cdc25B (chapter 5) are dispensable for recovery of G1 
cells. For Cdk4, Plk1 and Cdc25B this results from the different cell cycle transitions that they 
regulate, but PP4, Wip1, Chk2 and p38 operate in all phases of the cell cycle.

There are multiple possible reasons for the existence of specific responses to DNA dam-
age throughout the cell cycle. Homologous recombination repair, for example, should only 
be promoted when a duplicate sister chromosome is available in S- or G2-phase. Whereas in 
G1 a complete inhibition of Cdk-activity is harmless, some Cdk- activity must be maintained 
in S- and G2-phase even after DNA damage to prevent fired replication origins from pre-
mature relicensing. On a molecular level, the G1/S and G2/M transitions are controlled by 
a completely different set of proteins, calling for distinct mechanisms to prevent unwanted 
progression. Within a tissue, a persistent arrest in G1 is compatible with terminal differenti-
ation, while this may be impossible or undesired with cells in the midst of DNA replication 
or with tetraploid G2 cells.

There is ample evidence to show that DNA damage checkpoints operate differently before 
and after the initiation of DNA replication. Loss of p53, p21 and Rb abolish the DNA damage 
checkpoint in G1, but merely attenuate the checkpoint in G2 (Deng et al., 1995; Harrington 
et al., 1998; Kastan et al., 1991). ATR and Chk1 play critical roles in checkpoint control in 
G2 (Cliby et al., 1998; Liu et al., 2000), yet their activity is neither necessary nor sufficient 
for an arrest in G1 by irradiation (chapter 2; Chen et al., 1999). During DNA replication 
in S-phase, p21 accumulation is prevented by the PCNA-associated CRL4-Cdt2 ubiquitin 
ligase, abrogating this arm of the checkpoint response (Abbas et al., 2008). Finally, nucle-
ar translocation of inactive Cyclin B1-Cdk1 and premitotic activation of the Cdh1-loaded 
anaphase-promoting complex (APCCdh1) are two independent mechanisms to produce an 
irreversible cell cycle arrest in G2, but not G1 (Krenning et al., 2014; Bassermann et al., 2008; 
Charrier-Savournin et al., 2004; Sudo et al., 2001). The experiments described in this thesis 
show that the recovery from an arrest in G1 and G2 mirror these checkpoint differences. 

Multiple mechanisms affect the reversibility of a DNA damage-induced checkpoint ar-
rest in G2

In chapter 2 we found that recovery from a DNA damage-induced checkpoint arrest re-
quires distinct phosphatases. Wip1, which limits the γH2AX and p53 levels in the first hours 
after irradiation, promotes recovery from a G2 arrest, but is irrelevant for the recovery of 
cells arrested in G1. Conversely, PP4, which antagonizes KAP1 phosphorylation and dere-
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reflect the complexity of normal proliferative cells in tissues. Within the body, the way in 
which cells respond to DNA damage must be tuned to a given cell’s function and even ex-
tends to post-mitotic cells. Some cells may have been already scheduled to be replaced in 
the near future, some may be easily replaced, whereas some have unique valuable functions 
(e.g. neurons). It will be very interesting to further delineate how DNA damage responses 
are coupled to cell fate decisions.

Endogenous models for checkpoint recovery in G1 and G2
DNA double-stranded breaks are purposely induced during the development of certain cell 
types, providing excellent in vivo models for studying recovery from a DNA damage-induced 
checkpoint arrest. Wip1-, PP4-, Cdk4- and FOXM1-deficient mice exhibit defects in these 
cell types that might be the result of impaired checkpoint recovery.

Wip1 in spermatogenesis and oogenesis

In developing spermatocytes and oocytes, the Spo11-endonuclease creates hundreds of 
breaks during prophase I of meiosis to promote homologous chromosome pairing and 
recombination of paternal and maternal chromosomes (Handel and Schimenti, 2010). In 
males, only a small part of the X and Y chromosomes recombines. The ensuing checkpoint 
arrest resembles an arrest in G2 of a mitotic cell cycle and recapitulates Cdc25B and Plk1-de-
pendence for further cell cycle progression (reviewed in Solc et al. [2010]). Interestingly, 
Wip1-deficient mice show distinct phenotypes for oocyte and spermatocyte development. 
While female mice are fertile, Wip1−/− males have strongly reduced spermatogenesis result-
ing in reduced fertility (Choi et al., 2002). Fertility can be restored by heterozygous deletion 
of ATM, and consistent with a developmental block in prophase I of meiosis, seminiferous 
tubules of Wip1−/− males contain increased numbers of the cells with a 4N DNA content 
(Filipponi et al., 2013). Filipponi and colleagues have attributed the defects in spermatogen-
esis to Wip1-dependent epigenetic regulation. However, these effects on DNA methylation, 
heterochromatin protein 1 expression and histone H3K9 methylation are restricted to the 
haploid spermatids and spermatocytes that have already completed meiosis, which fails to 
account for the increased numbers of prophase I spermatocytes. These data suggest that 
Wip1 promotes both the completion of male prophase I and the subsequent maturation of 
spermatids. It remains unclear why oocyte development is not affected by Wip1 deletion. 
The lack of persistent DNA damage signaling from unsynapsed XY bodies combined with 
long prophase I arrests from birth until fertilization provide two interesting possible expla-
nations why Wip1 is dispensable in females.

Recovery from DNA damage-induced checkpoint arrest is essential for lymphocyte de-
velopment

During T and B lymphocyte development, the genes encoding the T cell receptor beta, Ig 
heavy and light chains are recombined in G1, with double-stranded breaks as intermediates 

irrelevant for the long-term maintenance of genomic stability in the intestine. As it is rela-
tively unlikely that the DNA damage will jeopardize cellular function of these differentiated 
cells, for the short-term preservation of tissue integrity the survival of these post-mitotic 
cells is preferable over cell deletion. Moreover, as most of the differentiated cells of the in-
testinal epithelium are shed from the villi within five days, a high tolerance to DNA damage 
is easily justified.

On the other extreme we find the stem cells that are responsible for the genomic stability 
of the intestine throughout the animal’s life span. These cells are caught in a paradox, as 
some cells must survive to feed epithelial renewal, while a low tolerance to DNA damage is 
required to safeguard genomic integrity. Indeed, stem cells are more likely to undergo ap-
optosis after irradiation, but a proportion of these cells is radioresistant and only dies after 
a subsequent replicative cycle (Merritt et al., 1997). Our experiments suggest that the cell 
cycle phase in which a stem cell is confronted with DNA damage defines whether it is more 
inclined to commit to apoptosis or to survive the damage in order to repopulate the dam-
aged crypt. Approximately 35% of the stem cells that had replicated DNA two hours before 
exposure died by apoptosis, while the non-replicating stem cells survived, with less than 5% 
committing to apoptosis (Figure 4.2).

Finally, progenitor cells of the transit-amplifying compartment possess functional DNA 
damage checkpoints in G1 and G2, but do not readily undergo apoptosis (Chwalinski and 
Potten, 1986; Ijiri and Potten, 1983; Wilson et al., 1998). Instead, we have found that these 
cells overcome their checkpoint arrests over time and continue to proliferate (Figure 4.3). As 
long as these progenitors do not revert to stem cells, further proliferation of transit-amplify-
ing cells is harmless for long-term genomic stability and favorable for maintaining tissue in-
tegrity. In this light it is important to note that some progenitor cells do under circumstances 
of severe injury revert to stem cells (van Es et al., 2012; Yan et al., 2012) and the exact criteria 
that govern this capability should be addressed.

One must also wonder to what extent cell fate decisions are made cell-intrinsically within 
a tissue. When a single stem cell in the intestine is confronted with an intermediate amount 
of DNA damage, apoptosis may be favorable. In a different situation where all cells are dam-
aged more seriously, this same cell with an intermediate amount of DNA damage should 
instead be salvaged for tissue survival and optimal maintenance of genomic stability. The 
tissue must therefore provide some information on the condition of the tissue in general 
and other stem cells in particular. Our findings that ex vivo grown organoid cultures of the 
intestine are more sensitive to DNA damage support a role for the surrounding tissue in pro-
viding pro-survival signals. Wnt5a, fibroblast growth factor 2, prostaglandins, transforming 
growth factor β3 are all induced by intestinal injury and promote stem cell survival (Booth 
and Potten, 2001; Houchen et al., 1999; Miyoshi et al., 2012; Ruifrok et al., 1997).

Cellular responses to DNA damage are undeniably more complex when taken in the con-
text of a tissue or organism. Studies restricted to DNA damage in (tumor) cell lines, which 
are highly proliferative and have often lost or repressed the ability to differentiate, do not 
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PPM1D mutations and cancer predisposition

In chapter 3 we described truncating mutations in PPM1D encoding the wild-type p53-in-
duced phosphatase 1 (Wip1) that are found in colon and breast carcinoma patients. We show 
that these C-terminal truncations of the protein increase its stability, resulting in effective 
overexpression that abrogates normal DNA damage checkpoint functions. Similar muta-
tions have recently been described in ovarian cancer, where individuals harboring truncating 
mutations of Wip1 have a ~12-fold increased risk of developing this type of cancer (Akbari et 
al., 2014; Ruark et al., 2013a). While numbers of sequenced patients are too low to conduct 
statistical tests for their effect on cancer predisposition, truncating mutations of Wip1 are 
further found in uterine, kidney, thyroid, head and neck cancer and glioblastoma (Dudgeon 
et al., 2013). In all reports, truncated Wip1 proved catalytically active and, excluding our own 
work, in one instance (Wip1 E525X) increased protein stability was confirmed (Dudgeon et 
al., 2013). The emerging picture describes truncating mutations between amino acids 406-
546 that occur at low frequency (0.1 – 2%) in a wide range of cancer patients.

The more common PPM1D amplifications that occur in ~20% of breast cancer patients 
are clearly restricted to tumor tissue and develop during tumorigenesis (tcga, 2012). In 
contrast, all reported PPM1D mutations were detected in peripheral blood, suggesting that 
these mutations are not a consequence of tumorigenesis, but if anything define an underly-
ing genetic background likely to give rise to various cancers. Interestingly, all three studies 
that reported the percentage of mutated reads found these to account for less than 25% of 
all reads, far off from the expected 50% for one maternal and one paternal allele (chapter 
3; Akbari et al., 2014; Ruark et al., 2013a). It appears that these mutations were acquired de 
novo early during embryogenesis to represent a substantial proportion of at least the he-
matopoietic compartment. This mosaicism in part explains the limited hereditary transmis-
sion of both the mutation and cancer predisposition (chapter 3; Akbari et al., 2014; Ruark 
et al., 2013a). It is currently unclear whether there is a selective pressure against or in favor 
of Wip1-mutated cells in any particular tissue. Negative selection of Wip1-mutated cells in 
germ cells could provide an additional explanation for poor hereditary transmission. Further 
understanding how cells with mutated Wip1 are distributed throughout the body may prove 
useful to predict which tissues are most likely to be affected. 

Combination of Wip1 inhibitors and genotoxic therapy in cancer

Inhibitors of Wip1 have promising therapeutic applications. A subset of cancer cells is de-
pendent on Wip1 for survival and proliferation (Buss et al., 2014; Gilmartin et al., 2014). 
Moreover, adverse side effects of Wip1 inhibitors are expected to be manageable, as Wip1-de-
ficient mice are viable (Choi et al., 2002). Ours and other research (chapters 2 and 3; Gilmar-
tin et al., 2014; Lindqvist et al., 2009b; Xia et al., 2009) further advance the potential benefits 
of Wip1 inhibition in combination with genotoxic therapy. In chapter 4 we show that in 
the small intestine the adverse effects of Wip1 deletion in combination with irradiation are 
minimal. 

(Bednarski and Sleckman, 2012). Mature B lymphocytes undergo a second round of DNA 
damage during class switch recombination to generate the various immunoglobulin species 
(Matthews et al., 2014). Defects in cell cycle restart after a DNA damage-induced arrest thus 
present as defects in normal lymphocyte development.

Indeed, mice lacking PP4 in the T or B lymphocyte compartment fail to progress beyond 
the stage in which the first double-strand breaks are induced (Shui et al., 2007; Su et al., 
2013). This developmental block is not due to a role for PP4 in differentiation per se, as over-
expression of a transgenic immunoglobulin in pro-B cells, which prevents the activation of 
the RAG endonuclease, can bypass the requirement for PP4. Similarly, in mice lacking cdk4 
or T cell-specific deletion of FOXM1, the thymus is reduced in size, contains fewer thymo-
cytes but increased numbers of the CD4/CD8 double negative T cells that are undergoing 
T cell receptor recombination, suggesting that T cell development is largely blocked from 
the moment of DSB induction (Chow et al., 2010; Xue et al., 2010). Importantly, Cdk4 is not 
required for T lymphocyte proliferation itself, as those cells that do manage to differenti-
ate into mature T lymphocytes proliferate normally after immune stimulation (Chow et al., 
2010). The mechanisms underlying these developmental defects has remained unresolved 
and a causal relationship between DNA damage and these developmental defects in Cdk4 
and FOXM1 knockout animals has never been proposed. Finally, Wip1-deficient mice also 
display reduced immune function and their T lymphocyte development has been carefully 
studied. Wip1-deficient thymocytes were found to develop normally up to the first recom-
bination event and this developmental block could be relieved by combined deletion of p53 
(Schito et al., 2006). Thus, Wip1 may be required for checkpoint recovery after DNA damage 
in G1 in certain cell types, although the exact cell cycle phase in which these developing 
thymocytes die needs to be confirmed. In either case, defective recovery from a DNA dam-
age-induced arrest is a probable cause of these immune defects, which has been previously 
unrecognized.

Clinical implications
Chemotherapeutics and radiotherapy that rely on the induction of DNA damage for their 
function remain the most commonly used treatment strategy for cancer patients. The cancer 
cells that continue to proliferate limit the therapeutic potential of these modalities. Path-
ways that promote cell cycle restart after DNA damage are therefore relevant for tumor re-
sponses to genotoxic therapy. In human cancer patients, overexpression of Wip1, PP4, Plk1, 
FOXM1, and Cdk4, is frequently observed and associated with poor disease outcome (Chen 
et al., 2014; Hirasawa et al., 2003; Lu and Yu, 2009; Tang et al., 2012; Weng et al., 2012; 
Wierstra, 2013a). Moreover, efficient cell cycle restart after DNA damage contributes to the 
accumulation of mutations required for tumorigenesis. Indeed, mice deficient for Cdk4, 
Foxm1 or Wip1 all show resistance to the development of tumors in various cancer models. 
Regulators of recovery from DNA damage are relevant for cancer biology and promising 
targets for therapeutic intervention.
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Orally available specific small molecule inhibitors of Wip1 have recently been described 
(Gilmartin et al., 2014) and selecting the patients that are most likely to benefit from Wip1 
inhibitors is now a key challenge. Antitumor effects of Wip1 depletion or inhibition in vitro 
have been detected in a wide range of tumor types, including lymphoma, osteosarcoma, 
colon carcinoma and mammary carcinoma (Gilmartin et al., 2014; Lindqvist et al., 2009b; 
Parssinen et al., 2008). Wip1 inhibitors are most likely to be effective against those cancers 
that overexpress Wip1, which is true for ~20% of breast cancers (tcga, 2012), ~30% of me-
dulloblastomas (Castellino et al., 2008b; Mendrzyk et al., 2005), and ~10% of ovarian clear 
cell carcinomas (Tan et al., 2009). A strict requirement for sensitivity to Wip1 inhibition 
is that the cancer cells retain wild-type p53 (Gilmartin et al., 2014; Lindqvist et al., 2009b; 
Parssinen et al., 2008). Our experiments (chapter 3) further suggest that, when combined 
with genotoxic therapy, Wip1 inhibitors will prove most effective against cancer cells that 
do not arrest in G1 in response to DNA damage. While it is difficult to functionally assess 
whether a G1 checkpoint is retained in individual patients, there are multiple genetic alter-
ations that compromise the G1 checkpoint, which can be identified in DNA from biopsies. 
These include mutations and deletions of RB1, mutations in CDK4, deletion or mutation of 
CDKN2A, and amplifications of CCND1, CCNE1 and MYC. The clinical benefits of Wip1 inhi-
bition should be further explored for this group of patients, especially in combination with 
radiotherapy or genotoxic chemotherapy.

Concluding remarks
DNA damage responses are vital for the long-term maintenance of genome stability and, 
consequently, for the prevention of the accumulation of deleterious mutations and cancer. 
As the vast majority of cells with proliferative capacity in the human body are in G1 at any 
given time, the DNA damage-induced checkpoint in G1 is particularly important to ensure 
proper repair before commitment to cell division. Such a checkpoint arrest, however, can 
only be useful when it can be reversed once repair has been completed. The work presented 
in this thesis has been dedicated to the identification of regulators of this process. We have 
uncovered both factors that participate in the termination of DNA damage signaling and 
components of the cell cycle machinery that are crucial for the reversibility of the checkpoint 
in G1. Such factors that can antagonize checkpoint signaling must be tightly controlled, as 
exemplified by novel mutations in Wip1 that attenuate the checkpoint arrest in G1 after DNA 
damage and give rise to cancer. Knowing on which mechanisms cancer cells rely to tolerate 
DNA damage opens promising therapeutic opportunities to counteract cancer resistance 
against genotoxic therapy.
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Het foutloos overgeven van genetisch materiaal tijdens de deling van cellen 

is een voorwaarde voor het bestaan van ingewikkelde veelcellige wezens zoals 

wijzelf. Zelfs kleine ‘foutjes’ in het DNA van een enkele cel in ons lichaam kunnen 

ernstige gevolgen zoals kanker hebben. Het celdelingsproces wordt daarom direct 

stilgezet als het DNA beschadigd is en weer hervat zodra de schade gerepareerd is. In 

dit proefschrift beschrijven wij ons onderzoek naar hoe het celdelingsproces hervat 

wordt na DNA-schade met de nadruk op de rol van kinases en fosfatases. Door met 

verschillende methoden cellen te volgen door het celdelingproces na DNA-schade, 

laten wij zien dat de regulatie van celdeling na DNA-schade wezenlijk anders is voor- 

of nadat het DNA gekopieerd wordt. 

Celdeling
Al het leven bestaat uit cellen. Sommige levensvormen, zoals bacteriën, bestaan uit indiv-
iduele cellen, terwijl het voor ons zichtbare leven opgebouwd is uit vele miljoenen cellen. 
Zo bestaat ons lichaam uit ongeveer 100 biljoen cellen, die alle zijn voortgekomen uit de 
versmelting van één flinke eicel en één ijverig zaadcelletje. Door telkens in tweeën te del-
en ontstaan uit de bevruchte eicel eerst twee, dan vier, dan acht cellen enzovoort tot het 
aanzienlijke aantal waarover wij beschikken. Deze cellen zijn geprogrammeerd om speci-
fieke functies te vervullen in ons lichaam en het draaiboek daarvoor lag reeds vastgelegd in 
het DNA (desoxyribonucleïnezuur) van die ene bevruchte eicel. Het is daarom van cruciaal 
belang dat het DNA tijdens het celdelingsproces correct wordt gekopieerd en overgeleverd 
aan de dochtercellen. Een opstapeling van fouten in het DNA kan leiden tot niet-levensvat-
bare of ontregelde dochtercellen die de integriteit van het weefsel en organisme bedreigen.

Celdeling is een uitgekiend proces dat een strikt stappenplan volgt (Figuur 1A). Aller-
eerst verzamelt de cel informatie over de wenselijkheid van een celdeling en groeit zij in 
omvang (G1-fase), vervolgens wordt in een proces dat ongeveer zeven uur duurt al het DNA 
gekopieerd (synthese/S-fase), waarna de cel zich enige uren voorbereidt (G2-fase) op de 
daadwerkelijke splijting (mitose). Mitose is normaliter binnen een uur compleet en omvat 
het ontstaan van twee nieuwe celkernen en afgescheiden dochtercellen. Dit begint met het 
ineenwikkelen van de 46 afzonderlijke stukken DNA die nog verbonden zijn met hun ko-
pieën tot compacte en microscopisch zichtbare chromosomen. De wand van de celkern valt 
uiteen om deze chromosomen te bevrijden, die zich in het midden van de cel opstellen door 
hevig getouwtrek met kabels afkomstig van de tegenovergestelde polen van de cel. Zodra alle 
chromosomen aan weerszijden zijn verbonden aan kabels, worden de verbindingen tussen 
kopieën verbroken en trekken de kabels de kopieën uiteen. Nieuwe celkernen vormen zich 
om de clusters van DNA die zo ontstaan en tussen deze nieuwe kernen vernauwt de cel zich 
totdat de membranen van de twee dochtercellen van elkaar gescheiden zijn. De start van 
DNA replicatie en mitose zijn streng gereguleerd om te verzekeren dat deze onomkeerbare 
stappen van de celcyclus alleen aangegaan worden wanneer dit gepast is en dan wel met 
intact DNA.

DNA-schade
Dagelijks raken zeker 60 000 bouwstenen in het DNA per cel echter beschadigd door zuur-
stofradicalen, invallend licht, kosmische straling en spontaan verval. Gelukkig bevat de dub-
bele helix een natuurlijke reserve van de informatie op de tegenoverstaande streng en veel 
van deze beschadigingen kunnen hierdoor direct hersteld worden zonder verdere gevolgen. 
Ernstigere beschadigingen, waaronder volledige breuken van de dubbele helix, kunnen wel 
problemen veroorzaken gedurende het kopiëren en herverdelen van het DNA over dochter-
cellen. Om gevaarlijke mutaties en verlies van genetische informatie te voorkomen, wordt 
het celdelingsproces stilgezet zodra schade aan het DNA is gedetecteerd (Figuur 1A en 1C). 
DNA-schade blokkeert de start van DNA replicatie (G1-checkpoint), vertraagt het kopieer-
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gauw vele minuten duurt. Daarom zijn veel eiwitten zelf regelbaar door interacties met me-
tabolieten en modificaties. Het bevestigen van een fosfaatgroep op specifieke plekken van 
een eiwit is de meest voorkomende eiwitmodificatie en kan de functie van het eiwit op meer-
dere manieren beïnvloeden (Figuur 1B). Fosfaatgroepen zijn negatief geladen en kunnen zo 
de vouwing van het eiwit veranderen, maar ook bindingen met andere eiwitten verbreken 
of versterken. Dit alles gebeurt in een fractie van een seconde. Deze snelheid wordt benut 
om snel te kunnen reageren op veranderingen binnen en buiten de cel. Fosfaatmodificaties 
worden geplaatst door gespecialiseerde eiwitten, kinases genaamd, en weer verwijderd door 
andere eiwitten, de fosfatases. Correcte signaaltransductie vereist zowel de gereguleerde 
plaatsing van fosfaatmodificaties door kinases, als hun verwijdering door fosfatases.

DNA-schade activeert meerdere kinases, afhankelijk van de celcyclusfase en het type 
schade, die op hun beurt tot wel honderden verschillende eiwitten fosforyleren om schade-
herstel te bevorderen, celdelingsprocessen te blokkeren en uiteindelijk leven/doodbeslis-
singen zullen maken. 

Dit proefschrift
In hoofdstuk 1 beschrijven wij de huidige stand van kennis hoe signalen van DNA-schade 
het celdelingsproces weten te blokkeren en hoe celdeling wordt hervat zodra de schade ge-
repareerd is. Aangezien de beslissing om het DNA te kopiëren en de beslissing om te delen 
anders gereguleerd worden, dienen de schadesignalen ook anders verwerkt te worden in 
deze verschillende fases van de celcyclus. Eveneens zal de manier waarop het celdelingsap-
paraat weer aangezwengeld wordt toegespitst moeten zijn op de celcyclusfase waarin de cel 
zich bevindt. Hoewel er veel bekend is van de mechanismen voor het hervatten van de cel-
cyclus na DNA-schade in cellen die reeds hun DNA hebben verdubbeld, weten wij niets van 
het herstelproces bij DNA-schade vóórdat begonnen is met het kopiëren van het genetisch 
materiaal (in de G1-fase).

Allereerst beschrijven we in hoofdstuk 2 welke door DNA-schade geactiveerde kinases 
het celdelingsproces blokkeren in de G1-fase van de celcyclus. Vervolgens verwijderen wij 
één voor één alle fosfatases om te achterhalen hoe de fosfaatmodificaties van deze kina-
ses worden verwijderd als de schade gerepareerd is. Dit leidde ons tot enkele fosfatases die 
essentieel worden voor celdeling na DNA-schade in de G1-fase. Bij een van deze fosfatases 
(PP4) tonen wij aan precies welke fosfaatmodificatie zij verwijdert tijdens het herstelproces 
en hoe dit bijdraagt aan het hervatten van de celcyclus, specifiek in de G1-fase. Een toevallige 
ontdekking tijdens dit werk is dat de Wip1 fosfatase die juist belangrijk is voor het uitscha-
kelen van DNA-schadesignalen tijdens herstel in G2, niet nodig is voor celcyclusherstel na 
DNA-schade in G1. Zowel het gebruik van DNA-schade kinases als de fosfatases blijkt zo 
specifiek voor de celcyclusfase waarin de schade wordt berokkend.

Hoewel de Wip1-fosfatase geen aanmerkelijke invloed heeft op het hervatten van de cel-
cyclus in G1 na DNA-schade, zien wij wel dat zij actief is bij het verwijderen van bepaalde 
fosfaatmodificaties die nodig zijn voor de DNA-schaderespons. In hoofdstuk 3 tonen wij 

proces tijdens S-fase (intra-S checkpoint) en blokkeert de start van mitose (G2-checkpoint). 
Aldus schept de DNA-schaderespons tijd om de schade te repareren voordat celdelingspro-
cessen deze kunnen verergeren. Uiteindelijk kan deze respons een gecontroleerde celdood 
of permanente celdelingsstop veroorzaken, of de cel herstelt, waarna het celdelingsproces 
wordt hervat (Figuur 1C).

Fosfaatmodificaties
Het DNA bevat alle informatie die nodig is om elk celtype in ons lichaam te besturen. Genen 
beschreven in het DNA worden afgelezen om eiwitten aan te maken die het skelet, de kana-
len, de motoren, de fabrieken en regelaars van de cel zijn. Veel regelprocessen in de cel moet-
en veel sneller zijn dan mogelijk op basis van het afschrijven van genen in het DNA, dat al 
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Figuur 1 | De grove lijnen. (A) Celdeling ver-
loopt in een vaste volgorde met onderscheid-
bare fases, die samen de celcyclus vormen. Het 
grootste gedeelte van de celcyclus gebeurt er 
vanalles in de cel, maar is dat van buiten niet 
direct zichtbaar. In de G1-fase worden gegevens 
van binnen en buiten de cel verzameld zodat de 
cel weloverwogen kan besluiten daadwerkelijk 
te delen. Tijdens de eindfase van G1 worden alle 
voorbereidingen getroffen voor het kopiëren van 
het DNA. Zodra dit is begonnen, spreken we van 
de ‘synthese’ (S) -fase. Pas als het DNA volledig 
is gekopieerd  (in G2) maakt de cel de benodigd-
heden aan om daadwerkelijk te delen. De laatste 
fase waarin de cel daadwerkelijk zijn DNA op 
chromosomen verdeelt en in tweeën splijt (mi-
tose) duurt veelal maar een fractie van het hele 
celdelingsproces.(B) Eiwitten (hier aangegeven 
met ‘R’) kunnen voorzien worden van kleine 
fosfaatgroepen die een negatieve lading dragen. 
Deze groepen worden bevestigd door kinases en 
verwijderd door fosfatases. Fosfaatgroepen kun-
nen acute en grote effecten op het eiwit hebben. 
Fosforylering van een eiwit kan zijn functie aan- 
of uitzetten en bindingen tussen verschillende 
eiwitten bevorderen of verbreken. Veel eiwitten 
kunnen op meerdere plekken een fosfaatgroep 
bevestigd krijgen en zo uitgebreid gereguleerd 
worden. (C) Schade aan het DNA ontlokt een 
respons die de celcyclus stillegt, zodat de schade 
gerepareerd kan worden voordat de cel het pro-
beert te kopiëren of te verdelen. Na de aanvan-
kelijke pauze kan besloten worden nooit meer 
verder te delen of af te sterven. Mocht de schade 
tijdig en voldoende gerepareerd zijn, kan de cel 
de celcyclus hervatten. Dit proces van het her-
vatten van de celcyclus na DNA-schade en de rol 
hierin van fosforylering en defosforylering is het 
onderwerp van dit proefschrift.
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aan dat als er veel meer Wip1 aanwezig is in G1, zij zelfs in staat is om DNA-schadesignalen 
zodanig uit te zetten, dat de cel ondanks DNA-schade toch aanvangt met DNA replicatie. 
Dit kan leiden tot een opeenstapeling van mutaties in het DNA met kanker als gevolg. Door 
het gen dat codeert voor Wip1 af te lezen bij borst- en darmkankerpatiënten hebben wij ont-
dekt dat circa 1% van deze patiënten een verkorte vorm van Wip1 aanmaakt die veel stabieler 
is dan de complete variant en daardoor meer dan tien keer zoveel aanwezig is. Deze afwij-
kende vorm vinden we zowel in de kankercellen als in de normale bloedcellen van patiënten, 
maar niet in een grote groep gezonde mensen. Dit suggereert dat de verkorte variant al bij 
geboorte aanwezig is en vervolgens de kans op het ontwikkelen van borst- en darmkanker 
aanzienlijk verhoogt. De ontregeling van de balans van de kinases en fosfatases die betrok-
ken zijn bij DNA-schadesignalen draagt dus bij aan de ontwikkeling van kanker.

In hoofdstuk 4 onderzoeken we herstel van DNA-schade in een actief delend weefsel in 
muizen. Zowel in muizen als mensen worden de wanden van de darm elke 3-7 dagen volledig 
vervangen door delende cellen die zich bevinden in kleine instulpingen tussen de darmvlok-
ken. Dit maakt de darm ook het meest gevoelige weefsel voor DNA-schade. We hebben het 
herstelproces na DNA-schade in de darm onderzocht met een specifieke aandacht voor de 
effecten op cellen die op het moment van schade in de G1- of in de G2-fase van de celcyclus 
waren. Celsterfte bleek sterk gekoppeld aan de celcyclusfase op het moment van DNA-be-
schadiging en kwam vooral voor onder stamcellen. In het stamcelcompartiment stierf min-
der dan 5% van de cellen in G1-fase, maar wel 35% van de cellen in S/G2-fase. Toch bleek 
48 uur na de DNA-beschadiging dat het herstellende weefsel evenveel (klein)dochtercellen 
van beiderlei celcyclusfase bevatte. Vervolgens bestuderen wij deze processen in muizen en 
darmweefsel waarin de Wip1-fosfatase ontbreekt. Hoewel in vitro gehouden darmweefsel 
zonder Wip1 zeer gevoelig is voor DNA-schade, vindt herstel van de darm in de muis nor-
maal plaats zonder Wip1. Dit toont aan dat Wip1 niet essentieel is voor het uitzetten van 
DNA-schadeblokkades in de darm, dat het herstel van DNA-schade sterk wordt gereguleerd 
door omliggend weefsel in het lichaam en dat de toepassing van inhibitoren voor Wip1 waar-
schijnlijk beperkte bijwerkingen heeft op gezond darmweefsel.

Zodra het DNA gerepareerd is, dient niet louter het schade-signaal uitgezet te worden, 
maar moet ook het celdelingsapparaat weer in gang worden gezet. In hoofdstuk 5 onder-
zoeken we welke componenten hieraan bijdragen in de G1-fase en ontdekken we dat cellen 
zeer afhankelijk worden van een celcycluskinase (Cdk4) nadat ze in de G1-fase geblokkeerd 
zijn door DNA-schade. We tonen verder aan dat de functie van Cdk4 verder reikt dan fosfaat-
modificaties van haar gangbare substraat en vinden aanwijzingen dat Cdk4 na DNA-schade 
extra transcriptiefactoren activeert om een celcyclusherstart mogelijk te maken. 

Tenslotte bespreken we in de algemene discussie in hoofdstuk 6 hoe deze bevindin-
gen geplaatst moeten worden in de bestaande kennis, hoe cellen verschillend omgaan met 
DNA-schadesignalen in de G1- en G2-fases van de celcyclus, de complexiteit van cellulaire 
responsen op DNA-schade in de context van weefsels en de implicaties van onze ontdekkin-
gen voor een verbeterde behandeling van kanker.
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Dankwoord
In je eentje krijg je lang niet zoveel gedaan als in een inspirerende omgeving waar advies 
en hulp soms onverwacht opduiken. René, die inspirerende omgeving heb ik grotendeels 
aan jou te danken gehad. Al bij mijn sollicitatie was ik ervan overtuigd dat je de mensen om 
je heen heel bewust verzamelt en dat het stuk voor stuk topmensen zijn. Bedankt voor de 
vrijheid die je me – soms ongevraagd – hebt gegeven en dat je telkens ruimte hebt gemaakt 
om mijn wensen te accommoderen. Volgens mij heb je zelfs die milieubewuste Smart een 
beetje voor mij aangeschaft, al zal je er 30 km/L niet mee halen. Ik hoop dat ik je scherpe 
commentaar altijd met me mee zal dragen.

Emile, zeker in het begin heb je door wat afstand en perspectief te geven geholpen om het 
licht aan het einde van de tunnel te blijven zien. Het doet me goed dat we één voor één alle 
drie nu op het nki-avl terecht zijn gekomen.

De samenwerking met mijn paranimfen heb ik eigenlijk nooit als werken ervaren. Melinda, 
yang indah, yang kucinta, 美妹, je was als familie voor me en in de twee maanden dat je met 
me samen hebt gewerkt heb je een welverdiende plek verworven op twee hoofdstukken. 
Was ik zelf maar zo efficiënt. We zijn begonnen en geëindigd in dezelfde kamer. Nu nog het 
peeskamertje en daarna een keer op Bali, of in Makassar, of Manado.

Lenno, je hebt ons gedachtekindje een prachtige eigen wending gegeven en ik ben trots dat 
mijn naam een plekje heeft op het eindresultaat. Ook het gezamenlijk schrijven van het JCS 
review ging moeiteloos en gepaard met vunzige opmerkingen – zo zie ik het graag. Het is 
onvoorstelbaar dat we na twaalf jaar nog steeds niet door de grappen heen zijn en dat we op 
24 september na negen jaar weer samen in rokkostuum aan het bier zitten.

In al mijn onderzoekshoofdstukken heb ik gebruik gemaakt van een fluorescent systeem 
waarmee live de celcyclusfase van cellen gevolgd kan worden. Saskia Suijkerbuijk heeft mij 
na een werkbespreking op dit systeem gewezen, waarvoor ik haar ontzettend dankbaar ben. 
Wie weet hoe lang ik anders nog met Cycline E-promoterconstructen had zitten werken. 
Thanks to Silvia Ariotti, I have been able to start up some first filming experiments with 
intestines from mice that express this system. I have received a lot of help with these ex vi-
vo-grown intestines from the Hans Clevers lab and Martijn Koppens.

Over the years many inspiring, fun and helpful people have made my working environ-
ment pleasant and productive. The post-docs that welcomed me to the lab were formidable 
to the point that I was a bit worried what was to come of the lab when they one by one found 
new places. Arne, Libor and Monica, you have been dearly missed. Fortunately, we stayed 
in touch and I have a chapter to show for it. Libor, you deserved a spot both as first and 
last author, but I am happy the way it worked out. On the 24th we can finally drink a beer 
together to celebrate it. Vincent, you have not really gone and I hope we can soon validate 
some of the mass spectrometry hits. Sebentar. Of course, other post-docs have come and 

gone in the meantime. Claudio, thanks for your lessons in italian proverbs; Yan Juan, you 
for the lessons Chinese, the 开心果, all your secret stocks and keeping me company when 
we were left together in Utrecht; André Maia, for introducing the world of Caenorhabditis 
elegans. Also the current postdocs, Benjamin, Daniel, Anja, Rita and André Koch, you 
have set a great example to aspire to. Benjamin, as room mate I have buggered you a lot 
with discussions about various topics, ranging from kids and art to the evolution of yeast 
and the definition of ‘the biochemistry’. I have greatly appreciated your eager engagement 
in these miscellaneous discussions and your scientific input over the last years. Alba, it has 
been a blessing to have you around to finish the last chapters. I cannot wait to see the first 
time-lapse of the new fucci mouse – once it finally arrives – and think that we will have a 
blast when I get back in the lab.

Onmisbaar voor wetenschappelijk advies en veelal bepalend voor de sfeer waren de me-
depromovendi. Wytse, toen ik zag dat ik het lab met jou als mede-AIO zou delen, wist ik 
dat het qua gezelligheid wel goed zou komen. In Athene kreeg ik je niet zo gek om mijn 
rolstoel te duwen, maar toch zijn we altijd zeer vriendelijke collega’s gebleven en heb ik veel 
aan onze discussies gehad. Ik kijk al uit naar onze eerstvolgende conference call. Aniek, het 
is wonderlijk hoeveel jij voor elkaar krijgt met je werklust, positieve insteek, schaterlach en 
constructieve houding. Ik ben dankbaar je het grootste gedeelte van mijn promotie-onder-
zoek als collega te hebben gehad. Marvin, ik herken veel van jou in Jonne en Roy: scherpe 
vragen, zelfkritisch en zoveel mogelijk immuunfluorescentie. You taught them well. Jonne, 
je was al vanaf de eerste dag een force to be reckoned with en inmiddels de sociale spil van 
het lab. Het is maar goed dat je nog even als post-doc aanblijft. Roy, volgende keer in Israël 
geen legerperikelen en ben ik er gewoon bij. Ik zoek nog een (Mede)maatje om een keer 
door de Negev naar Eilat te fietsen. Ahmed, it has been great to get some Middle-Eastern 
atmosphere in our office. Judith – altijd een dagje ouder – , waar jij bent is het gezellig. Nog 
bedankt dat je met Jonne die middelbare scholieren overnam toen het me even teveel was. Ik 
word haast bemoeizuchtig van al je leuke ontdekkingen! Mihoko, you have turned your life 
around. All that is missing is a 仏壇. Femke (Feringa, dus niet mijn vrouw), het is prachtig 
om te zien wat je allemaal voor elkaar krijgt met de FAC-sorting van fucci-cellen.

Michiel Boekhout, B5 zou niet hetzelfde zonder je zijn. Het is groots je zo lang te 
hebben mogen kennen en onze ontmoetingen in Japan zal ik nooit vergeten. Erik, gebruik 
je pinda-power voor die laatste loodjes. Kees, Rob Wolthuis, Wouter, Arnoud, Michiel 
van Veen, Kasia, Daniela, Leila, Bram (also for sanity-saving ImageJ macros), Pablo (also 
for delicious home-made bread), Elisabetta, Jeffrey, Connie, Linda, Maaike (also for the 
coffee), Marcel, Elisa, Coert, Mariet and Marianne, thank you all for making B5 the fun 
and inspiring place it is. Dank ook aan mijn studenten, Reno en Jordy: ik heb veel van jullie 
geleerd en hoop dat het wederzijds was. Jordy, veel plezier nog met je stage in Toronto. En 
laten we wel wezen, zonder Rob Klompmaker was er überhaupt geen lab geweest om in te 
werken.
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De jaren op het Stratenum deelden we het lab met de groep van Susanne Lens (Maike, 
Silvie, Martijn, Rutger Hengeveld, Amanda en Armando). Afgezien van de bijdrages bij 
werkbesprekingen en gezelligheid op lab, borrels en koffiepauzes heb ik ontzettend veel aan 
jullie gehad in de periode dat de rest van het lab al in Amsterdam zat. 

In Utrecht ook zeker dank aan de Kops-, Dercksen-, Kranenborgh- en Voest-groepen 
die in verschillende werkbesprekingen, retraites en borrels hun bijdrages hebben geleverd. 
Nanette, ik heb steun gehad aan jouw medemuisbeklagingen en de resultaten die je toch 
hebt geboekt. Miranda, zonder jou zouden de muisexperimenten nooit van de grond zijn 
gekomen. Livio, bedankt voor het opluisteren van feesten en met olie besmeurde microsco-
pen. Lior, thanks for correcting my Hebrew summary.

Buiten het lab, Straat (Matthijs), Rutger, Michiel van Gent, Bert, Timon, als ik in de 
afgrond lig (met of zonder busje), weet ik dat jullie me weer bij elkaar rapen. Bedankt voor 
de vele avonturen en alle die nog komen gaan. Mandy, je bent er altijd voor me geweest 
en ik weet dat waar ik of jij ook bent op de wereld, onze vriendschap voor altijd is. Nicole, 
Dinesh, Mathijs, Rianne en Menno, bedankt voor de weekendjes en gezellige avonden. 

Jan en Ineke, dankzij al jullie oppasdagen hebben Femke en ik het afgelopen jaar bei-
den ons boekje af kunnen schrijven. Bedankt voor de warme maaltijden bij thuiskomst, 
de afwas, alle museumtripjes voor Aviva en de gezelligheid. Lieve mama, bedankt dat je 
mijn nieuwsgierigheid altijd onbegrensd hebt gelaten. Ik besef steeds meer hoeveel je voor 
me hebt gedaan en hoeveel van mijn manier van denken ik aan jou te danken heb. Aviva, 
bedankt dat je geen huilbaby was! Door jouw ogen zie ik weer hoe wonderlijk de wereld is 
en hoeveel er nog valt te ontdekken. Je bent mijn allergrootste avontuur. Tenslotte Femke, 
mijn ijkpunt. Bedankt voor je steun, je commentaar, je spell-check, het bijhouden van mijn 
agenda en het zorgen dat ik niet vergeet te leven. Wat ben ik blij dat ik al mijn avonturen 
met jou mag delen.
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לדנ"א  נזק  אותות  להשבתת  במיוחד  Wip1 אשר חשובה  הפוספטאזה  כי  היתה  זו  בעבודה  מקרית 
במהלך ההתאוששות בשלב G2, אינה דרושה לחידוש מחזור התא לאחר נזק לדנ"א בשלב G1. כך 
בו הנזק  והפוספטאזות הרלבנטיות התבררו ספציפיות לשלב במחזור התא  לדנ"א  קינאזות הנזק  גם 

נגרם.
למרות שהפוספטאזה Wip1 אינה משפיעה משמעותית על חידוש מחזור התא בשלב G1 לאחר 
נזק לדנ"א, אנו רואים שהיא כן פעילה בהסרה של קבוצות זרחה מסוימות הנדרשות לתגובה לנזק. 
בפרק 3 אנו מגלים שכמות גדולה מדי של Wip1 בשלב G1 גורמת לדיכוי אותות הנזק, כך שהתא 
מוטציות  של  להצטברות  להוביל  העלול  דבר  נושא,  שהוא  הנזקים  אף  על  הדנ"א  בשכפול  מתחיל 
בדנ"א שגורמות בסופו של דבר לסרטן. על ידי קריאת הגן המקודד Wip1 בחולות סרטן השד ובחולי 
הרבה  שהינה   Wip1 של  מקוצרת  צורה  מייצרים  הללו  מהחולים  שכ-1%  נמצא  הגס  המעי  סרטן 
אחרת  צורה  באוכלוסיה.  מהממוצע   10 פי  גבוה  בתא  ריכוזה  ולכן  המלאה,  מהגרסה  יציבה  יותר 
של  גדולה  בקבוצה  לא  אך  חולים,  נורמלים של  דם  ובתאי  הסרטניים  בתאים  נמצאה   Wip1 זו של 
אנשים בריאים. הדבר מצביע על כך שהגרסה המקוצצת כבר נוכחת בלידה, ולאחר מכן מגדילה את 
הסיכוי להתפתחות סרטן השד וסרטן המעי גס במידה ניכרת. הפרת האיזון בין קינאזות ופוספטאזות 

המעורבות באיתות נזק לדנ"א תורמת כך להתפתחות של הסרטן.
בפרק 4 אנו חוקרים את ההחלמה מנזק לדנ"א ברקמת תאים מתרבים בעכבר. הן בעכברים והן 
התאים שנמצאים  חלוקת  ידי  על  ימים   3-7 כל  לחלוטין  מוחלפים  המעי  הדופן של  תאי  אדם,  בבני 
בגומחות קטנות בין סיסי המעי. כתוצאה מכך, המעי הוא הרקמה הרגישה ביותר לנזק לדנ"א.  אנו 
חקרנו את תהליך ההתאוששות לאחר הנזק לדנ"א במעי הגס עם תשומת לב מיוחדת להשפעות על 
לשלב  מאוד  קשור  היה  תאים  של  המוות  הפגיעה.  בעת  התא  מחזור  של   G2 או   G1 בשלב  תאים 
של מחזור התא שבו ניזוקו והתרחש בעיקר בתאי גזע. בתאי גזע מתו פחות מ-5% מהתאים בשלב 
G1, אבל כ-35% מהתאים בשלב S/G2. עם זאת, התברר ש-48 שעות לאחר הנזק לדנ"א הרקמה 
המתאוששת הכילה את אותו מספר תאי הבת )נכדות( של שני השלבים של מחזור התא. לאחר מכן, 
למרות  חסרה.   Wip1 הפוספטאזה  שבה  מעי  וברקמת  בעכברים  האלה  התהליכים  את  בוחנים  אנו 
שרקמת מעי ללא Wip1 שמתקיימת במבחנה רגישה מאוד לנזק לדנ"א, התאוששותו של המעי בתוך 
העכבר מתרחשת בדרך כלל בהיעדרה של Wip1. זה מראה ש-Wip1 אינה חיונית לשחרור חסימות 
נזק לדנ"א במעי, כאשר ההתאוששות מהנזק מוסדרת במידה רבה בגוף מהרקמה הסובבת, ולבסוף 

שהיישום של מעכבי Wip1 כנראה עלול לייצר תופעות לוואי מוגבלות ברקמת מעי גס בריא.
נזק, אלא גם להפעיל את תהליך  ברגע שהדנ"א תוקן, התא צריך לא רק לבטל את האות לקיום 
חלוקת התא. בפרק 5 אנו בוחנים אלו מרכיבים תורמים להפעלה זאת בשלב G1 ואנו מוצאים תאים 
אנו   .G1 בשלב  לדנ"א  נזק  בגלל  חסימה  אחרי   Cdk4 התא  מחזור  בקינאזת  תלוי  התהליך  בהם 
מדגימים שתפקידה של Cdk4 חורג משינויי זרחה של המצע המשותף שלה ומציגים ראיות שלאחר 

נזק לדנ"א היא מפעילה גורמי שעתוק נוספים כדי לאפשר הפעלה מחדש של מחזור התא.
לבסוף, בפרק 6 אנו דנים בשאלה איך צריך לשלב את הממצאים הללו לתוך הידע קיים, בפרט - 
כיצד תאים מתמודדים באופן שונה עם אותות הנזק לדנ"א בשלבי G1 ו-G2, המורכבות של תגובות 

תאיות לנזק לדנ"א בהקשר של רקמות וההשלכות של ממצאינו לטיפול משופר בסרטן.

מנת למנוע מוטציות מסוכנות ואובדן מידע גנטי, תהליך החלוקה מופסק ברגע שזוהה נזק לדנ"א )ראה 
וג(. זיהוי נזק חוסם את תחילת שכפול הדנ"א )נקודת הביקורת בסוף שלב G1(, מאט את  א  איור 
תהליך ההעתקה בשלב הסינתזה )נקודת הביקורת בתוך שלב S( וחוסם את תחילת המיטוזה )נקודת 
הביקורת בסוף שלב G2(. באופן זה, תגובת הנזק לדנ"א יוצרת זמן לתיקון לפני שתהליכי חלוקת התא 
יחמירו אותו. בסופו של דבר, תגובה זו עשויה לגרום למוות מתוכנת של התא, להפסקה קבועה של 

חלוקתו או להתאוששות התא, לאחר חידוש תהליך החלוקה.

זירחון

הדנ"א מכיל את כל המידע ההכרחי לפעולת כל סוגי התאים בגוף. הגנים הטמונים בדנ"א משועתקים 
התא.  של  והבקרות  הצמיחה  מחוללי  המנועים,  הערוצים,  השלד,  את  המהווים  חלבונים  ליצור  כדי 
תהליכי בקרה רבים בתא צריכים להתבצע הרבה יותר מהר מאשר אפשרי על בסיס השעתוק והתרגום 
לחלבונים של גנים בדנ"א – תהליכים שלוקחים לפחות מספר דקות. לכן, הרגולציה של חלבונים רבים 
נעשית על ידי אינטראקציות עם מטבוליטים או על ידי שינויים מולקולריים של החלבון. ההוספה של 
קבוצת זרחה באתרים מסוימים של חלבון היא שינוי החלבון הנפוץ ביותר ויכולה להשפיע על תפקודו 
יכולות  הן  ולכן  יש מטען חשמלי שלילי  זרחה  לקבוצות  ב(.  איור  )ראה  דרכים  של החלבון במספר 
לשנות את הקונפורמציה )המבנה המרחבי( של החלבון, ולהשפיע על האופן בו הוא נקשר לחלבונים 
אחרים. כל זה קורה בשבריר של שנייה. מהירות זו מנוצלת כדי להגיב בזמן לשינויים פנימיים וחיצוניים 
קינאזות,  הנקראים  מתמחים  חלבונים  ידי  על  מבוצעה  אלה  זרחה  קבוצות  של  הוספתן  התא.  של 
והסרתן על ידי חלבונים אחרים הנקראים פוספטאזות. העברת אותות בתא דורשת הן הוספה מוסדרת 

של קבוצות זרחה על ידי קינאזות, והן הסרת קבוצות זרחה על ידי פוספטאזות. 
ובסוג הנזק( אשר,  גורם להפעלה מאסיבית של קינאזות )באופן התלוי בשלב במחזור התא  נזק לדנ"א 
בתורה, גורמת לזירחון של עד מאות חלבונים שונים כדי לעורר את התיקון, לעצור תהליכי חלוקת תא ובסופו 

של דבר להחליט בין חיים או מוות.

תזה זו

מצליחים  לדנ"א  נזק  אותות  בו  האופן  אודות  הידע  של  הנוכחי  המצב  את  מתארים  אנו   ,1 בפרק 
לחסום את תהליך חלוקת התא והאופן בו חלוקת התא מתחדשת כאשר הנזק תוקן. מאחר שההחלטה 
להעתיק את  הדנ"א לאחר תיקון הנזק וההחלטה לעבור לשלב המיטוזה מוסדרות באופן שונה מאשר 
צורה  ומקבלים  שונים מהרגיל  גם האותות המועברים בתא במצבים אלה  רגילה של התא,  בחלוקה 
ספציפית. כמו כן, הדרך להתניע מחדש את מנגנון חלוקת התא חייבת להיות מותאמת לשלב הספציפי 
במחזור התא בו מתחדש התהליך. למרות שקיים כבר ידע רב על המנגנונים לחידוש מחזור התא לאחר 
נזק לדנ"א בתאים שכבר הכפילו את הדנ"א שלהם, איננו יודעים דבר על תהליך ההתאוששות מנזק 

.)G1 לדנ"א לפני התחלת ההעתקה של החומר הגנטי )בשלב
פרק 2 נפתח בסקירה של אלו קינאזות המופעלות בעקבות נזק לדנ"א חוסמות את תהליך חלוקת 
התא בשלב G1 . בהמשך אנו מסירים את כל הפוספטאזות בזו אחר זו כדי לקבוע כיצד קבוצות זרחה 
של קינאזות אלה יוסרו ברגע שהנזק תוקן. ניסוי זה מוביל אותנו לכמה פוספטאזות שחיוניות לחלוקת 
התא לאחר נזק לדנ"א בשלב G1. לאחת מפוספטאזות אלה )PP4( אנו מראים בדיוק איזה זירחון 
היא מסירה במהלך ההתאוששות ואיך הדבר תורם לחידוש מחזור התא, במיוחד בשלב G1. תגלית 
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ל היצורים החיים בנויים מתאים. כמה יצורים, כגון חיידקים, מורכבים מתאים בודדים, כ
ואילו יצורים הנראים לעין מורכבים ממיליונים רבים של תאים. הגוף שלנו, למשל, 
מכיל כ-100 טריליון תאים, שכולם יצאו מהשילוב של ביצית גדולה אחת ותא זרע קטן, 
אך חרוץ. על ידי חלוקות חוזרות של הביצית המופרית נובעים שניים, ואז ארבעה, ולאחר 
מכן שמונה וכן הלאה תאים עד המספר העצום של התאים בגופנו. תאים אלה מתוכנתים 
קוד שכבר מאוחסן בדנ"א של הביצית המופרית.  לפי  בגוף  למלא תפקידים ספציפיים 
לכן חיוני שהדנ"א יועתק ויועבר לתאי הבת בצורה נכונה במהלך תהליך חלוקת התא. 
הצטברות של שגיאות בדנ"א עלולה להוביל לתאי בת שאינם בני קיימא או לתאי בת 

משובשים המאיימים על שלמות הרקמה והיצור כולו.

חלוקת התא

חלוקת תא היא תהליך מורכב העוקב אחר מפת דרכים קפדנית )ראה איור א( . ראשית, התא אוסף 
מידע על הכדאיות של החלוקה ומגדיל את נפחו )שלב G1(. לאחר מכן, בתהליך שנמשך כשבע שעות, 
S(. בשלב הבא )G2( התא מתכונן במשך מספר שעות  מתבצעת העתקת הדנ"א )שלב הסינתזה, 
לחלוקתו בפועל לשניים )מיטוזה(. תהליך המיטוזה מושלם בדרך כלל תוך שעה וכולל את יצירתם של 
שני גרעינים חדשים, ושני תאי בת נפרדים. התהליך מתחיל במצב בו 46 חלקי הדנ"א הנפרדים עדיין 
מחוברים עם עותקיהם ככרומוזומים קומפקטיים ונמצאים בערבוביה בתוך גרעין התא. דופן הגרעין 
מתפרקת כדי לשחרר את הכרומוזומים; אלה מסתדרים בשורה במרכז התא בהשפעת מערכת כבלים 
הנמתחים מהקטבים המנוגדים של התא. ברגע שכל הכרומוזומים מחוברים בשני קצותיהם לכבלים, 
הכבלים מושכים אותם בכוונים מנוגדים כך שהחיבורים בין שני העותקים של כל כרומוזום נשברים 
ושתי מערכות הכרומוזומים מופרדות זו מזו. גרעיני תא חדשים נוצרים סביב אשכולות הדנ"א שנוצרו 
בדרך זו. בשלב זה התא הולך וצר ברווח שבין הגרעינים, עד שקרומיהם של שני תאי הבת מופרדים זה 
מזה. תהליכי שכפול הדנ"א והמיטוזה מבוקרים בקפדנות על מנת להבטיח שצעדים בלתי הפיכים אלה 

של מחזור התא יחלו רק בתנאים המתאימים לכך, תוך הבטחת שלמות הדנ"א.

נזק בדנ"א 

כל  הנגרמים  לנזקים  חשוף  הוא  התא,  חלוקת  בתהליך  בקפדנות  נשמרת  הדנ"א  ששלמות  אף  על 
העת ע"י תהליכים מטבוליים בתא, שינויי טמפרטורה וקרינה חיצונית. נזקים כאלה גורמים לפגמים 
בעשרות אלפי בסיסים בדנ"א בתא יחיד בכל יום. למרבה המזל, הסליל הכפול של הדנ"א מכיל עותק 
משלים של המידע על הגדיל הנגדי, כך שרוב הנזקים הללו מתוקנים מיד בהצלחה. נזק חמור יותר ובו 
שברים דו-גדיליים בסליל הכפול, יכול לגרום לבעיות במהלך ההעתקה והעברת הדנ"א לתאי הבת. על 
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