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Introduction

1Introduction

Conventional radiotherapy and chemotherapy target tumor cells by inducing 
DNA damage. Their combined application has contributed to increased survival 
and cure rates in large numbers of patients. However, overall poor efficacy and 
systemic adverse effects of high doses of radio-/chemotherapy point to an urgent 
need for improvement. Limitations of these treatment modalities can be partially 
explained by the activity of DNA repair pathways that allows cancer cells to 
counteract the therapeutic effect of radio- and chemotherapy (1, 2). 

One especially important DNA repair pathway in this respect is homologous 
recombination (HR) repair. HR repair is used to accurately resolve highly 
cytotoxic DNA double strand breaks (DSB) (3, 4). This repair pathway is found 
compromised in various cancers, including hereditary breast and ovarian cancer. 
Specifically, hereditary breast and ovarian cancers with germline mutations in the 
BRCA1/2 genes show defects in HR repair. Intriguingly, tumor cells with defective 
HR repair show increased sensitivity to DNA damaging agents including ionizing 
radiation as well as specific chemotherapeutics (5, 6). These observations suggest 
that therapeutic inactivation of HR repair may sensitize HR-proficient tumor cells 
to radio-/chemotherapy and thereby improves therapeutic options for various 
cancer types.

The aim of the thesis

HR repair is under control of various cell-intrinsic and extrinsic factors. Some 
of these regulatory factors may be suitable for therapeutic targeting, in order to 
modulate the repair capability of cancer cells. The general aim of this thesis was to 
uncover relevant regulators of homologous recombination (HR) repair, to answer 
two cancer-relevant questions:

1. How can we therapeutically inactivate HR repair in cancer cells in order 
to enhance the cytotoxic effects DNA damage and thereby sensitize cancer 
cells for radio- and chemotherapy?

2. Once tumor cells are HR-deficient (either inherently or therapeutically 
induced), can we identify their specific vulnerabilities and exploit them 
to target HR-deficient cancer cells?
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Outline of the thesis

HR repair is an extensively regulated process, which depends strongly on the 
activity of various other pathways. Therefore, in Chapter 2 we performed  
a literature study to present an overview of cell-intrinsic or extracellular pathways 
that control HR repair. In addition, we performed a meta-analysis on genome-wide 
siRNA studies to uncover novel HR regulators. Finally, we discussed perspectives 
in the clinical development of therapeutic agents that exploit HR defects in cancer 
treatment. 

DNA repair is regulated heavily by cell cycle-regulated kinases, including 
the cyclin-dependent kinases (CDKs). Indeed, it was previously shown in model 
systems that deregulated cell cycle control severely affects the ability to perform 
DNA repair. These observations led to the hypothesis that targeted modulation of 
CDK activity can be used to affect DNA repair. To test this hypothesis, we studied 
the effects of forced activation of CDK in Chapter 3. Specifically, we tested if we 
could alter HR repair by forced activation of Cdk1. To this end, we inhibited the 
Wee1 kinase, which normally functions to prevent the activation state of Cdk1. 
Using the clinically-used Wee1 inhibitor MK-1775, we aimed to enforce Cdk1 
activation. Therapeutic potential of Wee1 inhibition was validated by assessing 
its cytotoxicity in both non-transformed cells and cancer cells. We tested the 
radiosensitization capacity of Wee1 in p53-proficient and -deficient cancer cells. 
Further we analyzed the effects of Wee1 inhibition on the DNA damage response 
by staining for 53BP1 and gamma-H2AX. Finally we assessed the effects of 
Wee1 inhibition on HR repair in cancer cells, and studied the responsible Cdk1 
substrates in this process.

Wee1 inhibition was reported to be most effective in p53-defective cancer 
cells. In this respect, cervical cancer could be a specifically interesting cancer 
type, since its etiology involving HPV infection results in p53 inactivation in 
nearly all cases. In Chapter 4, we therefore investigated the expression of Wee1 
in cervical cancer patients and studied the effects of Wee1 inhibition in cervical 
cancer cells. The Wee1 expression was tested in 204 cervical tumor tissues using 
immunohistochemistry. In addition, we tested whether Wee1 inhibition was 
effective as a single agent and tested if Wee1 inhibition could potentiate the effects 
of cisplatin in a panel of cervical cancer cell lines. Finally, we investigated the 
mechanisms underlying the observed effects.

Wee1 inhibition results in premature mitotic entry in the presence 
of unrepaired DNA damage. How exactly cells respond to DNA damage 
during mitosis, and what the fate of such cells is remains largely unclear.  
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1In Chapter 5, we therefore performed a literature review, to discuss the molecular 
details concerning DNA damage response (DDR) signaling during mitosis as well 
as the consequences of encountering DNA damage during mitosis for cellular fate. 

In addition to core components of the HR machinery, also loss or mutation 
of other genes may result in HR deficiency. In Chapter 6, we reanalyzed the 
expression profiles of 77,840 samples and observed the existence of a limited 
number of ‘transcriptional components’ (TCs). Based on these identified TCs, we 
constructed a multi-species co-regulated gene network with 19,997 unique human 
genes that enabled us to accurately predict gene function by using a ‘guilt-by-
association’ procedure. Based on the gene network, we ranked all genes according 
to their degree of co-regulation with BRCA1 and BRCA2. We subsequently tested 
whether these newly identified BRCA1/2-coregulated genes indeed function in 
HR repair, and whether loss of these genes enhanced sensitivity to PARP inhibition.

Defects in HR repair cause severe genomic instability, which challenges 
cellular viability. Paradoxically, various cancers are HR-defective and have 
apparently acquired characteristics to survive genomic instability. We aimed to 
identify these characteristics to uncover potential therapeutic targets for HR-
deficient cancers. Therefore in Chapter 7 we performed a cytogenetic analysis 
of 1,143 ovarian cancer. Subsequently, we analyzed which genes were specifically 
amplified in genomically instable cancers. We uncovered that the degree of 
genomic instability was correlated to the amplification of replication checkpoint 
genes ATR and CHEK1. To test whether genomic instability leads to increased 
reliance on replication checkpoint signaling, we inactivated Rad51 to model HR-
related genomic instability and analyzed the activity of replication checkpoint 
genes. Finally, we tested whether genomically instable cancers depend on these 
genes for their viability. 

Finally, in Chapter 8, we summarized the experimental results of this thesis 
and discussed implications and perspectives for future studies. 
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Abstract 

To cope with DNA damage, cells possess a complex signaling network called the 
‘DNA damage response’ (DDR), which coordinates cell cycle control with DNA 
repair. The importance of this network is underscored by the tumor predisposition 
that frequently goes along with hereditary mutations in DNA repair genes. 
One especially important DNA repair pathway in this respect is homologous 
recombination (HR) repair. Defects in HR repair are observed in various 
cancers, including hereditary breast and ovarian cancer. Intriguingly, tumor 
cells with defective HR repair show increased sensitivity to chemotherapeutic 
reagents, including platinum-containing agents. These observations suggest that  
HR-proficient tumor cells might be sensitized to chemotherapeutics if HR repair 
could be therapeutically inactivated.
HR repair is an extensively regulated process, which depends strongly on the 
activity of various other pathways, including cell cycle pathways, protein-control 
pathways and growth factor-activated receptor signaling pathways. In this review, 
we discuss how the mechanistic wiring of HR is controlled by cell-intrinsic or 
extracellular pathways. Furthermore, we have performed a meta-analysis on 
available genome-wide siRNA studies to identify additional pathways that control 
HR repair. Finally, we discuss how these HR-regulatory pathways may provide 
therapeutic targets in the context of radio/chemosensitization.



17

Regulators of HR repair as novel targets in cancer

2

Introduction

The DNA in each single cell is constantly exposed to a variety of endogenous 
and exogenous factors that cause DNA lesions, such as UV light and genotoxic 
chemicals. In addition, normal physiological processes also significantly contribute 
to generating DNA damage, including cellular metabolism which produces 
reactive oxygen species (ROS) as side-products, and DNA replication, which 
is not an error-free process (1). To cope with this constant assault on genomic 
integrity, cells have evolved a complex signaling network called the ‘DNA damage 
response’ (DDR). The DDR detects DNA lesions, initiates checkpoints that arrest 
the ongoing cell cycle and in parallel activates dedicated DNA repair pathways 
(2). Additionally, when the amount of DNA damage exceeds the repair capacity, 
DDR signaling will clear damaged cells from the proliferative population through 
senescence or apoptosis (3). 

Defects in DNA repair are frequently observed in cancer and influence the 
responsiveness of such cancer cells to therapeutic regimens. Particularly, defects 
in homologous recombination (HR)-mediated repair of DNA breaks caused 
by hereditary BRCA1 and BRCA2 mutations result in increased sensitivity 
to ionizing radiation and platinum-based chemotherapeutics (4, 5). These 
observations suggest that modulation of HR repair in HR-proficient tumor cells 
might constitute an effective manner to sensitize cancers for radio/chemotherapy.

Important in this context is the emerging recognition that DNA break repair is 
under control of many signaling pathways. Also various HR repair-regulatory pathways 
have been described and a better understanding of how these pathways control HR 
may provide insight into how HR repair can be inhibited therapeutically to induce 
radio/chemosentisization. Therefore, we here present an overview of cell-intrinsic 
or extracellular pathways that control HR repair. Additionally, we performed  
a meta-analysis on genome-wide siRNA studies to uncover novel HR regulators. 
Finally, we will elaborate on the potential therapeutic targets within these pathways.

Repair of DNA breaks

Among the various types of DNA lesions, single strand breaks (SSB) are very 
prevalent. SSBs can be efficiently repaired through base replacement via base 
excision repair (BER) or alternatively through removing whole nucleotides via 
nucleotide excision repair (NER) (6). Unrepaired SSBs or SSBs that occur during 
replication can be converted into DNA double strand breaks (DSB), which are 
far more toxic. If left unrepaired, only a very limited amount of DNA DSBs can 
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result in cell death. Proper repair of these DSBs is therefore crucial for cellular 
survival. Cells are equipped with two fundamentally different pathways to repair 
DSBs; non-homologous end-joining (NHEJ) and homologous recombination 
(HR) (Figure 1A).

NHEJ can be performed throughout the cell cycle and directly ligates DNA 
ends in a non-conservative fashion. Since broken DNA ends may need cleaning 
up prior to ligation, NHEJ repair can be mutagenic (a detailed review of NHEJ 
can be found in (7)). 

In stark contrast, HR repair utilizes a DNA template for repair with significant 
sequence homology, and this type of repair is conservative in nature and non-
mutagenic. Most frequently, sister chromatids are employed for HR, which 
restricts this type of repair to late S phase and G2 phases of the cell cycle, after 
DNA replication has occurred (8, 9). During the highly regulated process of HR, 
three main phases can be distinguished. Firstly, 3’-single-stranded DNA (ssDNA) 
ends are generated by nucleolytic degradation of the 5’-strands. This first step is 
catalyzed by endonucleases, including the MRN complex (consisting of Mre11, 
Rad50 and Nbs1). In a second step, the ssDNA ends are coated by replication 
protein A (RPA) filaments. In a third step, RPA is replaced by Rad51 in a BRCA1- 
and BRCA2-dependent process, to ultimately perform the recombinase reaction 
using a homologous DNA template (Figure 1B)(9). A more detailed description 
of HR repair can be found elsewhere (10, 11). Importantly, HR is not only 
employed to repair DNA lesions induced by DNA damaging agents, but is also 
essential for proper chromosome segregation during meiosis. The relevance of 
HR in these physiological processes is illustrated by its strict requirement during 
development. Mice lacking key HR genes, such as BRCA1, BRCA2 or RAD51, 
display extensive genetic alterations which lead to early embryonic lethality  
(12-19). Whereas homozygous inactivation of HR genes is usually embryonic 
lethal, heterozygous inactivation of for instance BRCA1 and BRCA2 does not 
interfere with cellular viability and rather predisposes to cancer, including breast 
and ovarian cancer (20). The tumors that develop in individuals with heterozygous 
BRCA1/2 mutations invariably lose their second BRCA1/2 allele, indicating that 
in certain cancers, the absence of Brca1/2 is compatible with cellular proliferation 
(21). How exactly such tumors cope with their HR defect is currently not fully 
understood (22). What is clear, however, is that these HR-deficient cancers are 
hypersensitive to various DNA damaging agents, including ionizing radiation 
and specific chemotherapeutics (4, 5). Recent studies have indicated that  
HR-defective tumors are also exquisitely sensitive to novel agents, such as inhibitors of 
poly-(ADP-ribose) polymerase (PARP) (23, 24). These insights have prompted
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Figure 1. DNA double strand break repair 
(A) DNA DSBs repair pathways in the context of cell cycle regulation. Non-homologous 
end joining (NHEJ) can be performed throughout the cell cycle and is indicated with the 
red line. Homologous recombination (HR) can only be employed in S/G2 phases of the 
cell cycle and is indicated in green. (B) The key steps in homologous recombination (HR) 
repair pathway are indicated. After DSB recognition, 5’to 3’end resection is initiated by the 
MRN (Mre11, Rad50, Nbs1) complex and CtIP. Subsequently, further resection by the Exo1, 
DNA2 and Sgs1 proteins is conducted to ensure ‘maintained’ resection.  Then, resected DNA 
ends are bound by replication protein A (RPA). The actual recombination step within HR 
repair, termed strand exchange, is executed by the recombinases Rad51. Rad51 replaces RPA 
to eventually assemble helical nucleoprotein filaments called ‘presynaptic filaments’. This 
process is facilitated by other HR components, including BRCA1 and BRCA2. Final step of 
junction resolution is executed by helicases including BLM helicase.
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the search for cancer-associated mutations in HR genes, to be used for patient 
stratification for PARP1 inhibitors or other drugs that differentially affect  
HR-deficient cancers. Additionally, novel components and regulators of the DNA 
repair machinery are being searched for, to uncover the mechanistic wiring of 
DNA repair and to uncover potential therapeutic targets for treating cancer. 

Control of HR by the DNA damage response

A predominant pathway that controls HR activity is the DNA damage response 
(DDR), which consisting of multiple kinase and ubiquitin ligases that work in 
parallel signaling axes to coordinate, among others, cell cycle arrest, DNA repair 
and apoptosis (25). The DDR can be functionally classified as 1) sensors of DNA 
damage, 2) signal transducers and 3) effectors (25-27). Various ‘DNA damage 
sensor’ complexes exist in order to detect different types of DNA lesions. In the 
context of DNA breaks, the Mre11/Rad50/Nbs1 (MRN) complex acts as a sensor for 
DNA double strand breaks. The MRN complex recruits and activates the upstream 
DDR kinase ATM (28). Subsequently, ATM recruits and phosphorylates all MRN 
members (29-34), which consequently leads to the recruitment of additional 
MRN complexes to the DSB site (35). Additionally, ATM phosphorylates other 
HR components, including Brca1 (36, 37) and CtIP (38). ATM-mediated 
phosphorylation of these HR components is relevant, as mutational inactivation 
of these ATM phosphorylation sites prevents the formation of the Mre11/Rad50/
Nbs1 complex at the sites of damage induced by ionizing radiation (30, 32), and 
precludes subsequent cell cycle checkpoint activation and DNA repair (34). 

Although ATM phosphorylates multiple HR components, it remains unclear 
to what extent ATM is required for HR. Genetic inactivation of ATM in chicken 
DT40 cells disrupted the formation of irradiation-induced Rad51 and Rad54 
foci pointing at impaired HR repair (39, 40). However, complete loss of the Atm 
gene in mice did not affect HR capacity in mouse somatic cells in another study 
(41). In contrast, chemical inhibition consistently abrogates HR repair, and points  
at dominant-negative effects of chemically inhibited ATM (41, 42). 

Besides ATM, also ATR was shown to play a role during HR. In parallel  
to ATM activation after DSBs, the ATR kinase is activated in response to  
single-stranded DNA (ssDNA), which predominantly occurs at stalled replication 
forks (43). Although the ATM and ATR signaling pathways are often described 
as parallel but separate pathways, interplay between these two pathways occurs. 
For instance, the DNA structure that leads to ATR activation, ssDNA, is also 
an intermediate product during DSB processing, resulting in ATR activation in 
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response to DSBs. Conversely, when stalled replication forks collapse, they can 
lead to the formation of DSBs, leading to ATM activation (44, 45). In addition, 
ATR-dependent hyperphosphorylation of CtIP in response to DSBs is required for 
CtIP accumulation on the chromatin and extension of DNA end-resection (46). 
Apparently, ATM is required for an early resection, whereas ATR is responsible 
for extensive resection and full checkpoint activation. Although the exact roles 
of ATM and ATR in the regulation of DNA end-resection during HR are not yet 
fully understood, the observation that ATR inhibitors block HR repair warrants 
further investigation of DDR kinases as therapeutic targets to block DNA repair (47).

 Besides regulating the recruitment of HR factors to sites of DNA DSBs, 
also the actual recombination phase of HR repair is regulated by DDR members. 
ATM, together with c-Abl, regulates the post-translational modification and 
assembly of Rad51 filaments (48). Furthermore, the downstream checkpoint 
kinase Chk1 was shown to play a role during recombination. Specifically, Chk1 
phosphorylates Rad51 at Thr-309 (49) which consequently facilitates the 
assembly of Rad51 nucleofilaments by promoting the displacement of RPA with 
Rad51 and Rad52 (50). Importantly, Chk1-depletion resulted in abrogation of 
Rad51 nuclear foci formation in cells exposed to hydroxyurea, illustrating the 
functional importance of this interaction (49). In addition, also Chk2 is involved 
in regulating HR repair, and Chk2-mediated phosphorylation of Brca1 at Ser-988 
was shown to be essential for proper recombination repair (51). 

Also negative regulators of DNA end resection, including 53BP1 and Rif1, 
are phosphorylated by ATM and are recruited to sites of DNA damage in an  
ATM-dependent fashion (52). Specifically, 53BP1 is phosphorylated by ATM at 
multiple residues and removal of these sites prevents efficient recruitment of 53BP1 
to sites of DNA breaks. In turn, Rif1, which is also phosphorylated by ATM, binds 
53BP1 in a phospho-dependent manner and is required to block HR to promote 
NHEJ repair (52, 53). How exactly DDR signaling can promote pro-HR and  
anti-HR factors simultaneously is unclear and integration of other signaling 
pathways, including cell cycle kinases, may be important in fine-tuning this response.

Although DDR kinases are clearly important for HR repair, it remains 
difficult to separate the DNA repair functions from the checkpoint functions of 
these DDR kinases. For instance, mutation of the multiple ATM phosphorylation 
sites on Brca1 not only blocks HR repair, but also results in defective intra-S and 
G2/M checkpoint function (36, 54). Concluding, HR repair appears to be tightly 
controlled by DDR signaling. However, intense crosstalk and the plethora of 
proteins that function both in DDR checkpoint signaling as well as in DNA repair, 
makes it difficult to pinpoint the exact HR regulatory steps in these pathways.
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Cell cycle regulation 

HR repair is tightly coordinated with cell cycle progression, which is in large part 
governed by cyclin-dependent kinases (CDKs). Yeast studies provided the first 
notion that HR repair is limited to S and G2 phases of the cell cycle and that it is 
sensitive to chemical CDK inhibition (55). Subsequently, many HR components 
were shown to be under control of CDKs and that cell cycle kinases, including 
non-CDKs, control several steps within HR  (55, 56).

 DNA end resection constitutes the critical decision point to utilize HR 
or NHEJ for repair of DSBs, and this switch is under prominent control of CDKs. 
Importantly, if DNA end resection at sites of DNA breaks has been initiated there 
is no point of return, because ssDNA cannot be used as a substrate for NHEJ 
DNA repair (57). Clear evidence that break-induced DNA end resection requires 
CDK1 was provided in budding yeast (58). An important CDK substrate in this 
process appeared to be Sae2 (in humans called CtIP, encoded by the RBBP8 
gene), which is phosphorylated on Ser-267 in a CDK-dependent fashion (59, 60).  
CDK-mediated phosphorylation of CtIP is essential for MRN-mediated DNA end 
resection (61, 62). In addition to CtIP, Nbs1 is also a CDK target. CDK-mediated 
phosphorylation of Nbs1 stimulates MRN-dependent end-resection, further 
strengthening the control of end resection by CDKs (63).

Whereas lower eukaryotes have limited numbers of CDKs, mammalian 
cells have multiple CDKs that can partner with several cyclins (64, 65), which 
complicates the analysis of DDR-cell cycle interactions. Initial studies showed 
that Cdk2 phosphorylation of CtIP stimulates the multimeric interaction between 
CtIP, Brca1 and the MRN complex (66, 67). Specifically, Mre11 is thought to bring 
Cdk2 and CtIP in close proximity to subsequently promote Cdk2-mediated CtIP 
phosphorylation (68). This interaction has been shown functional, since loss or 
inhibition of Cdk2 diminishes HR capacity and also results in increased sensitivity 
to DNA damaging agents (68). However, more recent data show that also Cdk1 
deficiency decreases HR repair activity (69). Specifically, Cdk1 phosphorylation 
of CtIP during M phase support end resection (70). These findings may illustrate 
that different cell types have different CDK activity profiles, and corresponding 
CDK requirements. Indeed, studies in murine CDK knockout strains illustrated 
that not one individual CDK but the overall CDKs level highly influences DNA 
damage response activation in mammalian cells (71). 

CDK requirements in HR are not restricted to the initiation of DNA end 
resection. Even after DNA break resection has been initiated, CDK activity seems 
to influence HR. Specifically, the stabilization of ssDNA tails is cell cycle-dependent 
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through CDK-mediated phosphorylation of RPA (72). Phosphorylation of the 
RPA subunit RPA2 at Ser-13 by Cdk1-cyclin B was observed in response to 
treatment with the chemotherapeutic drug camptothecin. Mutation of these CDK 
sites in RPA resulted in increased numbers and longer retention of gamma-H2AX 
and altered cell cycle distribution, and reduced recruitment of other DNA repair 
factor to sites of DNA damage (72). 

 Interestingly, recent studies have revealed that not only CDKs but also 
their bindings partners can influence HR. Two germ-line specific Cdk2 cyclins 
(A1 and A2) where shown to potentiate HR repair (73). Although activity of both 
cyclin A1 and A2 was reported to be required for HR, only cyclin A1 expression 
was induced by γ-irradiation in a p53-dependent fashion. Additionally, cyclin D1 
emerged as a regulator of HR repair (74). Upon irradiation, Brca2 recruits cyclin 
D1 to sites of DNA damage, where it directly interacts with Rad51. Moreover, 
cyclin D1 appears to be essential for Rad51 function, because decreased levels 
of cyclin D1 severely affected Rad51 recruitment, and consequently resulted in 
impaired HR. This requirement appeared independent of the canonical cyclin 
D-binding partners Cdk4 or Cdk6.

 CDKs have also been implicated in the regulation of late-stage processes 
of HR. After recombination has occurred, sister-chromatids can be connected 
through so-called Holiday junctions, which are resolved by the BLM helicase 
among others. Resolution of Holiday junctions, surprisingly, appears to be 
negatively regulated by CDKs. Notably, Cdk1-dependent phosphorylation of 
the BLM helicase during mitosis results in dissociation of BLM from the nuclear 
matrix (75). However, the functional consequences of this regulation for HR 
fidelity still remain unclear. Also Brca2 was shown to be negatively regulated 
by CDKs. Phosphorylation of Brca2 at Ser-3291 within its C-terminal domain 
prevents the Brca2-Rad51 interaction and thus impairs Rad51-mediated foci 
formation (76). The phosphorylation of Brca2 at Ser-3291 appears to depend 
on Cdk1, since chemical inhibition of Cdk1 activity diminishes Brca2-Ser-3291 
phosphorylation (77). In line with Cdk1 activity being most prevalent during 
mitosis, this mechanism may functionally restrict HR to those phases of the 
cell cycle when sister chromatids are available for HR repair. Notably, mitotic 
inactivation of HR can be exploited using Wee1 inhibitors that can aberrantly 
activate Cdk1. This results in a block in HR repair, underscoring that CDKs not 
only activate HR during S-phase, but also block HR during mitosis.

 Beyond the CDK-mediated regulation of HR, also other cell cycle kinases 
were shown to influence HR fidelity. Polo-like kinase 1 (Plk1), for instance, which is 
required for mitotic entry and mitotic progression (78, 79) regulates HR. In concert 
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with the cell cycle kinase Casein kinase-2 (CK2), Plk1 phosphorylates Rad51  
at Ser-14, which is required for the Rad51 filament formation (80). Subsequently, 
CK2 phosphorylates Rad51 at Thr-13 to enhance the interaction between Rad51 
and Nbs1 and to facilitate Rad51 recruitment to sites of DNA damage (80).  
In addition to a direct regulation of Rad51, Plk1 binds and phosphorylates Brca2 
(81, 82). This interaction appears to be abrogated after DNA damage induction, 
suggesting that Plk1 may also negatively influence HR repair (81). Additionally, 
Polo-like kinase-3 (Plk3) was indirectly implicated in the regulation of HR. Cells 
lacking Plk3 are sensitive to PARP inhibitors, which may indicate a role for Plk3 
in the HR repair (83). However, the exact mechanism and possible Plk3 substrates 
within the HR machinery need to be elucidated. Combined, these data imply that 
cell cycle kinases other than CDKs are required to accomplish proper activation 
of HR repair as well as silence HR repair when appropriate.

Protein stability control 

As for all cellular pathways, correct protein folding is essential for proper execution 
of DNA repair. Protein folding is mediated by so-called ‘protein-stability control’ 
pathways, controlled by heat-shock protein (HSP) family members (84). Among 
their many client proteins, several cell cycle control and DNA repair components 
appear to be under control of these molecular chaperons. Specifically, Hsp90 
appears to control the stabilization, folding and activation of key HR repair 
signaling proteins (85). Most prominently, inhibition of Hsp90 using 17-AAG 
resulted in Brca2 destabilization (86, 87). In line with blocking Brca2 function, 
Hsp90 inhibition delayed Rad51 filament formation (86) and resulted in 
radiosensitization, which was enhanced by the addition of PARP inhibitors (87). 
Later studies using the more potent Hsp90 inhibitor NVP-AUY922 confirmed 
these HR defects and described potent radiosensitiziting effects in vivo (88).

The observations that Brca2 depends heavily on protein-stability chaperons 
have initiated investigations to see whether Brca2 could be destabilized by mild 
hyperthermia. Indeed, Brca2 is efficiently but transiently destabilized by a short-
term cellular hyperthermia (41-42,5°C) (89). As a consequence, hyperthermia 
blocked the recruitment of Rad51 to sites of DNA damage and led to impaired 
HR (89). These HR defects coincided with radiosensitization and increased 
sensitivity for PARP inhibitors in vitro and in vivo (89). Clearly, these findings 
offer an opportunity in the clinic, since it allows local induction of HR deficiency 
which could be used to sensitize tumors for concomitant radiotherapy and PARP 
inhibitor treatment (90). In addition, the observed Brca2 destabilization offers 
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an appealing explanation for the earlier observed radio- and chemosensitizing 
effects of hyperthermia both preclinical and clinical (91-94). However, it should 
be noted that defective HR through Brca2 inactivation does not explain the entire 
radiosensitizing effect of hyperthermia. Using isogenic cell lines with defects in 
various repair pathways, HR only partially contributed (95). In addition, effects of 
hyperthermia were observed in all cycle phases, which does not support the cell 
cycle-restricted action of HR repair, suggesting additional targets for hyperthermia 
in DNA repair (96, 97). Summarizing, current data support the protein stability 
machinery as a feasible therapeutic target to decrease HR capacity, either using 
Hsp90 inhibitors or through mild hyperthermia, and warrant clinical studies to 
combine these approached with genotoxic therapies that are especially effective 
in HR-deficient cancers, including PARP inhibitors and platinum-containing 
chemotherapeutics. 

Regulation of HR repair by growth factor receptor signaling

Growth hormone receptor pathways encompass multiple signaling cascades, 
controlling many cellular processes including proliferation, cellular survival 
and migration. These pathways, including the epidermal growth factor receptor 
(EGFR) pathway, are frequently hyperactivated in cancers through mutation 
or amplification and constitute so-called ‘oncogenic drivers’ and promote 
accelerated proliferation and decreased apoptosis (98-101). However, part of their 
oncogenic potential may also be explained by promoting DNA repair. Indeed, 
growth hormone receptor signaling contributes to increased resistance to radio- 
or chemotherapy, which likely is related to modulation of DNA repair (102).  
With growth factor receptors being oncogenic drivers, multiple therapeutics 
have been clinically developed to target growth factor receptors (including 
antibodies and small molecule inhibitors targeting the EGFR, HER2 and IGF1R). 
When tested in combination with chemo-radiotherapy, these agents appear to 
improve responses to radio- and chemotherapy in several cancer types (103, 104). 
Furthermore, small molecule tyrosine inhibitors that ablate kinase activity of 
oncogenic variants of these receptors (including erlotinib and gefitinib) have 
clinical benefit in combination with chemotherapeutics in multiple pre-clinical 
and clinical studies (105-108).

Since growth factor receptors control various downstream pathways related 
to growth and survival, it has remained difficult to pinpoint the influence of 
growth factor receptor signaling on DNA repair. In addition, it is not completely 
clear through which mechanism growth factor receptor signaling influences 
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DNA repair and which subtypes of DNA repair are actually modulated by such 
pathways. In the context of DNA DSB repair, both NHEJ as well as HR were shown 
to be under control of growth hormone receptor-mediated signaling. Treatment 
of cells with EGF was shown to increase levels of NHEJ and HR (109, 110). In the 
context of promoting NHEJ, the EGFR was reported to associate with the catalytic 
subunit of DNA-PK, an essential NHEJ component (111). Additionally, nuclear 
localization of the EGFR required for DNA repair stimulation, occurs through 
its interaction with DNA-PK (111). Conversely, stimulation of the EGFR or the 
insulin-like growth factor receptor 1 (IGF1R) elevates levels of HR repair (109, 
110). Concerning the role of the EGFR in HR repair, it was shown that EGFR 
activity is required for Brca1 localization to the nucleus (112). Consequently, 
blocking the EGFR using erlotinib prevents nuclear Brca1 localization, interferes 
with Rad51 recruitment to sites of DNA damage and attenuates HR repair (112). 
Surprisingly, the role of the IGF1R in HR repair appeared to be mechanistically 
distinct. IGF1R signaling promotes cellular trafficking of Rad51 through a direct 
interaction between the insulin receptor substrate-1 (IRS-1), which is recruited 
to sites of DNA lesions in response to DNA damage (113). In line with this 
observation, blocking IGF1R function through deletion of the Igf1r gene in mice, 
or IGF1R depletion ablates IRS-1 phosphorylation, precludes Rad51 translocation 
to the nucleus and eventually impairs HR repair (113). Also estrogen-mediated 
phosphorylation of IRS-1 by the estrogen receptor beta (ERβ) affects HR repair 
(114). In contrast to insulin receptor signaling and EGFR signaling, surprisingly, 
ER signaling negatively impacts the Rad51 function, and inhibition of ERβ-
mediated IRS-1 translocation to the nucleus significantly improved DNA repair 
fidelity and prevented genomic instability (114). Collectively, multiple growth 
factor or hormone receptors impact on DNA repair through direct or indirect 
interactions with DNA repair proteins, albeit that different receptors may have 
opposite effects in regulating DNA repair. 

Since part of the synergistic effects of combined radio/chemotherapy with 
targeting growth-factor-activated receptors may be explained by interfering with 
DNA repair, a synthetic lethal context with agents such as PARP inhibitors may 
be created. Early preclinical evidence indeed underscores this notion, since EGFR 
inhibition with lapatinib sensitized breast cancer cells to the PARP inhibitor 
ABT-888 in vitro (115). In addition, therapeutic targeting of the PI3 kinase, which 
operates downstream of the EGFR and IGF1R efficiency blocked HR repair 
through down regulation of both Brca1 and Brca2 and sensitized cells for PARP 
inhibition (116). Concluding, HR DNA repair is not just a cell-intrinsic repair 
mechanism. Many pathways, including growth factor-activated pathways, were 
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shown to regulate HR, providing a rationale for combined inhibition of growth-
factor activated pathways with DNA damaging agents.

Novel regulators of homologous recombination

The development of fluorescence-based reporter systems to read out homologous 
recombination efficiency (117) has enabled high-throughput microscopy studies 
to uncover novel regulators of HR in mammalian cells. Two important studies 
have taken a genome-wide approach to identify genes that are required for HR 
repair (118, 119). Many of the identified genes from these studies are highly 
conserved and also appear to be essential for HR in single-cell organisms such 
as yeast, including BRCA1, BRCA2 and RAD51 (120). In addition to these  
well-known HR components, novel HR regulators were identified. Notably, genes 
that control post-transcriptional processing of RNA, including mRNA splicing, 
where found to control HR repair (118). For instance, depletion of the RNA 
binding protein RBMX led to diminished Brca2 levels and a consequent failure to 
recruit Rad51 to sites of DNA damage. In additional, a putative helicase SPG48 
is required for HR repair, although it remains mechanistically unclear which step 
of HR it controls (119). The availability of two independent genome-wide siRNA 
screens for genes that regulate HR allowed us to compare these data sets and 
identify common pathways and genes. To this end, we applied gene-set enrichment 
analysis (GSEA) (121, 122) to uncover additional pathways that modify HR repair, 
of which targeting could have therapeutic potential (Figure 2A). Four well-known 
pathway databases were used for enrichment analysis, KEGG (123), Biocarta 
(124), Reactome (125) and GeneOntology (126) (Figure 2B). 

The most striking enrichment was identified in genes that participate in 
proteasome or RNA biology. These findings match earlier reports demonstrating that 
proteasome inhibition sensitizes tumor cells to DNA damaging agents, including 
crosslinking agents and radiation (127). Initially, these effects were explained by 
proteasome-mediated control of pro-apoptotic p53 signaling (128). Thereafter,  
a more direct role for the proteasome in controlling DNA repair was identified. 
Inhibition of the proteasome using MG132 or bortezomib, or genetic inactivation 
of proteasome components blocked the recruitment of DNA repair components 
FancD2, Brca1 and Rad51, whereas upstream the DDR signaling components 
H2AX and Mdc1 appeared unaffected (129, 130). Due to defective recruitment 
of these HR factors, inhibitors of the proteasome suppress homologous DNA 
recombination in mammalian cells (131). In line with this notion, proteasome 
inhibition using bortezomib was shown to prevent repair of PARP-inhibitor
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Figure 2. Pathways involved in homologous recombination repair of DSBs
(A) Analysis of the data from genome-wide siRNA screens. Data were adapted from 
published studies (119) (left panel) and (118) (right panel). In these studies HR efficiency 
was assessed using DR-GFP assay in HeLa cells (left) and in U2OS cells (right).  Relative 
HR scores in Z-score (left panel) and ‘Relative HR score’ (right panel) are indicated for 
genes with an established role in HR: BRCA1, BRCA2, TP53BP1, NUP153 and RAD51. 
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induced DNA breaks (132). Importantly, combined treatment with bortezomib 
and the PARP inhibitor ABT-888 resulted in sustained levels of H2AX, with 
defective recruitment of HR repair components leading to enhanced killing of 
tumor cells. Combined, these results show that the proteasome is involved in 
HR repair and that therapeutic targeting of the proteasome, using for instance 
bortezomib, can be used to induce ‘BRCAness’ in tumor cells. Also, the fact that 
genome-wide in vitro assays identified the proteasome as a system that controls 
HR repair argues that other HR-controlling pathways may also be uncovered 
using these approaches.

Among the enriched pathways involved in HR repair, RNA processing 
was highly abundant (Figure 2B), as is matched by the recent identification of  
RNA-modifying enzymes as regulators of HR (118). In mammalian cells, not 
much data exist that mechanistically link RNA to HR repair. However, some data 
from model organisms have provided evidence that RNA processing is involved 
in DNA repair. Using genetic analysis in Drosophila, the RNA splice factor 
SPF45 was shown to combine a function in RNA splicing and protection against 
DNA damage caused by MMS exposure (133). Notably, mutations that abolish 
the RNA splicing function also fail to protect against DNA damage-induced 
toxicity. Mechanistically, SPF45 appears to interact with Rad201, a member of 
the RecQ/Rad51 family (133). An unbiased proteomic screening in budding yeast 
underscored the link between RNA metabolism and DNA repair, for instance 
by identifying the splicing factor PRP19, as being involved in the DDR (134).  
In human cells, a mRNA splicing complex consisting of Pso4, Cdc5L and Psf27 was 
found to interact with the WNR DNA helicase and was identified to be required 
for interstrand cross-link repair (135). Additionally, Dicer and Drosha RNA 
products produced from sites of DNA damage where shown to be required for 
proper DDR signaling (136). Again, large-scale proteomic analysis confirmed this 
notion, and identified multiple factors involved in RNA metabolism, illustrating 
the intricate connection between RNA splicing and DNA repair (137). Part of 
this relationship can be explained by the observation that uncontrolled mRNA 
maturation disturbs the DNA-RNA interaction and have deleterious effects on 
genomic stability (138). 

(B) Gene-Set Enrichment Analysis (GSEA) was performed on the data presented in 
Figure 2A. Four pathway databases were used for enrichment analysis: KEGG, Biocarta, 
Reactome and GeneOntology. Results of the GSEA on the dataset by Slabicki et al. are 
represented in light grey, and results on the dataset by Adamson et al. are represented in 
dark grey. Red dashed line indicates 95% confidence interval.
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Targeting HR-deficient tumors clinically

In oncology, many radio- and/or chemotherapeutic regimens are used in 
daily practice that induce high levels of DNA damage directly or indirectly.  
These therapeutic regimens often induce interstrand DNA crosslinks and DNA 
DSBs, of which accumulation is very cytotoxic and requires HR for faithful repair. 
Consequently, tumors in which HR repair is compromised due to mutations or 
epigenetic silencing of HR repair genes are generally more sensitive to specific DNA 
damage-inducing factors. Extensive in vitro and in vivo preclinical studies provided 
compelling evidence that HR defects are causally related to the vulnerability of 
such cancer cells to certain DNA damaging chemotherapeutics and radiotherapy.  
Studies comparing various neoadjuvant chemotherapeutic regimens in BRCA1  
mutant breast cancers, found that highest response rates were observed with 
neoadjuvant cisplatin chemotherapy (139) which increased progression free  
survival (140).  In analogy, responses of ovarian cancer lines to cisplatin were 
also influenced by their BRCA1/2 mutation status as well as the status of related 
HR genes (141). These data indicate that inactivation of the HR pathway, either 
through germ-line or somatic BRCA1/2 inactivation is linked to increased 
sensitivity to DNA damaging therapeutics, notably platinum-based agents.

The fact that DNA repair defects through cancer-associated mutations lead 
to specific vulnerabilities is exploited in synthetic lethal approaches: mutation or 
inhibition of two separate pathways leads to cell death, whereas loss of function 
in either one of these pathways does not affect viability. The prototypical synthetic 
lethal interaction was described for the BRCA1 and BRCA2 mutations, which 
are synthetic lethal with loss of PARP-1 (23, 24). Mechanistically, inhibition 
of PARP1 blocks base excision repair BER and leads to accumulation of SSBs, 
which are converted to double strand breaks DSBs in replicating cells (23, 24). 
In Brca1/2-deficient cells, DSBs cannot be efficiently repaired due their HR 
deficiency, leading to tumor cell death (24). Recent studies provided evidence 
that PARP is additionally required for restarting of stalled replication forks 
(142, 143). PARP1 accumulates at stalled replication forks and recruits Mre11 
to catalyze DNA end processing for replication restart and recombination  
(142, 143). As a consequence, PARP inhibition also results in replication 
forks collapse, which again leads to accumulation of toxic DNA structures in  
HR-deficient cells (144). The finding that BRCA1/2 mutant cells are selectively 
sensitive to PARP inhibition constituted the starting point for several clinical trials 
and the clinical development of various PARP inhibitors. In 2005, the first phase I 
clinical study investigating a PARP inhibitor (Olaparib, AZD2281) demonstrated 
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that more than 90% of PARP enzymatic activity could be inhibited, which was well 
tolerated and did not increase toxicity in the BRCA1/2 mutation carriers group 
(145). More importantly, this study showed clinical benefit of PARP inhibition in 
patients with BRCA1/2 mutations (145). This early success prompted the clinical 
development of various PARP inhibitors as single agents or as part of combined 
treatment with DNA damaging agents in phase II clinical trials (146, 147).  
In addition the reported beneficial effect of PARP inhibition in breast and ovarian 
patients with BRCA1/2 mutations boosted the interest in this type of therapies for 
other tumors types, including colon cancers, prostate cancer and gastric cancer 
(148-150). Results of preformed or ongoing clinical trials with PARP inhibitors 
are therefore eagerly awaited (NCT00912743, NCT01085422, NCT01063517).

The preclinical studies and early clinical studies raised high potential for 
therapeutic use of PARP1 inhibitors, but unfortunately PARP inhibitors have 
not yet delivered the clinical success that preclinical studies promised. Several 
findings can be attributed to these discrepancies. 

Firstly, it appears difficult to effectively select patients for PARP1 inhibitor 
treatment. The most straightforward strategy to select patients is to obtain the 
mutation status of BRCA1/2 in cancer specimens. However, BRCA1 or BRCA2 are not 
only inactivated through gene mutation, also DNA hypermethylation of the genes 
is frequently reported for several cancers (151-153). Patients with hypermethylated 
BRCA1/2 genes may benefit from PARP1 inhibitors, but may be missed when only 
BRCA1/2 mutations status is analyzed. In contrast, when selection criteria are not 
sufficiently strict, effects of PARP inhibitors may be missed. For example, some 
studies included all TNBCs, whereas only a subset of these patients may harbor 
HR defects, and may therefore have clinical benefit from PARP inhibitors (154). 
A straightforward, but labor-intense solution to successfully implement PARP 
inhibitors is to functionally assess HR efficiency in fresh tumor biopsies (155). 
Alternatively, measuring consequences of defective HR, such as genome-wide 
copy number variation analysis using aCGH may identify tumors with defective 
HR (156). Besides selecting BRCA1/2 mutant tumors, also mutation of other HR 
genes results in cancers with similar characteristics, including PALB2 (157, 158) 
or RAD51C (159). Mutation of these genes appeared to result in PARP1 inhibitor 
sensitivity (160, 161). Also novel regulators of HR may be important in this respect, 
such as the negative regulator of Brca1 called ID4 (162). Whether ID4 mutations or 
mutations in other novel HR components are frequently found in cancers needs to 
be studies. Clearly, these observations indicate that there is a strong need to reliably 
identify cancers with defective HR repair, in order to stratify patient for therapies 
that target HR-deficient cancers, including PARP1 inhibitors.
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Secondly, not all PARP inhibitors appear to be very efficient PARP inhibitors 
in vivo. Moreover, some PARP inhibitors have additional effects. For instance, 
iniparib BSI-201 also inhibits other enzymes, including GAPDH (163). It is 
therefore difficult to verify whether observed clinical benefit in phase II study was 
achieved exclusively due to PARP inhibition.

A third complicating factor in developing PARP inhibitors for HR-deficient 
cancers, is the recent observation that secondary mutations may dramatically 
alter the HR defect of BRCA1/2 mutation cancers. These secondary mutations 
can be sub-classified into two categories. The first category consists of intragenic 
secondary mutations in affected BRCA1 or BRCA2 alleles that have been described 
to restore their reading frame (164, 165) and result in resistance to cisplatin.  
The second category involves secondary mutations in other genes, which have 
been shown to reverse a HR defect. Mutation of TP53BP1 for instance, reverses 
the HR defect in BRCA1 mutant cancers and render these cancers resistant to 
PARP1 inhibition (166). More recently, Rif1 was shown to counteract Brca1 
function, and Rif1 mutations could rescue the genomic instability of mouse Brca1-/- 

cells (52, 167-170). Whether Rif1 mutations also account for therapy resistance 
in BRCA1 mutant cancers remains to be tested. What is clear is that BRCA1/2 
mutations do not per se reflect a defect in homologous recombination, and that 
functional testing of HR capacity may be required to reliably classify the DNA 
repair defect in cancers.

Future perspectives

If HR function could be locally inhibited in cancer cells, this would allow  
exploitation of the enhanced sensitivity for platinum-containing 
chemotherapeutics, radiotherapy or PARP inhibition. The most straightforward 
approach would be to directly target HR components. The identification of 
druggable HR genes is therefore actively being pursued. One approach is to 
chemically inhibit Rad51, the most downstream HR component. Recent studies 
making use of high-throughput screens have identified chemical Rad51 inhibitors, 
which increased the sensitivity of glioblastoma cells to alkylating agents (171) and 
were shown to sensitize various human cancer cells to DNA crosslinking agents, 
including mitomycin C (172). 

In addition to directly targeting HR components, the reports described in this 
review show that modulation of regulatory pathways controlling HR components 
may be useful as well to achieve an HR-deficient phenotype and thereby sensitize 
tumor cells to DNA damaging agents (an overview of cellular pathways that 
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regulate HR repair is presented in Figure 3). This has been elegantly shown in 
pre-clinical studies using cell cycle modulators (69, 77), hyperthermia (89),  
DDR inhibitors (173) and Hsp90 inhibitors (87). Novel approaches, including 
genome-wide siRNA screens and proteomic interaction maps, may add novel 
regulators to this growing list of potential therapeutic targets that control HR and 
warrant translation of these novel targets to uncover their therapeutic potential.
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Figure 3. Regulators of HR repair as potential therapeutic targets
Based on literature and the GSEA performed in this report, an overview is provided on 
the various cellular pathways that regulate HR repair.  For each pathway, the responsible 
component is highlighted along with its substrate within HR. 
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Abstract

In response to DNA break, the ‘DNA damage response’ provokes a cell cycle arrest 
to facilitate DNA repair. Recent findings have indicated that cells can respond to 
DNA damage throughout the cell cycle, except during mitosis. Specifically, various 
mitotic kinases, including Cdk1, Aurora A and Plk1, were shown to inactivate key 
DNA damage checkpoint proteins when cells enter mitosis. Aberrant activation 
of mitotic kinases during interphase could therefore modulate cellular responses 
to DNA damage.
In this study, our aim was to determine how aberrant activation of Cdk1 affects 
the cellular responses to DNA damage. We used Wee1 inhibition, using MK-1775, 
to force Cdk1 activation, which did not cause cytotoxicity in non-transformed 
cells. Instead, it accelerated mitotic entry and caused radio-sensitization in  
p53-defective cancer cells, but not in p53-proficient cancer cells. Interestingly, 
we showed that Wee1 inhibition leads to elevation of Cdk1 activity in interphase 
cells. When we subsequently analyzed DNA damage responses in cells with 
forced Cdk1 activation, we observed a marked reduction of 53BP1 at sites of 
DNA damage along with an increase in  gamma-H2AX staining after irradiation, 
indicative of defective DNA repair. Indeed, when DNA repair was analyzed using 
in vivo endonuclease-induced homologous recombination assays, compromised 
DNA repair after Wee1 inhibition was confirmed. This defect in homologous 
recombination was accompanied by increased phosphorylation of BRCA2 at the 
Cdk1 phosphorylation site S3291. Taken together, our results indicate that Wee1 
inhibition leads to forced Cdk1 activation in interphase cells, which interferes 
with normal DNA damage responses.
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Introduction

DNA is constantly exposed to damaging factors. In response, checkpoint systems 
are activated to arrest the cell cycle by inhibiting cell cycle regulatory kinases (1). 
Simultaneously, dedicated DNA repair components are recruited to DNA damage 
sites to maintain genomic stability (2). 

A rapid DNA damage-induced cell cycle arrest is brought about by targeting 
cyclin-dependent kinases (CDKs). In this respect, Cdk1 is especially important 
because it controls the G2-M transition. In physiological situations, Cdk1 is kept 
inactive by the Myt1 and Wee1 kinases that phosphorylate Cdk1 on the inhibitory 
residues Thr-14 and Tyr-15, respectively (1). Conversely, Cdk1 is activated by the 
Cdc25 phosphatases that dephosphorylate Thr-14 and Tyr-15. In response to 
DNA breaks, the Chk2 kinase phosphorylates, and thereby inhibits the Cdc25 
phosphatases to keep Cdk1 inactive and arrest cells in G2 (3-6). The DNA damage 
response also provokes a sustained proliferation block by activating the p53-p21 
signaling axis (7-9).

CDKs not only are downstream targets of the DNA damage response, 
but they also appear to function as upstream regulators of to DNA damage 
response. A clear role for CDK activity In the DNA damage response emerges 
during homologous recombination (HR) to repair DNA double strand breaks. 
HR requires a homologous DNA template, for which replicated sister chromatids 
are usually employed (10). The need for homologous DNA templates largely 
restricts HR to the late S and G2 phases of the cell cycle, which is governed by the 
dependence of HR repair on CDK activity (11, 12). 

These findings illustrate the reciprocal interaction between cell cycle 
regulation and DNA damage responses, and warrant the use of cell cycle 
components as therapeutic targets to modulate the responses of cancer cells 
to DNA damaging agents. Indeed, inhibition of CDKs was recently shown to 
sensitize cancer cells to DNA breaks induced by PARP1 inhibition (13).

Moreover, recent studies have shown that CDKs – in conjunction with other 
cell cycle kinases – can also shut off DNA damage responses. Specifically, Cdk1 
and Plk1 phosphorylate several DNA damage response components, including 
Claspin and 53BP1 – thus inactivating them (14-16). 

In this study, we used chemical inhibition of Wee1 to elevate Cdk1 levels 
with the aim of understanding the potential effects of Cdk1 activation on DNA 
damage repair.
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Results and discussion

Cytotoxic and radiosensitizing effects of Wee1 inhibition 

To determine the cytotoxic effects of Wee1 inhibition, we first investigated 
whether Wee1 inhibition affects the viability of non-transformed diploid 
human BJ fibroblasts. Treatment of BJ fibroblasts efficiently reduced the levels of  
Tyr15-phosphorylated Cdk1 (Fig. 1A), showing efficient target engagement.  
We then monitored the growth and metabolic activity of proliferating versus 
contact-inhibited quiescent BJ fibroblasts. Flow cytometric analysis confirmed 
that BJ cells grown to confluency contained very low numbers of S-phase cells 
(Fig 1B, upper panels) or mitotic cells (Fig. 1B, lower panels). We subsequently 
analyzed the effects of the Wee1 inhibitor MK-1775 on confluent BJ cells and 
observed no reduction in viability, indicating that Wee1 inhibition did not cause 
acute cytotoxicity in non-dividing BJ fibroblasts (Fig. 1C and S1A). However, 
when Wee1 was inhibited in proliferating BJ cells, we observed a dose-dependent 
loss of proliferation (Fig. 1C and S1A). These effects were apparently due to 
slower proliferation rather than induction of cell death, since BJ cells treated with  
MK-1775 showed a dose-dependent decrease in long-term growth rates after 
Wee1 inhibition (Fig. 1D), but did not show increased levels of apoptosis, as 
judged by annexin-V/PI-staining (Fig. 1E).

Despite the above findings, we still wanted to challenge the notion that Wee1 
inhibition does not adversely affect cellular functioning of non-transformed 
cells. For this purpose, we isolated and cultured primary neonatal embryonic rat 
cardiomyocytes and analyzed beating frequency. Treatment with MK-1775 did 
not alter beating frequency (Fig. S1B, Movies M1-M3), nor did Wee1 inhibition 
lead to increased DNA damage, as judged by γ-H2AX foci formation (Fig. S1C,D). 
As an internal control, proliferating rat fibroblasts (lacking Troponin T bundles) 
that were co-isolated with embryonic cardiomyocytes did show an increase in 
γ-H2AX foci upon Wee1 inhibition (Fig. S1C,D). Concluding, Wee1 inhibition 
decreased the growth rates of proliferating BJ fibroblasts, but did not induce 
cytotoxicity in quiescent fibroblasts or alter cardiomyocyte function, indicating  
a potential therapeutic treatment window of Wee1 inhibition. 

Although Wee1 inhibition did not induce cell death in BJ fibroblasts, 
treatment of p53-mutant MDA-MB-231 breast cancer cells did result in increased 
numbers of apoptotic cells (Fig. 1E). A possible explanation is that Wee1 
inhibition causes replication stress (17), which is toxic in cells that cannot initiate  
a p53-dependent proliferation arrest. This notion was supported by our
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Figure 1. Cytotoxicity and radiosensitization after Wee1 inhibition.
(A) Western blot analysis of human BJ fibroblasts (kindly provided by Dr. Weinberg, 
Whitehead Institute for Biomedical Research, Cambridge, MA, USA), cultured in 
Dulbecco’s modified Eagle medium, supplemented with 10% fetal bovine serum (FBS, 
Thermo Scientific, Rockland, IL, USA), 100 units/ml penicillin, 100 µg/ml streptomycin 
and 100 µg/ml glutamine and treated with MK-1775 (Axon Medchem, Groningen, the 
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Netherlands, 300 nM). Cells were harvested at indicated time points in mammalian 
protein extraction reagent (MPER) lysis with protease and phosphatase inhibitors (Roche, 
Basel, Switzerland). For antibody details see Suppl. Doc. S1. (B) BJ fibroblasts were grown 
logarithmically (log) or grown to confluency (confluent). DNA content (propidium iodide, 
upper panel) and phospho-Histone H3-Alexa-488 (lower panel) was assessed by flow 
cytometry on a Becton Dickinson FACScalibur (Becton Dickinson, Franklin Lakes, NJ, 
USA). A minimum of 10.000 events were analyzed. (C) BJ fibroblasts were cultured at 2.000 
cells per well in a 96-well plate and treatment with increasing MK-1775 concentrations 
was initiated when 30%, 60% or 100% confluence was reached. At 4 days after treatment, 
viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assays. (D) BJ fibroblasts were continuously subcultured in the presence 
of indicated MK-1775 doses. At indicated time points, cell numbers were determined (E) 
BJ fibroblasts, MCF-7 and MDA-MB-231 breast cancer cells were treated for indicated 
time-periods with 300 nM of MK-1775, stained for annexin-V-FITC (1:100, IQ product) 
and propidium iodide (PI) and analyzed by fluorescence-activated cell sorting (n=4 per 
condition). For MDA-MB-231 cells, a representative experiment with 10.000 analyzed 
events is shown (upper plots). (F) Western blot analysis of BJ fibroblasts treated with 
MK-1775 (300 nM) and harvested at indicated time points. (G) MCF-7 breast cancer 
cells, cultured in RPMI, supplemented with 10% FBS, were infected with pRetrosuper 
(pRS)-control or pRS-p53 (kindly provided by Dr. R. Agami, Netherlands Cancer 
Institute, Amsterdam, the Netherlands). Stably infected MCF-7 cells were grown in the 
presence of puromycin (1ug/ml) and irradiated (5 Gy) using a Cesium137 source. Cells 
were fixed in 3.7% formaldehyde at 1 hour after irradiation and stained with anti-p53/
Alexa-488 and counterstained with DAPI. (H) pRS-control or pRS-53-infected MCF-7 
cells were irradiated (10 Gy) and harvested at 3 hours after irradiation. (I) pRS-control 
or pRS-53-infected MCF-7 cells were plated in 96-well plates and treated with increasing 
concentrations of MK-1775. After 4 days of treatment, metabolic activity of cells was 
determined by MTT assay. (J, K) pRS-control or pRS-53-infected MCF-7 cells were plated 
in 6-well plates, pretreated with MK-1775 (150 nM) for 30 minutes and irradiated. After 
10 days, colonies were fixed in methanol, stained with Coomassie Brilliant Blue and air-
dried. Numbers of colonies (>50 cells per colony) from three independent experiments 
were related to amounts of plated cells to obtain survival fractions. Surviving fractions of 
non-irradiated cells were used as a reference. Students T test was used to test significant 
differences. Not significant (n.s.) indicates P >0.05, ***P <0.001.

observation that protein expression levels of p53 and its targets p21 and MDM-2 
were elevated after Wee1 inhibition in BJ cells (Fig. 1F). 

To study the role of p53 status in the cellular responses to Wee1 inhibition, 
we stably depleted p53 from MCF-7 breast cancer cells line using shRNA  
(Fig. 1G,H). In contrast to control-infected MCF-7 cells, which are relatively 
resistant to MK-1775, p53-depleted MCF-7 cells were markedly more, similar to 
most other tested p53-defective cell lines (Fig. S2A,B). To subsequently determine 
whether Wee1 inhibition potentiates the cytotoxic effects of DNA breaks 
induced by radiotherapy, we then performed long-term colony survival assays.  
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Similar to the results from our MTT assays, Wee1 inhibition did not reduce 
clonogenic cell survival of control MCF-7 cells, but showed clear radiosensitization 
in p53-depleted MCF-7 cells (Fig. 1J,K).

These results correspond with previous reports (18-20) and with the 
observed radiosensitization after Wee1 inhibition in other p53-defective cancer 
cell lines (MDA-MB-231, SK-BR-3, HeLa and T47D)(Fig. S2C). Moreover, they 
further establish that p53-deficiency is required for Wee1 inhibitor sensitivity and 
Wee1 inhibition-mediated radiosensitization.

Wee1 inhibition increases Cdk1 activity in interphase cells

Cdk1, in complex with cyclin B, is known to induce mitosis. Indeed, forced 
activation of Cdk1-cyclin B accelerates entry into mitosis (1, 21). Importantly, 
previous studies on Wee1 inhibition point to premature mitotic entry as its 
primary cytotoxic effect (18-20). When we examined the kinetics of Cdk1 
dephosphorylation after Wee1 inhibition, we observed a rapid decrease of  
Cdk1-Tyr15 phosphorylation in MCF-7 breast carcinoma cells (Fig. 2A), 
along with accelerated mitotic entry as judged by increased cells numbers with 
phospho-Histone-H3, a marker of mitosis (Fig. 2B). However, the rapid loss of 
Cdk1 phosphorylation at Tyr-15 (Fig. 2A) did not correspond with the marginal 
increases in mitotic cells at early time-points after Wee1 inhibition in MCF-7 
and MDA-MB-231 cells (Fig. 2B). This suggests that inhibition of Wee1 does 
not immediately lead to the sufficiently high levels of Cdk1 activity required for 
mitotic entry. Furthermore, this implies that Wee1 inhibition may elevate Cdk1 
activity in interphase cells. 

To test whether Wee1 inhibition leads to accumulation of interphase cells 
with dephosphorylated Cdk1 at Tyr-15, we separately analyzed mitotic and 
interphase cells by flow cytometry, using phospho-Histone-H3 staining (Fig. 2C, 
left panels). Subsequent phospho-Tyr-15-Cdk1 analysis in these subpopulations 
showed that Wee1 inhibition indeed resulted in interphase cells with decreased 
levels of phospho-Tyr15-Cdk1 (Fig. 2C). Next, we assessed whether treatment with 
MK-1775 increased the activity of Cdk1 in interphase cells. We again separately 
analyzed mitosis versus interphase cells (Fig. 2D, right panels). Subsequently, 
we assessed the activity of Cdk1 by using the MPM-2 antibody, recognizing 
substrates phosphorylated on the Cdk1 consensus motif [S/T][P]X[K/R] (22).  
As expected, we observed high levels of Cdk1 activity in mitotic cells (Fig. 2D, 
upper right panel “R1: mitotic cells”, quantified in Fig. 2E). In contrast, control-
treated interphase cells showed very low levels of Cdk1 activity (Fig. 2D, lower
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Figure 2. Wee1 inhibition leads to Cdk1 activation in interphase cells. 
(A) MCF7 cells were treated with MK-1775 (300 nM) for indicated time-points and 
analyzed by western blotting. (B) MCF-7 cells and MDA-MB-231 were treated with 
nocodazole (Sigma-Aldrich, St-Louis, MO, USA, 250ng/ml) with or without MK-1775 
(300 nM) for indicated time periods. After treatment, cells were harvested in ice-cold 
ethanol and stained for phospho-Histone-H3/Alexa-488 and analyzed by flow cytometry. 
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Data represent averages of two experiments with a minimum of 10.000 events per sample. 
(C) MCF-7 cells were treated with nocodazole for 3 hours prior to fixation (‘control’). 
Alternatively, cells were treated with nocodazole in combination with MK-1775 (300 nM) 
for 2 hours. After treatment, cells were harvested and stained for phospho-Histone-H3  
(p-H3)/Alexa-488 and phospho-Tyr15-Cdk1/Alexa647 cells and analyzed by flow 
cytometry. Mitotic cells were gated based on p-H3 positivity and subsequently analyzed 
for phospho-Tyr15-Cdk1 positivity. A minimum of 10.000 events per sample was 
analyzed and a representative experiment is shown. (D) MCF-7 cells were treated as for 
panel (C). After treatment, cells were harvested and stained for phospho-p-H3/Alexa-647 
and MPM-2/Alexa-488 cells and analyzed by flow cytometry. Mitotic cells were gated 
based on pH3 positivity and subsequently analyzed for MPM-2 positivity. A minimum 
of 10.000 events per sample was analyzed and a representative experiment is shown. (E) 
Averages and standard deviations of MPM-2 positivity of three independent experiments 
from panel (D).  (F) MCF-7 cells were treated and analyzed as for D. Cells were treated 
with MK-1775 (300 nM) in the absence or presence of RO-3306 (5 µM). Averages and 
standard deviations of MPM-2-positive interphase cells are shown (n=2).

right panel “R2: interphase cells”). We subsequently analyzed MK-1775-treated 
cells and observed that Wee1 inhibition significantly increased Cdk1 activity in 
interphase cells, in sharp contrast to control-treated interphase cells (Fig. 2D,E). 
This indicates that Wee1 inhibition leads to elevation of Cdk1 activity in interphase 
cells. Importantly, the increase in MPM-2 reactivity in interphase cells was largely 
lost when cells where treated with the Cdk1 inhibitor RO-3306, indicating that 
the observed MPM-2 signal reflects Cdk1 activity (Fig. 2F).

Wee1 inhibition affects DNA damage responses 

Cell cycle kinases, including CDKs, have been shown to be important regulators 
of the DNA damage response (23, 24). Interestingly, increased activity of mitotic 
Cdk-cyclin complexes can also shut off DNA damage responses (25). For instance, 
we previously showed that 53BP1 is targeted by Cdk1 in human cells (16). 

To determine whether forced activation of Cdk1 influences DNA damage 
responses, we analyzed the effects of Wee1 inhibition on irradiated MCF-7 cells. 
To visualize recruitment of DNA repair components, we analyzed 53BP1 foci 
formation (Fig. 3A). Irradiation clearly resulted in rapid accumulation of 53BP1 
in distinct nuclear foci (Fig. 3A, upper panels). However, cells pretreated with  
MK-1775 showed a significant reduction in the number of 53BP1 foci after ionizing 
radiation (Fig. 3A, lower panels, quantified in Fig. 3B). Notably, these effects were 
only observed in cyclin B-expressing cells, underscoring the notion that Wee1 
inhibition exerts its effects through modification of Cdk1-cyclin B activity. 
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To test whether the number of DNA breaks is altered by MK-1775 treatment, we 
then analyzed γ-H2AX levels by flow cytometry (Fig. 3C). Wee1 inhibition resulted 
in a clear increase in the level of γ-H2AX (Fig. 3C), indicating accumulation of DNA 
breaks. Importantly, when G1 and G2/M cells were analyzed separately, the effects of 
Wee1 inhibition were almost completely accounted for by the G2/M cells (Fig. 3C). 

To study the effects of Wee1 inhibition on DNA double strand break 
repair methods, we first analyzed the effects of forced Cdk1 activation on  
non-homologous end-joining (NHEJ) by using the plasmid-based NHEJ reporter 
substrate pEGFP-Pem1-Ad2 (26). HindIII-linearized pEGFP-Pem1-Ad2 was 
transfected into MCF-7 cells, and DNA end-joining through NHEJ was analyzed 
by flow cytometric assessment of GFP-expressing cells (Fig. 3D). Forced activation 
of Cdk1 through Wee1 inhibition did not modulate NHEJ efficiency, compared 
to ATM inhibition with KU-55933, serving as a positive control (27) (Fig. 3D,E).

To determine the effects of Wee1 inhibition on HR repair, we established  
a monoclonal MCF-7 cell line stably expressing the pDR-GFP HR reporter plasmid 
(28). Upon expression of the I-Sce1 endonuclease, a defective GFP gene is restored 
only when HR is employed (Fig. 3F). MCF-7-pDR-GFP cells reproducibly increased 
GFP levels upon I-Sce1 expression, but not in roscovitine-treated cells, included as 
a positive control for HR inactivation (Fig. 3F,G) (29). Importantly, when I-Sce1 
was expressed in MK-1775-treated cells, a significant reduction in the percentage of 
GFP-positive cells was observed, indicating that forced activation of Cdk1 activity 
through Wee1 inhibition impairs HR DNA repair. 

To rule out cell-type specific effects, we tested the effects of Wee1 inhibition 
in HeLa-pDR-GFP cells (30), and observed very similar results (Fig. S3B). To rule 
out non-specific effects of MK-1775, we used a second Wee1 inhibitor, PD-166285 
(31) (Fig. 3H and S3A, B) and a previously validated Wee1 shRNA plasmid (Fig. 3I 
and S3C)(32). Both PD-166285 treatment and shRNA-mediated Wee1 depletion 
confirmed that forced activation of Cdk1 through Wee1 inhibition impairs HR repair. 
Remarkably, treatment with PD-166285 resulted in more pronounced HR repair 
inactivation compared to MK-1775 treatment (Fig. 3H and S3B), possibly due to 
combined inhibition of both Wee1 and Myt1, which may activate Cdk1 more potently.

To establish whether the effects of Wee1 inhibition on HR repair are specifically 
due to Cdk1 activation, we ectopically expression of Cdk1. Overexpression of 
CFP-tagged wt-Cdk1 efficiently blocked HR repair in both MCF-7 cells and HeLa 
cells (Fig. 3J and S3D). An even stronger decrease in HR repair was found when 
we overexpressed CFP-AF-Cdk1, which lacks the Wee1 phosphorylation site and 
mimics the situation of Wee1 inhibition (33) (Fig. 3J and S3D). These results show 
that Wee1 inhibition impairs HR repair through aberrant Cdk1 activation. 
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Figure 3.  Impaired DNA damage responses after forced Cdk1 activation.
(A) MCF-7 cells were treated with MK-1775 (100 nM) at 1 hour prior to irradiation  
(5 Gy). Cells were fixed in 3.7% formaldehyde at 1 hour after irradiation and stained for 
cyclin B1/Alexa-568, 53BP1/Alexa-488 and counterstained with Hoechst. (B) Numbers of 
53BP1 foci per nucleus were analyzed and data from three independent experiments with 
50 cells per experiment are displayed (*P <0.05). (C) MCF-7 cells or HeLa were left untreated 
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or treated with MK-1775 (100 nM) for 1 hour prior to irradiation (5 Gy). Cells were harvested 
after 1 hour and stained for γ-H2AX/Alexa-488 and analyzed using flow cytometry. For each 
condition, at least 10.000 events were analyzed and representative experiments are shown. (D) 
The NHEJ substrate pEGFP-Pem1-Ad2 (kindly provided by Dr. V. Gorbunova) was linearized 
using HindIII, purified and transfected into MCF-7 cells in 6-well plates along with pDsRed 
(Clontech, Mountain View, CA, USA) to control for transfection efficiency. After transfection, 
cells were treated with MK-1775 (100 nM) or with KU-55933 (1 mM). Per sample at least 
10.000 DsRed-positive events were analyzed for GFP positivity. (E) Averages and standard 
deviations from three independent experiments from panel (D) are shown. (F) The HR 
substrate pDR-GFP (kindly provided by Dr. M. Jasin) was stably transfected into MCF-7 cells, 
which were subsequently selected in puromycin (1 µg/ml). Monoclonal MCF-7-pDR-GFP cells 
were transfected with the I-Sce1 endonuclease to induce a DNA break in the GFP locus. After 
transfection, cells were left untreated, or were treated with MK-1775 (100 nM) or Roscovitine 
(20 mM). After 48 hours, at least 100.000 events were analyzed per sample for GFP positivity. 
(G) Averages and standard deviations from three independent experiments from panel (F) 
are shown (*P = 0.02, **P = 0.001). (H) MCF-7-pDR-GFP cells were treated with MK-1775 
(300 nM) and PD-166285 (500 nM) at 1 hour after transfection with I-Sce1. After 48 hours 
at least 100.000 events were analyzed per sample for GFP positivity. Averages and standard 
deviation from three independent experiments are indicated. (I) MCF-7-pDR-GFP cells were 
co-transfected with I-Sce1 and pSuper-Wee1 or were treated with MK-1775 (300 nM) at  
1 hour after transfection and analyzed as for panel 3F. (J) MCF-7-pDR-GFP cells were treated 
with MK-1775 1 hour after transfection with I-Sce1 in combination with pECFP (Clontech), 
CFP-wt-Cdk1 or CFP-AF-Cdk1 (kindly provided by Dr. J. Ferrell, Stanford University). After 
48 hours, at least 100.000 events were analyzed per sample. The amount of GFP-positivity in 
CFP positive cells was quantified and averages and standard deviation of three independent 
experiments is shown. *P <0.05, **P <0.01.

Cdk1 targets many substrates, including DNA damage repair components 
(34). Within the HR repair pathway, BRCA2 was previously shown to be 
phosphorylated by CDKs (35). Notably, CDK-mediated BRCA2 phosphorylation 
on serine-3291 negatively impacts on DNA repair.

Using flow cytometry, we tested whether Wee1 inhibition leads to upregulation 
of BRCA2 phosphorylation, and observed clearly increased S3291-BRCA2 
phosphorylation after Wee1 inhibition (Fig. 4A,B), whereas Cdk1 inhibition 
ablated BRCA2 phosphorylation (Fig. 4A,B). Similar results were obtained by 
immunoblotting, in which the increased S3291 phosphorylation of BRCA2 could 
be fully reversed by Cdk1 inhibition (Fig. 4C). To determine whether forced Cdk1 
activation through Wee1 inhibition also resulted in BRCA2 phosphorylation in 
interphase cells, we separately analyzed mitotic and interphase cells (Fig. 4D). 
Wee1 inhibition indeed resulted in increased levels of phospho-S3291-BRCA2 in 
interphase cells, which were fully dependent on Cdk1, since RO-3306 treatment 
could reverse this upregulation completely (Fig. 4D,E). 
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Figure 4. Enhanced BRCA2 phosphorylation after forced Cdk1 activation.
(A) MCF-7 cells were treated with MK-1775 (300 nM) or RO-3306 (5 µM) for 3 hours and 
subsequently fixed in 70% ethanol on ice. Cells were stained for phospho-S3291-BRCA2/
Alexa-647 and at least 10.000 events were analyzed by flow cytometry. (B) Averages and 
standard deviation of 3 experiments performed as in panel A are shown. (C) MCF-7 
cells were treated for 3 hours with MK-1775 (300 nM) or RO-3306 (5 µM). Cells were 
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harvested and lysed in MPER buffer and processed for western blotting with indicated 
antibodies. (D) MCF-7 cells were for 3 hours with MK-1775 (300 nM) or RO-3306  
(5 µM) in the presence of nocodazole. After treatment, cells were harvested and stained 
for phospho-S3291-BRCA2/Alexa-647 and p-H3/Alexa-488 cells and analyzed by flow 
cytometry. Mitotic cells were gated based on p-H3 positivity and subsequently analyzed 
for phospho-S3291-BRCA2. A minimum of 10.000 events per sample was analyzed 
and a representative experiment is shown. Total amounts of mitotic cells per condition 
are shown in Fig. S4. (E) Averages and standard deviations of phospho-S3291-BRCA2 
positivity of three independent experiments from panel (D). (F) Model of altered DNA 
repair after forced Cdk1 activity through Wee1 inhibition. In unperturbed situations (blue 
line), Cdk1 levels rise during cell cycle progression and cause inactivation of the DNA 
damage response and drive mitotic entry. As a result of Wee1 inhibition (red line), Cdk1 
activity is aberrantly elevated Cdk1 which leads to accelerated mitotic entry and impaired 
DNA damage responses in interphase cells.

Cell cycle kinases have been shown to modulate DNA damage responses, 
both positively and negatively (14-16, 23, 32, 35-40). Although not completely 
understood, low levels of CDK activity are apparently required for proper 
induction of HR repair of DNA breaks, whereas high levels of CDK activity can 
inactivate DNA damage responses and proper DNA repair (Fig. 4F blue line). 
Forced activation of Cdk1 activity, as achieved with Wee1 inhibitors, can increase 
Cdk1 levels sufficiently to inactivate HR repair (Fig. 4F, red line). Cdk1 has 
many substrates in the DNA damage repair network, often with multiple Cdk1 
consensus phosphorylation motifs (16, 34, 41). Further research is required to 
address the contribution of individual Cdk1 substrate(s), including BRCA2, on 
the observed effects of forced Cdk1 activation.

Our study shows that aberrant activation of Cdk1 through Wee1 inhibition 
can exploit feedback mechanisms of cell cycle kinases on DNA damage responses. 
Our results confirm previous reports that Wee1 inhibition leads to premature 
mitotic entry (18-20) and show that Wee1 inhibition leads to increased Cdk1 
activity levels in interphase cells, resulting in inactivation of HR DNA repair. 
Importantly, disruption of these feedback mechanisms may partly explain 
the potentiating effects of Wee1 inhibition on the cytotoxicity of chemo- and 
radiotherapy and warrant cell cycle-modifying interventions as powerful tools to 
modulate DNA damage responses.
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Supplemental Figure S1. Cytotoxicity of MK-1775 in BJ fibroblasts and 
neonatal rat myocardiocytes.
(A) Confluent or log-phase BJ fibroblasts were treated with different concentrations of  
MK-1775 in 6-well plates. After 4 days, cells were fixed in methanol and stained using crystal 
violet. (B) Primary neonatal rat cardiomyocytes were isolated and cultured in DMEM medium 
containing 10% FBS as previously described (42). After three days of culturing, cells were treated 
with MK-1775 (100 nM or 300 nM) and 24 hours later beating was analyzed using bright field 
live microscopy. Average beating frequencies (beatings per minute) and standard deviations of  
4 independent cultures are indicated (see for representative examples Suppl. Movies M1, 
M2 and M3). (C) Neonatal rat myocardiocytes grown on laminin-coated glass coverslips 
were treated as for panel B. Cells were fixed in formaldehyde and stained for Troponin  
T/Alexa-488, γ-H2AX/Alexa-568 and counterstained with Hoechst (Sigma). Representative 
images are shown. Arrow indicates a co-isolated fibroblast without troponin T bundles showing 
MK-1775-induced γ-H2AX foci. (D) Primary neonatal rat cardiomyocytes were treated as for 
panel C. Numbers of γ-H2AX foci per nucleus were counted and averages and standard deviations 
of three experiments (at least 25 nuclei per condition quantified) are shown.
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Supplemental Figure S2. Cytotoxicity of radiosensitization of MK-1775 in 
cancer cells.
(A) MTT assays of MCF-7, MDA-MB-231, SK-BR-3, T47D and HeLa cells were performed 
as for Fig. 1(I). (B) MK-1775 concentrations at which 50% growth inhibition is observed 
(IC50) are indicated for indicated cell lines. (C) Long term clonogenic survival assays with 
MDA-MB-231 and SK-BR-3, T47D and Hela were performed as described in Fig. 1(J,K).  
*P <0.05, **P <0.01, ***P <0.001.
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Supplemental Figure S3. Forced activation of Cdk1 impairs homologous 
recombination DNA repair.
(A) MCF7 cells were treated with PD-166285 (500 nM) for indicated time-points and 
analyzed by western blotting. (B) HeLa-pDR-GFP cells (kindly provided by Dr. J. Parvin, 
Ohio State University) were treated with MK-1775 (300 nM) or PD-166285 (500 nM) at  
1 hour after transfection with I-Sce1. After 48 hours, at least 100.000 events were analyzed 
per sample for GFP positivity. (C) HeLa-pDR-GFP cells were co-transfected with I-Sce1 
and pSuper-Wee1 or were treated with MK-1775 (300 nM) at 1 hour after transfection 
and analyzed as for panel 3F.  (D) HeLa-pDR-GFP cells were transfected with I-Sce1 in 
combination with pECFP (Clontech), pECFP-wt-Cdk1 or pECFP-AF-Cdk1. If indicated, 
cells were treated with MK-1775 (300 nM) at 1 hour after transfection. After 48 hours, 
at least 100.000 events were analyzed per sample. Representative plots are shown.  
The amounts of GFP-positivity in CFP positive cells were quantified from three 
independent experiments. Averages and standard deviations are shown.
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Supplemental Figure S4.  Mitotic entry after Wee1 or Cdk1 inhibition. 
MCF-7 cells were treated as for Fig. 4C. After treatment, cells were harvested and stained 
for phospho-S3291-BRCA2/Alexa-647 and p-H3/Alexa-488 cells and analyzed by flow 
cytometry. Graphs show pH3/ Alexa-488 positivity. A minimum of 10.000 events per sample 
was analyzed and averages and standard deviations of three experiments are shown.
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Supplemental Document S1. List of antibodies used in the study.

Primary antibodies

Name Species Company Catalog # Dilution

Anti-phospho-Histone-
H3(Ser10) Rabbit Cell Signaling 9701 1:200

Anti-phospho-Histone-
H3(Ser10) Mouse Cell Signaling 9706 1:200

Anti-MPM-2 Mouse Cell Signaling 16-154 1:100

Anti-γ-Histone H2AX(Ser139) Mouse Millipore 05-636 1:200

Anti-53BP1 Rabbit Santa Cruz 
Biotech. sc-22760 1:500

Anti-p53 Mouse Santa Cruz 
Biotech. sc-126 1:500

Anti-MDM2 Mouse Santa Cruz 
Biotech. sc-5304 1:500

Anti-phospho-Cdk1(Tyr15) Rabbit Cell Signaling 4539 1:200

Anti-p21 Mouse Santa Cruz 
Biotech. 6246 1:100

Anti-Troponin T Rabbit Abcam Ab45932 1:400

Anti-phospho-
BRCA2(Ser3291) Rabbit Millipore Ab9986 1:1000(WB), 

1:100 (FACS)

Secondary antibodies

Name Species Company Catalog # Dilution

Horse radish peroxidase 
(HRP) Mouse Dako PO260 1:2500

Horse radish peroxidase 
(HRP) Rabbit Dako PO448 1:2500

Alexa-488 Mouse Molecular Probes A21121 1:300

Alexa-488 Rabbit Molecular Probes A11008 1:300

Alexa-568 Mouse Molecular Probes A21134 1:300

Alexa-647 Rabbit Molecular Probes A21244 1:300
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Supplemental Movies are available  on the  publisher’s website.

Supplemental Movie M1. bright field live microscopy of untreated primary 
neonatal rat cardiomyocytes.
Supplemental Movie M2. bright field live microscopy of primary neonatal rat 
cardiomyocytes, after 24h of treatment with MK-1775 (100 nM).
Supplemental Movie M3. bright field live microscopy of primary neonatal rat 
cardiomyocytes, after 24h of treatment with MK-1775 (300 nM).
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Abstract

Patients with advanced cervical cancer are treated with chemoradiation. However, 
still 21-34% of these patients die within 5 years. Therefore novel treatment 
approaches for these patients are eagerly awaited. 
The fact that cervical cancer is almost invariably caused by persistent infection with 
the human papillomavirus (HPV) might provide a rationale for targeted therapy. 
Expression of the HPV E6 oncoprotein blocks p53 function and compromises 
the G1/S checkpoint. As a consequence, HPV-positive cancer cells rely heavily on 
their G2/M checkpoint for cell cycle control. We therefore tested presence of Wee1 
in cervical cancers and the therapeutic effects of abrogating the G2/M checkpoint 
through inhibition of the Wee1 checkpoint kinase in cervical cancer cells.
Immunohistochemical analysis of tumor tissues of 204 advanced stage cervical 
cancer patients showed Wee1 expression in 99.5%. Reanalysis of a panel of 522 
human cancer cell lines revealed that cervical cancer cell lines are very sensitive to 
Wee1 inhibition in vitro (average IC50 of 0.56 µM). In addition, Wee1 inhibition 
in a subset of cervical cancer cell lines sensitized these lines to cisplatin treatment. 
This effect was due to checkpoint abrogation, since Wee1 inhibition resulted 
in mitotic entry in the presence of DNA breaks. Few HPV-positive cervical 
cell lines, including SiHa, were not sensitive for Wee1 inhibition, and did not 
show sensitization to cisplatin after Wee1 inhibition. The insensitivity of SiHa 
correlated with its low HPV copy number and residual p53 levels. Surprisingly,  
siRNA-mediated removal of Rb1, but not p53, conferred sensitivity to Wee1 
inhibition of SiHa cells and resulted in sensitization to cisplatin. 
Taken together, Wee1 is ubiquitously expressed in human cervical cancers and 
Wee1 inhibition sensitized for cisplatin by abrogating G2/M checkpoint function 
in cervical cancer cell lines. Importantly, besides p53 loss-of-function, also Rb1 
inactivation determines sensitivity to Wee1 inhibition. Therefore, Wee1 inhibition 
appears a potential therapeutic target in cervical cancers with sufficient levels of 
p53 and Rb1 inactivation.
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Introduction 

Worldwide, cervical cancer is the third leading cause of cancer-related deaths 
among women (1). Currently, chemoradiation is the standard of care for locally 
advanced cervical cancer patients. However, still 21-34% of these patients will die 
within 5 years (2). Regretfully no targeted therapies are as yet available for these 
patients, and novel approaches are therefore eagerly awaited.

The uniformity in cervical cancer etiology may provide common 
vulnerabilities of these cancers, which could serve as therapeutic targets. Cervical 
cancer is in virtually all cases caused by infection of the cervical epithelium with 
‘high risk’ human papillomavirus (HPV) (3). Expression of the viral HPV-E7 
protein leads to inactivation of the retinoblastoma protein pRb, which initiates 
a cellular proliferation program (4, 5). In parallel, the viral HPV-E6 protein 
promotes the degradation of the tumor-suppressor protein p53 and results in the 
inactivation of the p53 pathway in the far majority of cervical cancers (6-8). 

P53 pathway inactivation leads to malfunctioning of cell cycle checkpoints.  
In p53-proficient cells, DNA damage can arrest the cell cycle at two phases.  
The G1/S checkpoint prevents entry into S-phase, whereas the G2/M checkpoint 
transition halts entry into mitosis when DNA damage is present. The maintenance 
of the G1/S arrest is largely dependent on the activation of the p53 tumor-suppressor 
protein. Specifically, p53 transcriptionally activates the Cdk inhibitor p21  
(p21cip1/p21waf), which directly inhibits G1/S-specific cyclin-Cdk complexes to 
prevent S phase entry (9). The G2/M checkpoint depends less on the transcriptional 
activity of p53, and this checkpoint is usually intact in p53-deficient cancer cells 
(10). As a result, p53-defective cancer cells rely heavily on their G2/M checkpoint 
for proper cell cycle control. It was therefore postulated that inhibition of G2/M 
checkpoint components might constitute a therapeutic approach to efficiently 
target p53-defective cancers.

The molecular wiring of the G2/M checkpoint is centered on the 
phosphorylation of the G2/M-specific cyclin B-Cdk1 complex. The activity of this 
complex is in large part determined by phosphorylation of residues Thr-14 and 
Tyr-15 within Cdk1 (11, 12). Phosphorylation at these residues has an inhibitory 
effect on Cdk1 activity and is accounted for by the Myt1 and Wee1 kinases (13-15). 
The Wee1 kinase is expressed in a cell cycle-dependent fashion and is mainly 
localized in the cytoplasm during interphase (16). Prior to cells entering mitosis, 
Wee1 accumulates in the nucleus, where it prevents the premature activation of 
cyclin B-Cdk1 (16, 17). In turn, dephosphorylation and consequent activation 
of cyclin B-Cdk1 is mediated by one of the three Cdc25 phosphatase isoforms 
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(18). In case of DNA damage, Cdc25 phosphatases are rapidly inhibited (19-22), 
whereas the activity of the Wee1 kinase is up regulated (23-25). Combined, this 
results in Cdk1 inactivation upon DNA damage and installs a G2 arrest (26). 

One approach to sensitize p53-deficient cancer cells, such as HPV-infected 
cells, for DNA damaging agents through G2/M checkpoint abrogation is to 
interfere with Wee1 (27). Indeed, genetic inactivation of Wee1 could enhance 
the anti-tumor efficacy of DNA damaging agents by forcing premature mitotic 
entry (28). Since cervical cancer is almost always characterized by HPV-mediated 
p53 inactivation, treatment of these cancers may benefit from Wee1 inhibition 
(29, 30). Here we therefore immunohistochemically analyzed the expression of 
Wee1 in tumors of cervical cancer patients. Subsequently, we reanalyzed a large 
panel of human cancer cell lines, and assessed the Wee1 inhibitor sensitivity with 
emphasis on the cervical cancer cell lines. Finally, we studied the effects of Wee1 
inhibition on cisplatin sensitivity and investigated the underlying mechanism in 
a subset of cervical cancer cell lines. 

Results

Wee1 is expressed in cervical cancer specimen 

We first determined the specificity of immunohistochemical Wee1 analysis using 
paraffin-embedded HeLa cervical cancer cells. Cytoplasmic and nuclear Wee1 
staining was present and this staining pattern matched previously reported Wee1 
localization (16). Next, we depleted Wee1 expression using siRNA (Supplemental 
Figure S1A). Importantly, the phosphorylation status of the Wee1 downstream 
target Cdk1 at Tyrosine-15 was greatly diminished after siRNA-mediated Wee1 
down regulation, indicative of a functional depletion of Wee1 (Supplemental 
Figure S1B. Importantly, Wee1 expression also was strongly reduced, underscoring 
the specificity of our immunohistochemical Wee1 analysis (Supplemental Figure 
S1A, S1B, S1C). Subsequently, we analyzed Wee1 expression in tumor tissues of 
cervical cancer patients. We analyzed tumor tissue of 204 advanced-stage cervical 
cancer patients, as this subgroup of cervical cancer patients is treated with 
chemoradiation and could benefit from novel treatment approaches. Clinico-
pathological data of the 204 patients is described in Table 1. Representative Wee1 
stainings in these tumors are illustrated in Figure 1A. Based on staining intensity, 
we classified Wee1 expression as negative (n=1), low (n=112), moderate (n=81) or 
strong (n=10) (Figure 1B). Positive nuclear Wee1 staining was present in 203 of 
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Figure 1. Wee1 protein expression in cervical cancer patients.
(A) Representative immunohistochemical Wee1 stainings of the tumor, of patient with 
advanced-stage cervical cancer. (B) Distribution of Wee1 staining intensity in advanced-
stage cervical cancer tissues.

204 patients (99.5%), whereas in only 1 patient no Wee1 expression was observed 
(0.5%). Furthermore, in 198 out of 204 evaluable patients (97.1%), Wee1 expression 
was present in over 75% of the tumor cells.

Sensitivity of cancer cell lines to chemical Wee1 inhibition

To analyze the sensitivity to chemical Wee1 inhibition of cervical cancer cell lines 
in comparison to cell lines of other cancer types, we re-analyzed data on a panel 
of 522 human cancer cell lines, which were treated with the small molecule Wee1 
inhibitor MK-1775 (34). In this data set, MK-1775 sensitivity was judged on 3-day 
cytotoxicity assays and plotted as IC50 values (Figure 2A). On average, cervical 
cancers cell lines (n=21) showed lower IC50 values when compared to non-cervical
cancer cell lines (n=501) (IC50 of 0.56 µM versus 0.71 µM respectively, p=0.482, 
Figure 2B, left panel). Also, when cell lines were categorized based on  
HPV-positivity regardless of tissue of origin, we found that HPV-positive cell 
lines (n=17) were on average more sensitive to MK-1775 when compared to  
HPV-negative cell lines (n=505) (IC50 of 0.44 µM versus 0.72 µM respectively, 
p=0.24, Figure 2B, right panel). However, no statistically significant differences 
between cervical cancer cell lines or HPV-positive cell lines and their control 
groups were found, possibly due to the fact that 2 out of 21 HPV-positive cervical 
cell lines showed remarkable insensitivity to Wee1 inhibition, including the 
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Figure 2. Cytotoxicity of MK-1775 in cancer cell lines.
(A) Analysis of MK-1775 cytotoxicity in 522 human cancer cell lines. Each circle represents 
a cell line, where green circles represent non-cervical cancer cell lines and red circles 
represent cervical cancer cell lines. Cytotoxicity data of these cell lines were adapted from 
data published in (34) and plotted as the log of the IC50 concentration in µM. The mean IC50 
concentration is indicated with a dashed line.  (B) Left panel: Analysis of MK-1775 sensitivity 
of non-cervical cancer cell lines versus cervical cancer cell lines based on their IC50 values. 
Right panel: Analysis of MK-1775 cytotoxicity of HPV-negative versus HPV-positive 
cancer cell lines based on their IC50 values. Statistical testing was done using a two-sided 
Students T-test, where p=0.05 is considered statistically significant. (C) MK-1775 
cytotoxicity of MK-1775 (left panel) or PD-166285 (right panel) was tested in C33A, HeLa 
and SiHa cervical cancer cells lines using MTT assays. To this end, cells were treated 
for 4 days with indicated concentration of MK-1775 or PD-166285, and metabolic MTT 
conversion was related to DMSO-treated cultures and indicated as relative viability. 

SiHa cell line. In order to verify these findings, we assessed the cytotoxicity of  
MK-1775 in HeLa (HPV-positive), C33A (HPV-negative, TP53 mutant) and SiHa  
(HPV-positive) cervical cancer cell lines in short-term survival assay (Figure 2C).  
In line with results from the cell line panel data, we observed that both HeLa and  
C33A cells were markedly more sensitive to Wee1 inhibition (IC50’s of 0.46 µM 
and 0.21 µM, respectively) when compared to the SiHa cells (IC50 of 4.33 µM) 
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(Figure 2C, left panel). Additionally, we assessed the cytotoxicity of an independent 
chemical second Wee1 inhibitor, PD-166285 (Figure 2C, right panel) (36). Again, 
we observed that SiHa cells (IC50 of 3.13 µM) were less sensitive to Wee1 inhibition 
compared to HeLa and C33A cells (IC50s of 0.52 µM and 0.17 µM, respectively), 
suggesting that these differences are related to Wee1 inhibition, rather than off-
target effects (Figure 2C). 

Sensitization to cisplatin by Wee1-inhibition 

We next tested whether Wee-1 inhibition could sensitize cervical cancer cell line 
to cisplatin in short-term cell survival assays. HeLa, C33A and SiHa cells were 
treated with increasing concentrations of cisplatin in combination with MK-1775 
(250 nM). We observed that MK-1775 enhanced the cytotoxity of cisplatin in both 
HeLa and C33A cells (Figure 3A, B, left panel). In contrast, MK-1775 treatment did 
not potentiate the cytotoxic effects of cisplatin in SiHa cells (Figure 3C), in analogy 
with this cell line being less sensitive to Wee1 inhibition as a single agent treatment 
(Figure 2C). Similar effects were observed with the Wee1 inhibitor PD-166285 
(Figure 3A, B, C, right panel). Thus, in the cervical cell lines that are sensitive to 
Wee1 inhibition, also cisplatin sensitization can be achieved using Wee1 inhibition.  

Wee1 inhibition leads to G2/M checkpoint abrogation and elevated levels of 
DNA damage in mitosis

In order to test how Wee1 inhibition affects cellular behavior in the absence or 
presence of cisplatin, we assessed cell cycle progression and levels of DNA breaks. 
When cervical cell lines were treated with cisplatin, the level DNA breaks clearly 
increased, as judged by gamma-H2AX positivity (Figure 4B and data not shown). 
Importantly, none of the 3 cell lines showed mitotic cells (MPM2-positive) that 
were gamma-H2AX-positive, indicating that all three cell lines are proficient for 
a DNA damage-induced G2/M arrest (Figure 4B). When cisplatin was combined 
with MK-1775 treatment, again high levels of gamma-H2AX-positivity were 
observed (Figure 4B). However, the combination treatment resulted in both 
interphase and mitotic cells that display DNA damage, illustrative for G2/M 
checkpoint abrogation. Strikingly, the increase in mitotic cells with DNA damage 
was only found in HeLa and C33A cells, and was not observed in SiHa cells 
(Figure 4C). Since checkpoint abrogation by Wee1 inhibition only occurs in cell 
lines that are sensitive for MK-1775, these results suggest that this mechanism 
may be underlying the sensitivity to Wee1 inhibition in cervical cancer cells.
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Figure 3. Sensitization to cisplatin using Wee1 inhibition in cervical cancer 
cell lines.
(A) Left panel: HeLa cells were treated with indicated concentrations of cisplatin 
in combination with DMSO or MK-1775 (250 nM). After 4 days of treatment, cells 
were incubated with MTT and the viability of cells was determined by colorimetric 
measurement. Right panel: HeLa cells were treated with indicated concentrations of 
cisplatin in combination with DMSO or PD-166285 (250 nM) and harvested after 4 days 
and analyzed as for left panel. (B) Left panel: C33A cells were treated and analyzed as for 
A (left panel). Right panel: C33A cells were treated and analyzed as for A (right panel).  
(C) Left panel: SiHa cells were treated and analyzed as for A (left panel). Right panel: SiHa 
cells were treated and analyzed as for A (right panel).
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Figure 4. G2-M checkpoint abrogation in MK-1775-sensitive cervical cancer cell lines. 
(A) HeLa cells were left untreated and were fixed in 70% ice-cold ethanol and stained with 
anti-gamma-H2AX/Alexa-488 and anti-MPM2/Alexa-647. Subsequently, cells were labeled 
with propidium iodide/RNAse and analyzed by flow cytometry. Representative FACS profiles 
of cell cycle distribution are presented. Numbers indicate the percentages of cells in each 
phase of the cell cycle. Mitotic cells were gated based on MPM2-positivity and subsequently 
analyzed for gamma-H2AX positivity. (B) HeLa cells were left untreated or treated with 
cisplatin (0.5 µM), MK-1775 (200 nM) or the combined treatment with cisplatin and  
MK-1775. After 24 hours of treatment, cells were fixed in 70% ice-cold ethanol and stained 
as described in panel A. Representative examples of FACS plots for gamma-H2AX-Alexa488 
and MPM2-Alexa-647 are presented. Numbers indicate the percentage of gamma-H2AX 
/MPM2 double positive cells. (C) HeLa, C33A and SiHa cells were treated and analyzed 
as for B. The average percentage of gamma-H2AX/MPM2 double positive cells from two 
independent experiments and standard deviations are represented (* represents p<0.05). 
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Figure 5. Rb1 inactivation determines cytotoxicity after Wee1 inhibition. 
(A) HeLa, C33A and SiHa cell were irradiated (10 Gy) and harvested at 6 hours after 
irradiation. Immunoblotting was performed with anti-Wee1, anti-pCdc2, anti-Rb1, 
anti-p53 and anti-actin antibodies. The p53 levels from short exposure are shown.  
(B) SiHa cells were stably infected with pRS-Scr or pRS-p53 and selected using puromycin. 
Subsequently, SiHa cells were left untreated or irradiated (10 Gy) and harvested and 
analyzed as for panel A. (C) Stably infected SiHa cell lines harboring indicated shRNAs 
were treated with indicated concentrations of MK-1775. After 4 days of treatment, 
viability of cells was analyzed by colorimetric analysis of MTT conversion. Viability of 
cells was related to DMSO-treated cultures. Averages and standard deviations of three 
independent experiments are indicated.  (D) SiHa cells were transiently transfected 
with siRNA targeting Rb1 or a scrambled siRNA. Cells were harvested at 24 hours after 
transfection and lysates were immunoblotted using anti-Rb1 and anti-Actin antibodies. 
(E) SiHa cells were transfected as described in panel 5D. Subsequently, cells were 
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harvested and analyzed as described in panel 4B. (F) SiHa cells, stably infected with  
pRS-Scr (solid lines) or pRS-p53 (dashed lines) were transiently transfected with Rb1 
siRNA (#1, red lines) or control siRNA (green lines). After 24 hours post-transfection, 
cell were trypsinized, replated in 96-well plates and treated with indicated concentrations 
of MK-1775 (top graph) or with indicated concentrations of cisplatin in combination 
with MK-1775 (250 nM) (bottom graph). After 4 days of treatment, cells were incubated 
with MTT and the viability of cells was determined by colorimetric measurement.  
DMSO-treated cultured were used as a reference. SiHa cells, stably infected with  
pRS-Scr (solid lines) or pRS-p53 (dashed lines) were transiently transfected with Rb1 
siRNA (#1, red lines) or control siRNA (green lines).  Cells were related in 96-well plates 
at 24 hours after siRNA transfection and treated with indicated concentrations of cisplatin 
in combination with MK-1775 (250 nM) or DMSO. After 3 days of treatment, cells were 
incubated with MTT and colorimetric MTT conversion was used to calculate cellular 
viability.

Combined inactivation of p53 and Rb1 determines the response to Wee1 
inhibition

Wee1 inhibition enhances the cytotoxic effects of chemotherapeutic agents 
mainly in p53-deficient cell lines (37-39). Although SiHa and HeLa cell lines 
are both HPV-positive, clear differences in their sensitivity to Wee1 inhibition 
were observed. One explanation that could underpin this difference is the level of 
Wee1 expression. In the sensitive cell lines HeLa and C33A, Wee1 expression was 
found to be higher when compared with the insensitive SiHa cell line (Figure 5A). 
Importantly, the level of Wee1 expression corresponded with the phosphorylation 
status of its downstream target Cdc2, indicating that higher Wee1 expression 
goes along with higher levels of Wee1 activity. Another reason that could explain 
the difference in sensitivity to Wee1 inhibition could be a differential degree of 
p53 inactivation. Indeed, when levels of p53 were examined, SiHa cells showed 
residual p53 levels, whereas HeLa showed a virtual absence of p53 (Figure 5A). 
Notably, C33A cells show extremely high levels of p53, due to TP53 mutation.  
To test whether the residual p53 levels in SiHa cells indeed conferred insensitivity 
to Wee1 inhibition, SiHa cells were stably depleted from p53 using retroviral 
shRNA (Figure 5B). Surprisingly, p53-depleted SiHa cells did not show increased 
sensitivity to MK-1775, when compared to SiHa cells, stably transfected with  
a control shRNA virus (Figure 5C). Besides targeting p53, HPV also inactivates 
the Retinoblastoma (Rb1) tumor-suppressor (40). Notably, we observed that Rb1  
resides mostly in its hypophosphorylated active form in SiHa cell lines whereas 
in HeLa and C33A only the hyperphosphorylated inactive form of Rb1 was 
detected (Figure 5A).  Therefore, to investigate whether this residual Rb1 function 
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in SiHa cells might explain the insensitivity to Wee1 inhibition, we inactivated 
Rb1 using siRNA (Figure 5D). Rb1 depletion caused a clear sensitization to  
MK-1775 treatment both in SiHa cells harboring control shRNA as well 
as in p53-depleted SiHa cells (Figure 5E). These results suggest that Rb1 
inactivation is a key determinant of the sensitivity of cervical cancer cells to 
Wee1 inhibition. To test whether a similar requirement for Rb1 inactivation 
determines cisplatin sensitization by Wee1 inhibition, we investigated the 
combined treatment of MK-1775 and cisplatin in Rb1-depleted SiHa cells. In 
line with the results of single agent treatment with MK-1775, depletion of 
Rb1, but not p53, resulted in sensitizing effects of Wee1 inhibition to cisplatin 
(Figure 5F). Taken together, these data indicate that cervical cancer cells may be 
sensitized to Wee1 inhibition through combined inactivation of Rb1 and p53.

Discussion

In this study we investigated the expression of Wee1 in advance-stage cervical 
cancer and showed that Wee1 is ubiquitously expressed in the far majority 
(99.5%) of these tumors. Subsequently, we analyzed the sensitivity of a large 
panel of human cancer cell lines to the Wee1 inhibitor MK-1775 and found that 
cervical cancer cell lines on average were more sensitive to Wee1 inhibition than  
non-cervical cancer cell lines. Finally, we found that some HPV-positive 
cervical cancer cell lines showed unusual resistance to Wee1 inhibitor treatment, 
including SiHa, which was related to the level of Rb1 inactivation rather than p53 
inactivation. 

A strikingly high percentage of cervical cancers showed protein expression 
in our study. We checked the data of The Cancer Genome Atlas consortium 
(http://www.cbioportal.org/public-portal/) on cervical cancers and observed that 
no homozygous deletions of the WEE1 gene were reported. This finding is in line 
with our results that Wee1 expression is observed in 99.5% of cases. Taken together, 
it appears that Wee1 is ubiquitously expressed in cervical cancers, which makes it 
an attractive potential therapeutic target for most of these cancers. In this respect 
this tumor type with it ubiquitous Wee1 expression differs from other solid tumors. 
Wee1 expression was found in 90% of vulvar squamous carcinomas (33) and 
70% of metastatic melanomas (41). In addition, substantial Wee1 overexpression 
compared to normal tissues was reported in 80% of osteosarcomas  (42) and 35 % 
of the luminal and HER2-positive breast cancers (43).

 The small molecule Wee1 inhibitor MK-1775 has single agent activity 
in various p53-deficient cancer cell lines, both in vitro and in vivo (37, 39, 44). 
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Also, treatment with MK-1775 sensitized p53-deficient cancer cells for several 
chemotherapeutic agents (37, 39, 44). In addition, Wee1 inhibition efficiently 
sensitized p53-deficient tumor cells for radiotherapy (38, 45). Since p53 
inactivation is a prerequisite for effective Wee1 inhibitor treatment, this approach 
appeared promising for cervical cancer, which has frequent HPV-mediated p53 
inactivation. Surprisingly, the HPV-positive cervical cancer cell line SiHa did not 
follow this pattern. Mechanistically, SiHa cells appeared to have residual cell cycle 
checkpoint activity, as Wee1 inhibition did not lead to G2/M checkpoint abrogation. 
As a consequence, combined treatment with cisplatin and MK-1775 did not result 
in mitotic entry in the presence of DNA damage. This residual checkpoint activity 
may be caused by low copy numbers of HPV in SiHa. Specifically, SiHa cells only 
contain 2 copies of HPV-16, whereas HeLa cells have ~40 copies of HPV-18 (46). 
Indeed, we observed that the reported low copy number of HPV in SiHa cells 
corresponded to residual levels of p53 as assessed by Western blotting (Figure 5A). 
Unexpectedly, down-regulation of p53 in SiHa cells did not confer to Wee1 
inhibition. Rather, our results indicated that down-regulation of Rb1, in addition 
to p53 inactivation, determines the sensitivity to Wee1 inhibition in cervical 
cancer cells.

The notion that additional factors to p53 determine Wee1 inhibitor 
sensitivity is in line with the observation that not all p53-mutant pancreatic cancer 
xenografts were sensitive to Wee1 inhibition in vivo (39). Whether differences 
in Rb1 levels, or other genes involved in G1/S cell cycle control, can explain the 
variable responses to Wee1 inhibitor treatment in other cancer types remains to 
be experimentally addressed.

Combined, our study indicates that Wee1 is a potential therapeutic target 
in cervical cancer as a single agent and as an agent that potentiates the effects 
of cisplatin. Of note, it seems that susceptibility for Wee1 inhibitor treatment 
requires sufficient levels of HPV integration, to reach a threshold level of 
checkpoint abrogation. The ongoing clinical trials, in which MK-1775 is tested 
in cervical cancer patients (NCT01958658) and head-and-neck cancer patients 
(NCT01935037), allow addressing these questions.

Materials and Methods

Immunohistochemical analysis of patient material

Immunohistochemical analysis of Wee1 expression was performed on  
pre-treatment tumor tissue specimens of 255 patients with locoregionally 
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advanced cervical cancer (stage IIB-IVA), primarily treated with radiotherapy 
or chemoradiation between March 1981 and December 2006 in the University 
Medical Center Groningen or affiliated hospitals (31). International Federation 
of Gynecologists and Obstetricians (FIGO) guidelines were used for staging. 
Clinico-pathological data of patients analyzed in this study are summarized in 
Table 1. A tissue microarray was generated with tumor specimens as described 
previously (32). Sections of 3 µm were prepared for immunohistochemical 
staining by deparaffinization in xylene and rehydration in ethanol. Antigen 
retrieval was done using microwave treatment in Tris/HCl buffer (pH 9) for  
15 minutes. Endogenous peroxidase activity was blocked by incubation with 0.3% 
hydrogen peroxidase for 30 minutes. Sections were incubated with a monoclonal 
antibody against Wee1 (Clone B-11, SC-5285, 1:50, Santa Cruz Biotechnology), 
phospho-Cdk1 (phospho-Tyr15, clone 10A11, #4539, 1:100, Cell Signaling 
Technology) or control antibodies: IgG1 (X0931, Dako, Supplemental Figure S1C) 
and IgG (X0903, Dako) overnight at 4°C. Subsequently, sections were incubated 
for 30 minutes with horse-radish-peroxidase (HRP)-conjugated secondary rabbit 
anti-mouse antibody or goat anti-rabbit antibody and a tertiary HRP-conjugated 
goat anti-rabbit antibody or rabbit anti-goat  (both at 1:100, Dako). For antibody 
detection, sections were incubated with 3’3-diaminobenzidine tetrahydrochloride 
(DAB) (Dako) and counterstained with hematoxylin. 

Wee1 stainings were scored semi-quantitatively by two independent persons 
in line with a previously reported immunohistochemical Wee1 analysis (33).  
In short, Wee1 stainings were categorized according to intensity in four 
categories: 0-negative, 1-low, 2-moderate, 3-strong. In addition the percentage of 
positive cells was determined and categorized as: 1 (<5%), 2 (5-25%), 3 (25-50%),  
4 (50-75%) and 5 (>75%). Only patients with at least two evaluable tumour cores 
were included for analysis in Figure 1B and are listed in Table 1. 51 out of 255 
patients (20%) were not evaluable due to core loss. A concordance of more than 
90% was found between both observers, for all immunostainings. Subsequent 
evaluation of disconcordant cases was performed to reach a consensus score. 



83

Wee1 as a target in cervical cancer

4

Table 1. Patient and tumor characteristics.

151
6

36
11

(74.0)
(2.9)
(17.6)
(5.4)

FIGO=International Federation of Gynecologists and Obstetricians 

Age at diagnosis (in years)
56
25-88

n (%)

171
26
7

(83.8)
(12.7)
(3.4)

124
68
12

(60.8)
(33.3)
(5.9)

34
142
28

(16.7)
(69.6)
(13.7)

FIGO stage
IIb
IIIa
IIIb
IVa

Median
Range

Histology
Squamous
Adenocarcinoma
Other

Tumor differentiation grade
Good/moderate
Poor
Unknown

Tumor diameter
0-4cm
≥4cm
Unknown

Lymphangioinvasion
No
Yes
Unknown

130
29
45

(63.7)
(14.2)
(22.1)

Table 1.

Table1. Patient and tumor characteristics in the 
204 patients with sufficient tumor material 
available for Wee1 expression measurement

Cell lines

The human cervical cancer cell lines HeLa, SiHa and C33A were obtained from the 
American Type Culture Collection (ATCC). The identity of all cell lines was validated 
using STR profiling (BaseClear, the Netherlands). All cells lines were cultured in in 
D-MEM:HAM’s F12 media in a 1:1 ratio. Media were supplemented with 10% fetal 
bovine serum (Thermo Scientific), 100 units/ml penicillin and 100 µg/ml streptomycin. 
All cell lines were cultured at 37°C in a humid atmosphere with 5% CO2.

Flow cytometry

For cell cycle analysis, cell lines were treated with indicated doses of MK-1775 
(Axon Medchem) and/or cisplatin for 24 hours. Cells were harvested using 
trypsin and fixed in ice-cold 70% ethanol. After washing, cells were incubated in 
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PBS-0.5% Tween-20 with anti-gamma-H2AX (#9718, Cell Signaling Technology) 
and anti-MPM-2 (#5368, Millipore) overnight at 4°C. Cells were subsequently 
washed and incubated with Alexa-488-conjugated or Alexa-647-conjugated 
secondary antibodies for 45 minutes and then treated with RNAse (100 µg/ml)  
in combination with propidium iodide (50 µg/ml). Cells were analyzed on  
a FACS-Calibur (Becton Dickinson) using Cell Quest software (Becton Dickinson). 
A minimum of 30,000 events was counted per sample and used for further analysis. 

Cytotoxicity assays

HeLa, C33A and SiHa cells were plated at a density of 2,000 cells (HeLa and C33A) 
or 3,000 cells (SiHa) per well in 96-well plates. One day after plating, cells were 
treated with indicated concentrations of the Wee1 inhibitor (MK-1775) or the Wee1 
inhibitor PD-166285 (kindly provided by Pfizer), in combination with increasing 
concentration of cisplatin. After 3 days, MTT solution [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] was added to a final concentration of 
0.5 mg/ml and plates were incubated for 3 hours at 37°C. The MTT-containing 
medium was then discarded and 200 ml DMSO was added to cells. Absorbance 
was measured at 520 nm using a microplate spectrophotometer (iMark, Bio-Rad). 
Background absorbance was subtracted, and untreated cultures were used as  
a reference to obtain relative levels of MTT conversion. We made use of  
a previously published data set in which the sensitivity of 522 human cancer cell 
lines to Wee1 inhibition was tested (34). In this data set, IC50 values of the Wee1 
inhibitor MK-1775 were obtained using 3-day MTT cytotoxicity assays. Manual 
annotation of the cancer tissue origin and HPV status of these cell lines was 
performed to identify a subgroup of 21 cervical cancer cell lines, and a subgroup 
of 17 cancer cell lines which were confirmed HPV positive.

RNA interference

Retroviral shRNA interference was performed as described previously 
(35). In summary, to produce retroviral particles, HEK293T cells were 
transfected using pMDG and pMDg/p along with either pRetrosuper- 
scrambled (5’-TTCTCCGAACGGTGCACGT-3’) or pRetrosuper TP53 
(5’-GACTCCAGTGGTAATCTAC-3’, kindly provided by Dr. R. Agami, Netherlands 
Cancer Institute, Amsterdam, the Netherlands) in a 1:3:4 ratio. SiHa cells were  
infected using three consecutive 12 hours periods and infected cells were subsequently 
selected using puromycin selection (Sigma, final concentration 1 µg/ml).
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For transient down-regulation of Rb1 and Wee1, SiHa cells were 
transfected with 133 nanomolar siRNAs targeting Rb1 (HSS109090, 
Invitrogen) and HeLa cells were transfected with siRNA targeting Wee1  
(#1: HSS111337; #2: HSS111338, Invitrogen) using oligofectamine (Invitrogen). 
Transfections with scrambled siRNAs were used as controls in both cell lines 
(#12935-300, Invitrogen). Cells were harvested at 24 hours after transfection, and 
Rb1 and Wee1 depletion was confirmed by Western blotting.

Western blotting

Cells were lyzed at 4°C in mammalian protein extraction reagent (M-PER, Thermo 
Scientific), supplemented with protease and phosphatase inhibitors (Roche). Protein 
concentrations were determined by Bradford assay. For SDS-PAGE, cell lysates were 
mixed with sample buffer (125 mM Tris-HCl, pH 6.8, 10% β-mercaptoethanol, 4.6% 
SDS, 20% glycerol, and 0.003% bromophenol blue) and were boiled for 10 minutes 
prior to loading. Samples were subsequently separated by electrophoresis on 8% 
SDS-polyacrylamide gels and transferred to polyvinyl difluoride membranes for  
1 hour (PVDF, Immobilon-P, Millipore). After blocking nonspecific binding sites 
for 1 hour using 5% skim milk (Sigma) in Tris-buffered saline (TBS), supplemented 
with 0.05% Tween-20 (TBS-T), membranes were incubated overnight with primary 
antibody anti-Wee1 (Clone B-11, SC-5285, 1:1000, Santa Cruz Biotechnology), 
anti-Rb1 (IF8, sc-102, Santa Cruz, 1:100), anti-p53 (DO-1, SC-126, 1:1000, 
Santa Cruz Biotechnology) and anti-actin (#MA1-744, MD Biosciences) at 
4°C. Membranes were then washed extensively in PBS-T and incubated with  
HRP-conjugated secondary antibodies for 30 minutes. After extensive washing, 
enhanced chemiluminescence (Lumi-Light PLUS, Roche) was used to visualize 
proteins using X-ray film exposure or a Bio-Rad chemiluminescence imager  
(Bio-Rad, Gel Doc EZ Imager), equipped with Bio-Rad Quantity One software.
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Supplemental Figure 1.
(A) Hela cells were transiently transfected with two independent siRNAs targeting Wee1 
or a control siRNA. Cells were harvested at 24 hours after transfection for Western blot 
analysis with anti-Wee1 and anti-actin antibodies. (B) Representative immunostaining for 
Wee1 and phospho-Tyr15-Cdk1 in paraffin embedded HeLa cell line pellets are indicated. 
(C) Representative immunostainings using control IgG antibodies.
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Abstract

Cells are equipped with a cell-intrinsic signaling network called the DNA damage 
response (DDR). This signaling network recognizes DNA lesions and initiates 
various downstream pathways to coordinate a cell cycle arrest with the repair of 
the damaged DNA. Alternatively, the DDR can mediate clearance of affected cells 
that are beyond repair through apoptosis or senescence.
The DDR can be activated in response to DNA damage throughout the cell cycle, 
although the extent of DDR signaling is different in each cell cycle phase. Especially 
in response to DNA double strand breaks, only a very marginal response was 
observed during mitosis. Early on it was recognized that cells which are irradiated 
during mitosis continued division without repairing broken chromosomes. 
Although these initial observations indicated diminished DNA repair and lack 
of an acute DNA damage-induced cell cycle arrest, insight into the mechanistic 
re-wiring of DDR signaling during mitosis was only recently provided. Different 
mechanisms appear to be at play to inactivate specific signaling axes of the DDR 
network in mitosis. Importantly, mitotic cells not simply inactivate the entire 
DDR, but appear to mark their DNA damage for repair after mitotic exit. 
Since the treatment of cancer frequently involves agents that induce DNA damage 
as well as agents that block mitotic progression, it is clinically relevant to obtain  
a better understanding of how cancer cells deal with DNA damage during 
interphase versus mitosis. In this review, the molecular details concerning DDR 
signaling during mitosis as well as the consequences of encountering DNA 
damage during mitosis for cellular fate are discussed.
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Introduction

Cells continuously encounter DNA damage either through endogenous sources 
(including radical species as by-products of cellular metabolism) or through 
exogenous sources (such as ultraviolet rays in sunlight). In order to maintain 
genetic stability while being under constant assault, evolutionary conserved 
pathways exist that can detect and repair DNA damage which are collectively 
termed the DNA damage response (DDR) [1, 2]. DNA can be damaged in various 
ways, and in order to appropriately respond to the wide variety of DNA lesions 
that can occur, cells are equipped with various distinct DNA repair pathways.  
A large proportion of the available data describes cellular responses to DNA 
double strand breaks (DSBs), which is a specifically toxic type of DNA damage 
and of which, if left unrepaired, only very few can lead to cell death [3, 4]. On the 
organismal level, persistent DNA breaks can lead to loss of cell function and can 
ultimately lead to the development of cancer.

DNA DSBs can essentially be repaired using two mutually exclusive types of 
DNA repair; non-homologous end-joining (NHEJ) or homologous recombination 
(HR). During NHEJ, the two ends of a broken DNA template are ligated, not 
regarding DNA sequence. Although this type of repair is very efficient and can 
supposedly happen during all phases of the cell cycle, it is inherently prone to 
generating mutations [5, 6]. In contrast to NHEJ repair, the HR repair pathway 
requires a DNA template, usually the sister chromatid, to repair the damaged 
DNA. By doing so, the repair of DSBs using HR is (semi) conservative concerning 
DNA sequence and is not prone to the induction of mutations [7]. This type of 
repair, however, can only efficiently be performed when cells have produced sister 
chromatids, and is thus restricted to S and G2 phases of the cell cycle.

In order to provide cells the time to repair DNA breaks and to prevent the 
transmission of damaged chromosomes to daughter cells, a cell cycle arrest is 
installed immediately after DNA break detection. DNA damage can induce an 
arrest at three distinct points during the cell cycle. The G1 DNA damage checkpoint 
arrests cells prior to entering S-phase, and prevents the replication of damaged 
DNA. The intra-S-phase checkpoint delays ongoing replication in situations of 
DNA damage and the G2 DNA damage checkpoint prevents entry into mitosis in 
case unrepaired DNA damage is present [8]. Although these checkpoints act at 
distinct phases in the cell cycle, their molecular wiring shows significant overlap 
and distinct upstream DNA detectors feed into common downstream effectors.  
In response to DNA double strand breaks, a common upstream regulator that 
controls all three of these checkpoints is the MRN complex in conjunction with 
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loss of cell function and can ultimately lead to the development of
cancer.

DNA DSBs can essentially be repaired using two mutually exclu-
sive types of DNA repair; non-homologous end-joining (NHEJ) or
homologous recombination (HR). During NHEJ, the two ends of a
broken DNA template are ligated, not regarding DNA sequence.
Although this type of repair is very efficient and can supposedly
happen during all phases of the cell cycle, it is inherently prone
to generating mutations [5,6]. In contrast to NHEJ repair, the HR
repair pathway requires a DNA template, usually the sister chro-
matid, to repair the damaged DNA. By doing so, the repair of
DSBs using HR is (semi) conservative concerning DNA sequence
and is not prone to the induction of mutations [7]. This type of
repair, however, can only efficiently be performed when cells have

produced sister chromatids, and is thus restricted to S and G2
phases of the cell cycle.

In order to provide cells the time to repair DNA breaks and to
prevent the transmission of damaged chromosomes to daughter
cells, a cell cycle arrest is installed immediately after DNA break
detection. DNA damage can induce an arrest at three distinct points
during the cell cycle. The G1 DNA damage checkpoint arrests cells
prior to entering S-phase, and prevents the replication of damaged
DNA. The intra-S-phase checkpoint delays ongoing replication in
situations of DNA damage and the G2 DNA damage checkpoint pre-
vents entry into mitosis in case unrepaired DNA damage is present
[8]. Although these checkpoints act at distinct phases in the cell
cycle, their molecular wiring shows significant overlap and distinct
upstream DNA detectors feed into common downstream effectors.

Fig. 1. Re-wiring of the G2 cell cycle checkpoint during mitosis. Upper panel: In response to DNA breaks in interphase cells, the upstream DDR kinases ATM and ATR activate
the downstream DDR kinases CHK2 and CHK1 respectively. In turn, CHK1 and CHK2 inactivate CDC25 phosphatases to block CDK1 activation. In parallel, a p53-dependent
transcriptional program is activated to maintain CDK1 inactivation. Lower panel: During mitosis, upstream DDR kinases ATM and possibly ATR are activated in response to
DNA breaks. Proteosomal or phosphorylation-mediated inactivation of the adaptor proteins Claspin and 53BP1 prevent activation of the downstream kinases CHK1 and CHK2.
In addition, WEE1 is down-regulation through proteolysis and CDC25 isoforms are protected from CHK1/2-dependent phosphorylation via CDK-mediated phosphorylation.
Finally, transcription and translation are down-regulated during mitosis, precluding a p53-dependent response.

Figure 1. Re-wiring of the G2 cell cycle checkpoint during mitosis.
Upper panel: In response to DNA breaks in interphase cells, the upstream DDR kinases 
ATM and ATR activate the downstream DDR kinases CHK2 and CHK1 respectively.  
In turn, CHK1 and CHK2 inactivate CDC25 phosphatases to block CDK1 activation. 
In parallel, a p53-dependent transcriptional program is activated to maintain CDK1 
inactivation. Lower panel: During mitosis, upstream DDR kinases ATM and possibly 
ATR are activated in response to DNA breaks. Proteosomal or phosphorylation-mediated 
inactivation of the adaptor proteins Claspin and 53BP1 prevent activation of the 
downstream kinases CHK1 and CHK2. In addition, WEE1 is down-regulation through 
proteolysis and CDC25 isoforms are protected from CHK1/2-dependent phosphorylation 
via CDK-mediated phosphorylation. Finally, transcription and translation are  
down-regulated during mitosis, precluding a p53-dependent response.
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the ‘Ataxia Telangiectasia Mutated’ (ATM) kinase. Immediately after DNA break 
induction, DNA ends are recognized by the MRN (Mre11/Rad50/NBS1) complex 
[9]. This complex can tether DNA ends and is thought to keep DNA ends in close 
proximity to facilitate repair [10]. In addition to its function as molecular tether, the 
MRN complex facilitates activation of the ATM kinase [11-15]. In a feed-forward 
loop, activated ATM autophosphorylates and phosphorylates all of the MRN 
complex components, which further promotes local ATM activation [16-18]. 
Subsequently, ATM phosphorylates hundreds of downstream substrates that 
are involved in the establishment of a cell cycle arrest, as well as the activation 
of many other stress-induced pathways [19]. Subsequent to DSB-induced ATM 
activation, the ‘ATM and Rad3-related’ (ATR) kinase becomes activated [20]. 
As part of fast-acting signaling axes, ATM and ATR phosphorylate and thereby 
activate the CHK2 and CHK1 kinases, respectively (Fig. 1, upper panel). In turn, 
both CHK2 and CHK1 inhibit the CDC25 phosphatases, which are involved in 
activating Cyclin-dependent kinases (CDKs) [21-23] (Fig. 1, upper panel). 

In this highly conserved signaling module that connects checkpoint 
kinases to the cell cycle machinery, DNA damage-induced phosphorylation of 
CDC25 family members by CHK1 and CHK2 creates binding sites for 14-3-3 
proteins, which are thought to sequester CDC25 isoforms in the cytoplasm to 
prevent CDK activation [24-27]. CDC25C in human cells is phosphorylated on 
Ser-216 by CHK1 and CHK2 kinases in response to DNA damage [23, 25, 26]. 
Also CDC25B appears to be phosphorylated in response to stress, albeit by 
kinases acting within the stress-activated p38MAPK/MK2 pathway, which results 
in binding of CDC25B to 14-3-3 proteins [28-31]. Inactivation of CDC25A, in 
contrast, is mediated both by CHK1/CHK2-induced 14-3-3 binding [Conclin et al, 
PNAS, 1995] as well as through ubiquitin-mediated proteolysis. CDC25A is an 
instable protein, and its turnover can be accelerated after DNA damage-induced 
phosphorylation by CHK1 and CHK2 [32-35].

Inhibition of CDC25A prevents the activation of CDK2 as well as  
CDK1-associated kinase activities and is therefore involved in establishing a block 
in S-phase entry, arrested S-phase progression as well as arrested G2-M progression 
[32, 34]. In contrast, inhibition of CDC25B and CDC25C mainly affects Cyclin-A/
CDK2 and Cyclin-B/CDK1 activation to prevent the G2-M cell cycle transition [21].

The above-mentioned kinase-driven DDR signaling axis is activated rapidly 
upon DNA damage detection and is used to acutely block cell cycle progression. 
In addition to this fast-acting pathway, a transcription-based p53 pathway is 
initiated to install a maintained cell cycle arrest [1, 4, 36, 37]. Although this 
pathway is rapidly initiated by ATM-mediated phosphorylation of p53 and its 
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negative regulator MDM2, the effects of p53 activation only become apparent 
hours after DNA damage induction. Expression of the p53-target genes p21 
and Gadd45, among others, results in a robust and maintained inactivation of 
CDKs and leads to a prolonged block in proliferation [36] (Fig. 1, upper panel).  
In parallel to installing a cell cycle arrest, DNA repair pathways need to be activated 
to repair DNA breaks. As discussed above, DNA breaks can essentially be repaired 
by two mutually exclusive repair pathways. Using non-homologous end-joining 
(NHEJ), DNA ends are ligated in a sequence-independent and therefore  
error-prone manner [6, 38]. A key first step in this repair type is the binding 
of the DNA end-binding Ku70/Ku80 hetero-dimer to the ends of a DNA 
break. Subsequent recruitment and activation of the DNA-PKcs as well as the 
specialized DNA ligase IV and Artemis endonuclease are required to complete 
non-homologous recombination [6]. In contrast, cells can use error-free 
homology-directed repair when homologous DNA sequences are present. These 
two pathways are in competition with each other, and many layers of control 
are present to regulate the choice for either pathway [39]. The most common 
form of homology-directed repair is homologous recombination (HR), which 
requires a substantial amount of sequence homology between donor and acceptor 
DNA [40]. Most frequently the sister chromatid produced in S-phase is used as 
a DNA template for homology-directed repair [41, 42]. This feature limits HR 
repair to the S and G2 phases of cell cycle. Indeed, DSBs generated in G1 phase are 
predominantly repaired by NHEJ [43], whereas HR repair is allowed in S and G2 
phases of the cell cycle [44].

All types of homologous recombination start with DNA end resection by 5’ 
to 3’ exonucleases or by helicase/endonuclease complexes to generate 3’-ended 
single stranded (ss) DNA overhangs. The initiation of DNA end resection is the 
key switch that determines whether NHEJ or recombination repair is performed. 
DNA end resection is performed by two complementary modes: a first initiation 
phase, which is CtIP/Mre11 dependent, and a secondary phase, in which the most 
extensive resection is performed by the Exo1 and DNA2/Sgs2 complexes [45-47]. 
The ssDNA overhangs created during resection are rapidly coated with RPA. 
In a BRCA2-dependent manner, RPA is subsequently replaced by the RAD51 
recombinase to facilitate recombination [48, 49].

Not only is DNA end resection an essential intermediate for homologous 
recombination, it also triggers the activation of a specific DDR signaling axis.  
The RPA-coated ssDNA that is generated as a consequence of end resection 
will trigger ATR/CHK1 signaling [2]. So whereas DSB formation immediately 
activates ATM signaling at the chromatin that is flanking DNA ends, a secondary, 
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DNA end-resection-dependent, ATR signaling pathway is triggered. In line with 
DNA end resection being a slow process, ATR and downstream CHK1 activation 
is only seen at later times than ATM activation [20]. Concluding, the DNA damage 
response integrates DNA repair with the control of cell cycle progression allowing 
proper genome maintenance.

Cell cycle regulation of the DNA damage response

As stated above, the cell cycle machinery is a key downstream target of DDR 
signaling. In response to DNA damage, the core cell cycle machinery consisting 
of Cyclin-CDKs is rapidly inactivated to prevent ongoing proliferation [50]. 
DDR-mediated cell cycle control is not only mediated by targeting CDKs, but also 
includes inhibition of many other cell cycle kinases, including Aurora kinases, 
Polo-like kinases and WEE1 to further enforce a damage-induced cell cycle arrest, 
underscoring the broad influence of DDR signaling on cell cycle control [51-55]. 
However, the cell cycle not only is a key downstream target of the DDR, it also 
appears to be a critical upstream regulator of DNA damage-induced signaling 
and DNA repair. Although it was recognized early on that the cell cycle phase is  
a key determinant choosing the appropriate repair pathway to repair DNA breaks, 
for long it was unclear how cells can ‘sense’ in which cell cycle phase they reside, 
and how they use this molecularly encoded information to direct proper DNA 
repair. Much of our understanding of how the cell cycle machinery controls DDR 
responses and DNA repair comes from studies in budding yeast. Importantly, 
these studies convincingly showed that HR depends on the action of cell  
cycle-regulated kinases, notably CDKs [56]. Specifically, HR critically depends on 
the single CDK gene (CDC28) that is present in budding yeast [44, 57, 58]. Within 
the HR process, CDK activity emerged to be essential for creating the 100-200 
base pair long 3’-ended single stranded DNA (ssDNA) overhangs required for 
strand invasion [44]. At the molecular level, CDK activity was shown to promote 
the 5’ endonuclease activity that yields single strand DNA overhang, through 
phosphorylation of Sae2 [58-60]. Sae2/CtIP is a DNA endonuclease that controls 
the initiation of DNA-end resection in meiotic and mitotic cells in association 
with the yeast MRX (Mre11-Rad50-Xrs2) complex [47, 61-66]. Phosphorylation 
of Saccharomyces cerevisiae Sae2 by CDK at Serine 267 was shown to be essential 
for DNA end resection, and a phospho-mimicking mutation at position 267 
could partially circumvent the CDK requirement for HR [60], illustrating that  
CDK-mediated phosphorylation of Sae2 in large part explains the regulatory role 
for CDK in HR. Nevertheless, CDK inhibition still partially blocked resection in 
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cells expressing Sae2-S267E, suggesting that additional CDK targets are required 
for optimal DNA end processing [60, 67]. In addition, when CDK was inhibited 
after the initiation of resection, HR repair was still impaired, indicating that other 
rate-limiting substrates of CDK within the HR pathway exist after the initiation 
of DNA end resection [58]. Recent studies indicated that DNA2, one of the 
nucleases that is involved in extended DNA end resection during homologous 
recombination is also under control of CDK activity. Specifically, cells lacking 
CDK1 activity showed defective DNA2 endonuclease-dependent long-range end 
resection [68]. Upon DNA damage induction, CDK1 was shown to phosphorylate 
DNA2 at three residues (Thr-4, Ser-17 and Thr-237) and phosphorylation of these 
sites on DNA2 stimulated nuclear translocation and association of DNA2 to sites 
of DNA damage [68].

The regulatory roles for cell cycle kinases in DNA repair control seem to 
be predominantly accounted for through DNA end resection control by CDKs. 
However, even after DNA end resection has occurred, CDK inhibition affects 
DNA repair, suggesting the presence of alternatively cell cycle-regulated targets 
in DNA repair. Although these additional targets have not been studied in great 
detail, CDK-regulation of the BRCT-containing protein RAD9 and the RPA 
complex may very well add to the complex regulation of DNA repair by cell cycle 
kinases [57, 69-71].

In contrast to lower eukaryotes where the number of CDKs is limited, 
mammalian cells have multiple CDKs that each can bind to several Cyclins [72, 73]. 
Also, several mammalian CDKs were shown to have redundant roles, as elegantly 
illustrated in mouse knock-out studies [74]. These additional levels of cell cycle 
control make it difficult to evaluate the role of single CDKs in regulating DDR 
signaling cascades. However, the involvement of CDKs in determining DNA 
repair choice through controlling DNA end resection appears largely conserved. 
The human Sae2 homologue CtIP, encoded by the RBBP8 gene, is also responsible 
for DNA end resection [66] and is phosphorylated in a CDK-dependent 
fashion at Thr-847 [75]. Importantly, mutation of Thr-847 results in decreased  
end-resection as judged by RPA recruitment to sites of DNA breaks [75]. In line 
with a requirement for DNA end resection in S and G2 phases of the cell cycle, 
recent work provided evidence that CtIP phosphorylation is accounted for by 
CDK2, of which activity is restricted to these cell cycle phases [76]. Specifically, 
Mre11 appears to directly recruit CDK2 to bring it in close proximity to CtIP, 
which results in the multimeric association of CtIP and BRCA1 to the MRN 
complex to stimulate end resection [76]. Recently, CtIP was reported to bind the 
prolyl isomerase PIN1, only when CtIP was ‘primed’ through phosphorylation by 
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proline-directed kinases, such as CDKs [77]. Phosphorylation-dependent binding 
of CtIP to Pin1 resulted in ubiquitin-dependent CtIP degradation, further adding 
to the cell cycle-dependent control of DNA end resection.

Whether additional nucleases involved in HR such as DNA2 have similar 
modes of cell cycle regulation in mammalian cells appears to be identified. Recent 
studies did indicate an additional role for CDKs in DNA end resection through 
phosphorylation of Nbs1 [78]. Phosphorylation of Nbs1 at Ser-432 was shown to 
be predominantly CDK1-dependent and occur from S-phase up until mitosis [78]. 
This phosphorylation event was shown to be required for efficient end-resection 
and HR, as judged by gene conversion assays and RPA recruitment [78], further 
adding to the impact of cell cycle regulation of DNA repair.

Pinpointing cell cycle control of the DDR to individual CDKs appears difficult.  
Loss or inhibition of CDK2 affects HR repair, but also CDK1 inhibition results in 
increased sensitivity to DNA damage inducing factors due to defective HR repair [79].  
Importantly, studies in murine CDK knockout strains provide evidence that not an 
individual CDK but the overall level of CDKs controls DSBs end resection and activation 
of DDR signaling cascade [74]. Further complicating this scheme was the finding  
that not only CDKs but also their binding partners can independently influence DDR. 
For instance, Cyclin D1 was shown to directly interact with RAD51 recombinase after 
ionizing radiation in a BRCA2-dependent manner to facilitate recruitment of RAD51 
to sites of DNA breaks [80]. As a consequence, reduced level of Cyclin D1 resulted in 
decreased HR repair efficiency.

The notion that CDK activity is required for HR DNA repair is difficult to 
reconcile with CDK activity being down-regulated in response to DNA damage. 
However several different scenarios are possible to allow CDK-dependent 
DNA repair while CDK activity is down-regulated. In S/G2, HR DNA repair 
components may be already modified by CDKs even before DNA damage is 
present. When these CDK-dependent phosphorylation marks are not directly 
removed by phosphatases and have a slow turnover, a ‘CDK activity’ signature 
may remain present on these DNA repair components, even when CDK activity 
itself is down-regulated after DNA damage. A similar mechanism has been 
proposed for regulating CDK substrates during mitotic exit in budding yeast, 
in which individual CDK substrates were shown to have distinct thresholds for 
dephosphorylation [81]. A second explanation could be that divergent thresholds 
exist for specific CDK-mediated events; cell cycle progression may require higher 
levels of CDK activity when compared to DNA repair. If so, levels of CDK only 
need to be partially down-regulated to block cell cycle progression while still 
allowing DNA repair through CDK-dependent HR. Thirdly, mammalian cells 
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contain many different CDKs which can pair with different Cyclin partners. It may 
be that preferentially the activity of CDK-Cyclin complexes is down-regulated 
which are involved in cell cycle progression, whereas the activity of CDK-Cyclin 
complexes required for DNA repair is less affected. 

Taken together, these data indicate that, in a highly evolutionary conserved 
way, the cell cycle machinery controls DNA repair choice through regulation 
of DNA end resection by CDK activity. Since the formation of ssDNA during 
DNA end resection is an important trigger for checkpoint signaling, CDK activity 
indirectly also controls signaling through the ATR/CHK1 pathway. Indeed, it 
was demonstrated that treatment of cells with the broad spectrum CDK inhibitor 
roscovitine effectively ablates DSB-induced ATR/CHK1 phosphorylation along 
with an inhibition of DSBs repair through HR [20]. 

Inactivation of DDR signaling towards the cell cycle machinery during mitosis 

In the 1950’s, Raymond Zirkle and William collected a vast collection of 16-mm 
films that documented the orderly progression through mitosis of normal 
cells and the abnormalities that occur in microbeam-irradiated cells. Early 
on, it was recognized that cells that were irradiated during mitosis with their 
focused microbeam continued mitosis without repairing broken chromosomes 
[82]. Subsequent findings using laser irradiation confirmed these results, and 
underscored the notion that from late prophase onwards, mitotic cells are 
oblivious to broken chromosomes [83]. Only when extremely high levels of 
DNA damage were incurred, then mitotic cells arrested in metaphase, which 
was fully accounted for by damage to centromeric regions of chromosomes 
and a subsequent activation of the spindle checkpoint [84]. As a rule, it appears 
that cells in mitosis do not effectively activate DNA double strand break repair 
and progress through mitosis [85]. Although mitotic cells do not arrest mitotic 
progression and continue into anaphase in the presence of DNA breaks, these 
broken chromosomes stain positive for γ-H2AX [86]. These findings indicated 
that the upstream parts of the DDR, concerning DNA break detection, are still 
functional during mitosis but are apparently disconnected from the downstream 
effectors that control cell cycle progression.

Molecular insight into how the downstream effectors of the DDR are 
disengaged during mitosis emerged with the finding that mitotic kinases 
negatively influence DDR components during mitotic entry. Both the negative 
regulators of mitotic CDKs (WEE1, MYT1) as well as the positively regulators of 
CDKs (CDC25 isoforms) are modified during mitosis (Fig. 1, lower panel).
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Concerning the negative regulators of mitotic CDKs, the WEE1 kinase 
which is involved in blocking mitotic entry when DNA damage is present or when 
DNA is incompletely replicated, was shown to undergo multisite phosphorylation 
by CDK1-Cyclin B, Casein kinase-2 and (Polo-like kinase-1) PLK1 [87-89]. 
These phosphorylation events are part of an ultrasensitive feedback loop that 
allows a rapid and non-reversible entry into mitosis [90]. At the same time, these 
phosphorylation events create a binding site for the SCF Ubiquitin ligase complex, 
in association with the F-box protein β-TRCP to promote proteasomal degradation 
of WEE1 [88, 89]. A second ubiquitin-ligase complex, the SCF in association 
with the F-box protein TOME-1 provides a back up to ensure efficient WEE1 
degradation during mitosis [91, 92]. Combined, these proteasomal degradation 
pathways efficiently remove a potential CDK inhibitory pathway during mitosis. 
Also the MYT1 kinase that inhibits CDK1 is inactivated during mitosis, although 
this inactivation pathway has not been elucidated in as much detail, and some 
evidence is from meiotic rather than mitotic cell cycles. Clearly multiple mitotic 
kinases phosphorylate MYT1, including Polo-like kinases, CDK1 and RSK, and 
these events correlate with loss of MYT1 catalytic activity [93-95].

Also the pathways that normally negatively impact on CDC25 phosphatase 
activity in response to DNA damage are modified during mitosis. The CHK1 kinase 
that phosphorylates and thereby negatively regulates CDC25 isoforms strictly 
depends on its co-factor Claspin [96]. At mitotic entry, Claspin is phosphorylated 
by PLK1, which creates a phospho-dependent docking site for the β-TrCP-SCF 
ubiquitin ligase [97-99]. As a result, mitotic cells lack Claspin, and cannot activate 
CHK1. Notably, mutation of the destruction motif in Claspin allows partial CHK1 
activation during mitosis [97-99]. Also in Xenopus Claspin is phosphorylated by 
the PLK1 homologue PLX1, although it was reported to result in disruption of its 
chromatin binding, rather than its degradation [100].

Also CHK2 is disarmed during mitosis. Whereas the upstream activator 
of CHK2 can be normally activated during mitosis, CHK2 is no longer 
phosphorylated by ATM in response to DNA damage, nor does it get catalytically 
active [101]. This inactivation of CHK2 coincided with phosphorylation of its 
phospho-binding FHA domain by PLK1. In addition, CHK2 activation was 
previously shown to depend on 53BP1 [102, 103], which is also unable to localize 
to sites of DNA damage during mitosis [101, 104-106].

Besides modification of the DDR checkpoint kinases CHK1 and CHK2 
that are upstream of CDC25, also the CDC25 phosphatases themselves appear 
to be modified during mitosis. Both CDC25B and CDC25C were shown to 
get phosphorylated on residues that reside closely to their CHK1 and CHK2 
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phosphorylation sites Ser-309 and Ser-216, respectively [107] (Fig. 1, lower 
panel). CDC25C phosphorylation in mitosis of the neighboring sites Ser-214 
by CDKs supposedly blocks access for CHK1 and CHK2 kinases and turn 
CDC25C insensitive to DDR-mediated inhibitory signaling during mitosis 
[107]. Surprisingly, removal of these CDK residues close to the CHK1 and CHK2 
inhibitory sites rendered CDC25B sensitive to IR-mediated inhibition during 
mitosis, which is surprising in the light of reports that have shown that CHK1 and 
CHK2 are no longer activated during mitosis [97-99, 101, 108]. Rather, it appears 
that multiple mechanisms are at play to prevent the inactivation of CDC25 
isoforms, and ultimately ensure continued activity of CDKs during mitosis (Fig. 1, 
lower panel).  

Not only the kinase-driven part of the DDR is prevented from exerting its 
inhibitory effects on cell cycle progression during mitosis, also the transcriptional 
axis controlled by p53 appears inactivated during mitosis. This seems due to  
a general shut-down of gene transcription and CAP-dependent translation 
during mitosis [109, 110]. Although no detailed studies are present that report 
on the transcriptional regulation of the p53 signaling axis during mitosis 
in response to DNA damage, p53 function has been studied in response to 
spindle poisons [111]. Consistent with transcription and translation being  
down-regulated during mitosis, both p53 and p21 only accumulate when damaged 
cells exit mitosis into G1. Remarkable in this respect is the finding that the TP53 
coding sequence contains two internal ribosome entry sites (IRESs) which allow 
CAP-independent translation of p53 mRNA [112, 113]. Yet, in order to build  
a functional p53 response, not only p53 itself but also its transcriptional targets 
need to be transcribed and translated. 

Concluding, it seems that both the fast-acting kinase-driven 
cell cycle checkpoints are inactivated during mitosis as well as the robust 
transcription-initiated p53-dependent response, to make sure that CDK activity 
cannot be down-regulated during mitosis, precluding cell cycle delay.

DNA repair kinetics during mitosis

The packaging of DNA into higher order chromatin is a key part of the detection 
and processing of DNA damage. Most notably, the early phosphorylation of 
the H2A variant H2AX at Ser-139 creates docking sites for the DNA repair 
machinery and is commonly used to detect DNA breaks. When cells enter mitosis, 
chromatin becomes highly condensed and it would not be surprising if this 
altered chromatin state affects DNA repair. However, the initial detection of DNA 
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breaks appears to happen normally. The MRN complex, which is thought to be 
the primary detector of DNA breaks is normally recruited to sites of DNA breaks 
[114]. These observations are in line with the activation of the ATM kinase, for 
which it depends on the MRN complex [101, 104] (Fig. 2 right panel). 

The MRN complex has been shown to tethering the two DNA ends of  
a DSB. This role might be especially important during mitosis where a-centromeric 
chromosome fragments that arise from a DNA break might otherwise be randomly 
distributed over daughter cells, leading to aneuploidy.

Also immediately downstream of ATM, damage-induced signaling appears 
to be comparable to interphase cells. H2AX is normally phosphorylated after 
irradiation [101, 104, 106], which is also underscored by the recruitment of Mdc1 
to sites of DNA damage, an interaction that depends on H2AX phosphorylation 
[115] (Fig. 2 right panel)
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Fig. 2. DNA repair during mitosis. In response to DNA breaks during interphase (left panel), the MRN complex and ATM form a local feed-forward amplification loop at sites
of DNA damage. Among the hundreds of ATM targets, H2AX and the MDC1 and 53BP1 adaptor proteins are phosphorylated, resulting in the recruitment to breaks of the
latter two proteins. Recruitment of various DDR components, including RNF8, RNF168, HERC2 and UBC13 leads to local histone ubiquitination. Subsequent recruitment of
other DDR components, including RAP80, Abraxas, BRCA1 and BARD1 is required to initiate DNA repair. During mitosis (right panel), MRN complexes are still recruited to
sites of DNA damage and ATM is activated. This results in the phosphorylation of H2AX, and the recruitment of MDC1, but does not result in the downstream DDR signaling.
53BP1 is not recruited to IR-induced foci, nor are histones ubiquitinated. As a consequence, ubiquitin-dependent recruitment of DDR components including BRCA1, RAP80
and Abraxas is defective. Effectively, DNA breaks during mitosis appear to be ‘marked’ but not repaired.

seem to be negatively affected. Both RNF8 and RNF168, two ubiqui-
tin ligases required for repair initiation can no longer be recruited
to sites of damage during mitosis, nor could ubiquitin chains be
formed at these sites of damage [104] (Fig. 2, right panel). Con-
trasting findings were reported after laser-induced breaks where
ubiquitin chains could be recruited during mitosis, but these may
reflect high numbers of clustered breaks, rather than signal ampli-
fication at individual breaks [116].

Also DNA end resection appears to be altered during mitosis.
Initiation of DNA end resection, controlled by CtIP appears to be
normally performed, both in mitotic Xenopus extracts as well as
in human cell lines [114]. Concomitantly, ssDNA appears to be
generated, as judged from the recruitment of RPA to sites of DNA
breaks [114]. However, extensive DNA end resection by the EXO1
and DNA2 nucleases in conjunction with SGS1 appears to be ham-
pered, which may result in insufficient DNA overhangs on which
RAD51 cannot be loaded [114]. In addition, the inability of RAD51
to be recruited during mitosis may be caused by post-translational
RAD51 modification. Indeed, phosphorylation of interphase RAD51
by CDK1 was sufficient to block its filament forming activity on bro-
ken chromatin [114]. Also, RAD51 was shown to get sequentially
phosphorylated by Casein-kinase and PLK1, which affects its capac-
ity to stimulate HR [118]. In addition, also upstream HR components
that control RAD51 recruitment are being phosphorylated during
mitosis. BRCA2, for instance, is phosphorylated in a CDK-dependent
fashion on Ser-3291, and this phosphorylation was shown to neg-
atively influence its binding to RAD51 [119]. The RAD51-BRCA2
complex disappears faster in cells expressing BRCA2 variants with
a point mutation at this CDK site in BRCA2, and RAD51-BRCA2
foci disappear when cells enter mitosis, even in case persistent
DNA breaks are present [119,120]. Moreover, inactivation of the
BRCA2-RAD51 foci appears to be a pre-requisite for chromosome
condensation and mitotic entry [120]. Combined, these data sug-
gest that CDK-mediated phosphorylation of BRCA2 interferes with
RAD51 recruitment to control HR capacity. Indeed, phosphorylation
of BRCA2 at Ser-3291 was elevated after forcibly increasing CDK1
activity levels using chemical WEE1 inhibition, and importantly,
forced elevation of CDK1 activity resulted in decreased ability to
perform HR DNA repair [121]. These effects could be reversed
by treatment with RO-3306, a specific inhibitor of CDK1, point-
ing to CDK1 as the upstream kinase responsible for inactivating
BRCA2 phosphorylation [121]. In line with these findings, treat-
ment of mitotic cells with this CDK1 inhibitor permitted RAD51

assembly, indicating that activation of CDK1 during mitosis actively
interferes with this key aspect of HR [114].

Overall, it appears that (complex) DNA breaks are detected and
partly processed, but not repaired during mitosis. The upstream
DNA repair machinery seems to be functioning in order to tether
DNA ends to enable future repair and prevent aneuploidy. This also
allows repair when cells have exited mitosis and progressed to G1
phase.

5. Cellular fate after encountering DNA breaks during
mitosis

Apparently, mitotic cells respond differently to DNA damage
when compared to interphase cells. Whereas interphase cells can
stop cell cycle progression and retain different DNA repair path-
ways to maintain genomic integrity, mitotic cells only start a
‘primary’ DNA damage response and DNA breaks do not per se
trigger a cell cycle arrest. These findings illustrate that cells are
programmed to prioritize mitotic progression over activation of
a full DDR cascade. One could envision the destructive cellular
architecture during mitosis not to be tolerated indefinitely, which
would require reprogramming of DDR signaling during this cell
cycle phase. Indeed, studies have shown that even when it takes
slightly longer to complete mitosis, 90 min instead of the aver-
age 20–60 min, the resulting daughter cells progress differently
through the following cell cycle than the normal population [122].
More so, daughter cells that were born from a protracted mitosis
activated a p53-dependent G1 arrest that even in a subsequent cell
cycle arrested cells in G1 if the first arrest was chemically inhibited
[122]. Moreover, a prolonged mitosis can give rise to DNA breaks.
Depending on the cell type, �-H2AX foci, an early marker of DNA
breaks, were detectable at 5–16 h after mitotic arrest and gradually
accumulated when mitosis was sustained [111,123]. Recently, the
various mechanisms by which prolonged mitosis can result in DNA
damage were comprehensively reviewed by Ganem and Pellman
[124].

Clearly, mitotic cells get damaged when arrested too long in
mitosis, and mechanisms are at play to prevent delayed mitotic
progression through silencing of key DDR components. Not sur-
prisingly, DDR silencing during mitosis comes at a cost. Indeed,
mitotic cells are considerably more radiosensitive when compared
to interphase cells. A significantly decreased clonogenic survival
was observed when cells were irradiated during mitosis compared

Figure 2. DNA repair during mitosis.
In response to DNA breaks during interphase (left panel), the MRN complex and 
ATM form a local feed-forward amplification loop at sites of DNA damage. Among 
the hundreds of ATM targets, H2AX and the MDC1 and 53BP1 adaptor proteins 
are phosphorylated, resulting in the recruitment to breaks of the latter two proteins. 
Recruitment of various DDR components, including RNF8, RNF168, HERC2 and 
UBC13 leads to local histone ubiquitination. Subsequent recruitment of other DDR 
components, including RAP80, Abraxas, BRCA1 and BARD1 is required to initiate 
DNA repair. During mitosis (right panel), MRN complexes are still recruited to 
sites of DNA damage and ATM is activated. This results in the phosphorylation of 
H2AX, and the recruitment of MDC1, but does not result in the downstream DDR 
signaling. 53BP1 is not recruited to IR-induced foci, nor are histones ubiquitinated.  
As a consequence, ubiquitin-dependent recruitment of DDR components including 
BRCA1, RAP80 Abraxas is defective. Effectively, DNA breaks during mitosis appear to be 
‘marked’ but not repaired.
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Concerning NHEJ repair of DNA breaks during mitosis, Xenopus KU 
complexes were shown to rapidly localize to endonuclease-induced DNA breaks 
in DNA or to laser-induced breaks in human cells [114, 116]. Similarly, the KU80 
subunit was shown to be recruited to laser-induced DNA breaks during mitosis 
in human cells [117]. These findings suggest that NHEJ may also be performed 
during mitosis, although currently not all essential NHEJ components, including 
ligase IV, have been shown to function normally during mitosis, and actual NHEJ 
repair during mitosis has not been demonstrated.  

Whereas circumstantial evidence suggests that NHEJ is not severely affected 
during mitosis, the repair of DSBs using HR does seem to be negatively affected. 
Both RNF8 RNF168, two ubiquitin ligases required for repair initiation can 
no longer be recruited to sites of damage during mitosis, nor could ubiquitin 
chains be formed at these sites of damage [104](Fig. 2 right panel). Contrasting 
findings were reported after laser-induced breaks where ubiquitin chains could be 
recruited during mitosis, but these may reflect high numbers of clustered breaks, 
rather than signal amplification at individual breaks [116]. 

Also DNA end resection appears to be altered during mitosis. Initiation of 
DNA end resection, controlled by CtIP appears to be normally performed, both 
in mitotic Xenopus extracts as well as in human cell lines [114]. Concomitantly, 
ssDNA appears to be generated, as judged from the recruitment of RPA to sites 
of DNA breaks [114]. However, extensive DNA end resection by the EXO1 and 
DNA2 nucleases in conjunction with SGS1 appears to be hampered, which may 
result in insufficient DNA overhangs on which RAD51 cannot be loaded [114].  
In addition, the inability of RAD51 to be recruited during mitosis may be caused 
by post-translational RAD51 modification. Indeed, phosphorylation of interphase 
RAD51 by CDK1 was sufficient to block its filament forming activity on broken 
chromatin [114]. Also, RAD51 was shown to get sequentially phosphorylated 
by Casein-kinase and PLK1, which affects its capacity to stimulate HR [118].  
In addition, also upstream HR components that control RAD51 recruitment are 
being phosphorylated during mitosis. BRCA2, for instance, is phosphorylated in 
a CDK-dependent fashion on Ser-3291, and this phosphorylation was shown to 
negatively influence its binding to RAD51 [119]. The RAD51-BRCA2 complex 
disappears faster in cells expressing BRCA2 variants with a point mutation at this 
CDK site in BRCA2, and RAD51-BRCA2 foci disappear when cells enter mitosis, 
even in case persistent DNA breaks are present [119, 120]. Moreover, inactivation 
of the BRCA2-RAD51 foci appears to be a pre-requisite for chromosome 
condensation and mitotic entry [120]. Combined, these data suggest that  
CDK-mediated phosphorylation of BRCA2 interferes with RAD51 recruitment to 
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control HR capacity. Indeed, phosphorylation of BRCA2 at Ser-3291 was elevated 
after forcibly increasing CDK1 activity levels using chemical WEE1 inhibition, 
and importantly, forced elevation of CDK1 activity resulted in decreased ability to 
perform HR DNA repair [121]. These effects could be reversed by treatment with 
RO-3306, a specific inhibitor of CDK1, pointing to CDK1 as the upstream kinase 
responsible for inactivating BRCA2 phosphorylation [121]. In line with these 
findings, treatment of mitotic cells with this CDK1 inhibitor permitted RAD51 
assembly, indicating activation of CDK1 during mitosis actively interferes with 
this key aspect of HR [114].

Overall, it appears that (complex) DNA breaks are detected and partly 
processed, but not repaired. The upstream DNA repair machinery seems to be 
functioning in order to tether DNA ends to enable future repair and prevent 
aneuploidy. This also allows repair when cells have exited mitosis and progressed 
to G1 phase. 

Cellular fate after encountering DNA breaks during mitosis

Apparently, mitotic cells respond differently to DNA damage when compared 
to interphase cells. Whereas interphase cells can stop cell cycle progression and 
retain different DNA repair pathways to maintain genomic integrity, mitotic 
cells only start a ‘primary’ DNA damage response and DNA breaks do not per se 
trigger a cell cycle arrest. These findings illustrate that cells are programmed to 
prioritize mitotic progression over activation of a full DDR cascade. One could 
envision the destructive cellular architecture during mitosis not to be tolerated 
indefinitely, which would require reprogramming of DDR signaling during this 
cell cycle phase. Indeed, studies have shown that even when it takes slightly 
longer to complete mitosis, 90 minutes instead of the average 20-60 minutes, 
the resulting daughter cells progress differently through the following cell cycle 
than the normal population [122]. More so, daughter cells that were born from  
a protracted mitosis activated a p53-dependent G1 arrest that even in a subsequent cell 
cycle arrested cells in G1 if the first arrest was chemically inhibited [122]. Moreover, 
a prolonged mitosis can give rise to DNA breaks. Depending on the cell type, 
γ-H2AX foci, an early marker of DNA breaks, were detectable at 5-16 hours after 
mitotic arrest and gradually accumulated when mitosis was sustained [111, 123]. 
 Recently, the various mechanisms by which prolonged mitosis can result in DNA 
damage were comprehensively reviewed by Ganem and Pellman [124]. 

Clearly, mitotic cells get damaged when arrested too long in mitosis, and 
mechanisms are at play to prevent delayed mitotic progression through silencing 
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of key DDR components. Not surprisingly, DDR silencing during mitosis comes at  
a cost. Indeed, mitotic cells are considerably more radiosensitive when compared 
to interphase cells. A significantly decreased clonogenic survival was observed 
when cells were irradiated during mitosis compared to asynchronously growing 
populations [104, 125]. It appears that mitosis is a process best to be finished quickly 
with as little as possible DNA damage. This notion corresponds with the evolution 
of a robust DNA damage-induced G2 checkpoint that prevents entry into mitosis 
and the lack of a full DDR response during mitosis. However, although mitotic 
cells are programmed to move rapidly through mitosis, several scenarios make 
that the appearance of DNA breaks during mitosis is not completely uncommon. 
Since mitotic cells can account for 0.5 up to ~5 percent in fast dividing tissues 
such as bone marrow, colon epithelium [126, 127], or even higher percentages 
in cancerous tissues, cells can be in mitosis at the moment of (scheduled or 
unscheduled) exposure to DNA damaging agents. Furthermore, cells may enter 
mitosis with DNA breaks in case of aberrant G2 checkpoint behavior, either due to 
mutations in checkpoint genes or due to the intrinsic leakiness of this checkpoint 
[128, 129]. Additionally, cells may enter mitosis in the presence of unresolved 
replication intermediates, which can be transformed in double strand breaks 
during mitosis [130]. Since these events are not uncommon, it is relevant to 
understand their cellular fates.

To study the influence of DNA damage on mitotic progression, various 
studies have used laser light to selectively irradiate chromosomes in mitotic cells 
or used synchronization protocols to reversibly arrest cells in early mitosis with 
spindle poisons such as nocodazole. Using these techniques, it was shown that 
when minor DNA damage is induced during mitosis, mitotic cells enter G1 with 
kinetics similar to those of untreated cells [83, 104, 131] (Fig. 3). Even despite 
the presence of visibly broken chromosomes, mitotic cells appear to progress 
normally through mitosis. However, after irradiated mitotic cells have entered 
G1, they exhibit different cell cycle kinetics. Irradiated mitotic cells progress 
slower through S-phase and showed delayed G2 progression, representative of 
checkpoint activation beyond the p53-dependent G1 arrest [104]. As mitotic cells 
mark but do not repair breaks, the decrease in γ-H2AX foci observed at 24 hours 
after irradiation implies that checkpoint activation is accomplished with DSB 
repair after entry in G1 [104]. While most lesions appear to be directly repaired 
in G1 via NHEJ, some foci dissolve in late S/G2 when cells can repair via HR [132].  
Thus, mitotic cells with minor DNA damage progress normally through mitosis to 
enter G1 when a full DDR is activated (Fig. 3).
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Fig. 3. Accumulation and consequences of DNA breaks in mitotic cells. Cells can end up in mitosis with DNA breaks via several ways (upper row). (1) Cells can be in mitosis
at the moment DNA damaging agents are encountered, (2) G2 cells with DNA breaks and a leaky G2 DNA damage checkpoint can enter mitosis or (3) cells can enter mitosis
with unresolved replication stress, which can be processed into DSBs during mitosis. The fate of mitotic cells with DNA breaks depends on the level of DNA damage (middle
row). Whereas low levels of DNA breaks do not interfere with mitotic exit and can lead to faithful repair in the next cell cycle or lead to mutagenic cells with chromosomal
changes or even cell death (lower row). In contrast, mitotic cells with excessive DNA breaks that affect centromere function will arrest in a SAC-dependent fashion. These
cells can exit mitosis through slippage to produce mutagenic progeny or be cleared after mitotic catastrophe. In a parallel track, cells can produce DNA breaks de novo when
defectively aligned chromosomes are damaged during cytokinesis, possibly producing mutagenic daughter cells.

Figure 3. Accumulation and consequences of DNA breaks in mitotic cells.
Cells can end up in mitosis with DNA breaks via several ways (upper row). (1) Cells 
can be in mitosis at the moment DNA damaging agents are encountered, (2) G2 cells 
with DNA breaks and a leaky G2 DNA damage checkpoint can enter mitosis or (3) cells 
can enter mitosis with unresolved replication stress, which can be processed into DSBs 
during mitosis. The fate of mitotic cells with DNA breaks depends on the level of DNA 
damage (middle row). Whereas low levels of DNA breaks do not interfere with mitotic 
exit and can lead to faithful repair in the next cell cycle or lead to mutagenic cells with 
chromosomal changes or even cell death (lower row). In contrast, mitotic cells with 
excessive DNA breaks that affect centromere function will arrest in a SAC-dependent 
fashion. These cells can exit mitosis through slippage to produce mutagenic progeny or 
be cleared after mitotic catastrophe. In a parallel track, cells can produce DNA breaks de 
novo when defectively aligned chromosomes are damaged during cytokinesis, possibly 
producing mutagenic daughter cells.
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Nonetheless, mitotic progression can be affected after DNA damage, albeit 
that a substantial level of DNA damage is required. When DNA damage levels are 
so high that centromere regions are affected, kinetochore function is hindered 
which results in prohibition of spindle assembly checkpoint (SAC) silencing with 
prolonged mitosis as outcome [84, 133, 134] (Fig. 3). Due to a need to satisfy 
the SAC in order to exit mitosis, it is possible that cells die from prolonged SAC 
activation, commonly referred to as mitotic catastrophe. It was suggested that 
mitotic cell death is related to cells that only slowly degrade Cyclin B1 and thereby 
maintain sufficient Cyclin B1 levels to prevent mitotic exit [135]. Instead, in these 
mitotically arrested cells the activation of the caspase-dependent death pathway 
reaches a level sufficient to promote cell death in mitosis. However, when Cyclin 
B1 levels fall below the threshold required for maintaining a mitotic arrest, cells 
exit mitosis before a full apoptotic response can be achieved, a process that is also 
known as mitotic slippage [135-137]. During this process of premature mitotic 
exit, cells undergo reassembly of the nuclear envelope, which reassembles lagging 
chromosomes into small nuclear envelopes called micronuclei [138-140]. These 
micronuclei can persist for several generations and then be reincorporated into 
the primary nucleus or can cause cell death [138, 139]. Rather than forming 
micronuclei, it is tempting to speculate that preexisting DSBs located at or near 
centromeres are physically torn apart by strong microtubule-generated forces 
before lagging chromosomes are formed. As a consequence, cells will generate 
‘whole arm’ chromosome amplifications, as is often seen in tumor cells. 

In addition to directly being caused by DNA damaging agents, DNA breaks 
can also be indirectly formed during mitosis. Although not observed frequently, 
imaging of mammalian cells confirmed that when chromosome segregation 
errors were encountered this occasionally resulted in chromosome breakage 
during cytokinesis to trigger a DSB response in the corresponding daughter cells  
[139, 141, 142]. Notably, Janssen et al., showed that chemical inhibition of cytokinesis 
prevented trapped chromosomes from acquiring DNA damage related foci, 
suggesting that cytokinesis plays a direct role in physically breaking chromosomes. 
When daughter cells inherited chromosomes with cytokinesis-induced 
DNA damage, breaks were largely repaired within 8 hours after segregation at least 
in part by NHEJ [141]. As ultimately only ~10% of cells experiencing chromosome 
missegregations contained structural chromosomal aberrations, most daughter 
cells either faithfully repaired DSBs or escaped analysis through cell death (Fig. 3). 

Conversely, the widely held view that defects in mitotic segregation are 
causative of numerical chromosomal instability (CIN) is challenged by data 
revealing that replication stress can lead both to structural and numerical CIN 
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[143]. When unresolved replication intermediates progress through mitosis, the 
cell cycle-associated nuclease MUS81 cleaves the stalled replication forks and 
induce DNA breaks [130]. Previously, several labs have shown that when cells 
with replication stress divide and enter G1, these lesions are marked by 53BP1 
foci and are sequestered in nuclear bodies [132, 144]. It has been proposed that 
these nuclear compartments protect the transmitted lesions against further 
destabilization. Apparently, nucleolytic processing of unresolved replication 
intermediates is required to finish mitosis, while the shielded transmission of the 
generated lesions is essential for restoration and maintaining genomic integrity. 
However, despite the presence of protective mechanisms, recent data show that 
in most colorectal cancers replication stress actually leads to structural and 
numerical CIN [143]. 

Combined, there are several ways to end up in mitosis with DNA breaks, 
and also several fates of these cells were observed (Fig. 3). High levels of DNA 
damage can activate a SAC-dependent mitotic arrest, which can result in a mitotic 
catastrophe (Fig. 3, lower row). Conversely, low levels of DNA damage do not 
appear to prolong mitosis. However, transmission of DNA damage to daughter 
cells may come at the cost of aberrant repair and consequent acquisition of 
mutations, translocations or even numerical chromosome deviations.

Concluding remarks

Concluding, the DNA damage response plays a fundamental role to prevent the 
transmission of damaged DNA to progenitor cells. Even though cells are equipped 
with several repair systems and cell cycle checkpoints that prevent cells with damaged 
DNA from undergoing mitosis, cells can end up in mitosis through several paths in 
the presence of DNA breaks, including checkpoint failure and mitotic processing 
of replication aberrancies. The response to DNA breaks in mitosis is fundamentally 
different from the damage response in interphase cells, and mounting data now 
start to provide the molecular underpinning of the observed lack of a DNA-damage 
induced checkpoint during mitosis. However, rather than arranging a full shut-
down of DNA damage-induced signaling, the DDR seems to be re-wired during 
mitosis, in order to mark sites of DNA damage for future repair. The data described 
in this review mostly concern the responses to DNA double strand breaks, primarily 
due to the wealth of literature on the cell cycle-dependent processing of these DNA 
lesions, and the virtual lack of data on processing of other types of DNA lesions 
during mitosis. Although cell cycle-dependent dynamics in other repair processes, 
including base excision repair (BER) and mismatch repair, have been described, 
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mitosis-specific data are lacking [145, 146]. Future work will be needed to fully 
understand the mitotic processing of DNA damage, including DNA lesions other 
than DNA breaks. What remains more enigmatic is how exactly the DNA damage 
that is ‘marked’ during mitosis is further processed and repaired during the following 
cell cycle. Initial studies have shown that some possibly complex DNA lesions are not 
repaired until cells reach a following S-phase, suggesting a role for HR repair [132]. 
To what extent these processes are mutagenic, and how these events are coordinated 
with cell fate decisions remains unclear. Finally, it remains unclear why mammalian 
cells partially shut down the response to DNA breaks during mitosis. Clearly, the 
process of chromosome alignment and segregation must be conducted properly to 
avoid major genomic aberrancies. The fact that transcription and translation are 
inactivated during mitosis makes that only limited time is available to complete 
mitosis. In this context, the inactivation of the DNA damage response pathway may 
be required to prevent a potential DDR-mediated inhibition of mitotic CDKs. Such 
DDR inactivation comes with a price: during mitosis cells are more sensitive to the 
cytotoxic effects of irradiation [104]. To not be completely oblivious to DNA damage 
during mitosis, lesion are recognized and marked to be repaired after mitosis. This 
mitotic ‘marking’ of DNA breaks appears to protect mitotically damaged cells to 
some extent, as inactivation of upstream DDR kinases ATM or DNA-PK further 
sensitizes mitotic cells to the cytotoxic effects of irradiation [104].

A better insight in these processes is relevant for our understanding of 
how (cancer) cells acquire their genetic aberrations. In addition, the facts that 
cancer cells are often treated with DNA damaging agents and that DNA damage 
checkpoints - especially in cancer cells - often appear leaky, makes that DNA 
damage in mitosis is not uncommon. Therefore, a better understanding of DNA 
damage processing during mitosis and how this affects cell fate may provide us 
with insight how cancer cells respond to DNA damaging agents and may provide 
us with molecular targets to improve these therapies. Finally, current anti-cancer 
treatments comprise both spindle-poisons that arrest cells in mitosis, as well 
as genoxic treatments including many chemotherapeutics and radiotherapy.  
The fact that mitotic cells differentially respond to DNA lesions warrants 
investigation of combined and scheduled application of these therapies.
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Abstract

Genome-wide association studies (GWAS) and studies of somatic copy number 
alterations (SCNAs) have identified many disease-associated genetic variants. 
Currently one of the challenges is to identify the molecular downstream effects 
of these variants.
Through expression quantitative trait locus (eQTL) mapping studies, it has 
become clear that many GWAS variants affect gene expression levels. Several 
studies on SCNAs have also found a relationship between copy number and gene 
expression levels. However, it is not clear whether each individual SCNA affects 
gene expression.
We re-analyzed the expression profiles of 77,840 samples and observed the existence 
of a limited number of ‘transcriptional components’ (TCs) that explains the vast 
majority of variation in gene expression. These components describe well-known 
biological processes and enable us to accurately infer the likely biological function 
of genes. On correcting the expression data of cancer samples for TCs, identified 
in healthy samples, we saw that the residual gene expression levels (‘Functional 
Genomic mRNA Profiling’) correlated strongly with genomic copy numbers. DNA 
copy-number correlates positively with gene expression levels for 91% of all human 
genes, indicating a global gene dosage sensitivity.
By applying this method to 16,172 unrelated, patient-derived tumor samples, we 
have constructed a comprehensive functional genomic mRNA landscape in cancer.



123

Gene expression analysis reveals global gene dosage sensitivity

6

Introduction

To date thousands of genetic variants have been associated with complex traits 
and diseases, and it has become clear that disease-associated single nucleotide 
polymorphisms (SNPs) often affect gene expression levels1-3. The same has been 
observed for somatic copy number alterations (SCNAs), one of the hallmarks of 
cancer, as effects on gene expression levels have also been reported for some SCNAs3,4.

Here we aimed to systematically investigate the extent to which SCNAs 
affect gene expression. We hypothesized that every SCNA has an effect on gene 
expression levels, but also that this effect is likely to be subtle and will generally 
be overshadowed by many other, non-genetic, regulatory factors of the mRNA 
transcriptome (e.g. physiological, metabolic and cell-type-specific regulatory 
factors) that have much stronger effects on gene expression.

Towards this end, we have developed a method called ‘functional genomic 
mRNA profiling’ that corrects gene expression data for major, non-genetic, 
regulatory factors. We first applied this method to gene expression data for which 
array-comparative genomic hybridization (arrayCGH) data was available and 
observed a near-perfect correlation between SCNAs and the functional genomic 
mRNA profiling levels of genes that map within these SCNAs. We then developed 
a method to identify a set of 16,172 unrelated, patient-derived tumor samples and 
generated a comprehensive landscape of the functional genomic mRNA profiles 
in these samples.

Results

A regulatory model of the transcriptome
 
To identify the effects of SNPs and SCNAs on gene expression levels, eQTL studies 
often use principal component analysis (PCA) to correct the expression data for 
unwanted biological or technical effects1,2. PCA is typically performed on the 
eQTL data set itself, resulting in a limited number of robust principal components 
(PCs). The strongest components (i.e. those explaining the largest proportion 
of expression variation) are subsequently used to correct the expression data, 
resulting in increased statistical power to identify eQTLs. While these procedures 
have proven effective, little attention has so far been paid to the make-up of these 
components. We hypothesized that many of these components reflect genuine 
biological differences between samples, such as their metabolic or physiological 
state. If such biological differences exist and have profound regulatory effects, 
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Figure 1. Transcriptional Components (TCs). 
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(A) Principal component analysis (PCA) was used to define a regulatory model of the 
mRNA transcriptome, resulting in so-called transcriptional components (TCs). Each TC 
(i.e. eigenvector) captures a part of the variance (i.e. eigenvalue) seen in mRNA expression 
in our large, heterogeneous set of samples. Each TC is associated with an underlying 
mRNA expression-regulating factor (and corresponding cellular state). The TC score 
(i.e. principal component score) can be seen as an indirect measurement of ‘activity’ of 
the underlying regulatory factor in the sample under investigation. The sign of a probe 
set coefficient (i.e. eigenvector coefficient) in a TC defines the direction of the change 
in mRNA expression in relation to the TC score. We use the identified TCs to predict 
functions of genes, and to identify deletions and duplications in cancer samples. (B) 
Explained variance, Cronbach’s alpha and split-half reliability for 377 (Humansmall), 777 
(Humanlarge), 677 (Mouse) and 375 (Rat) TCs. (C) Heat map showing high concordance 
between the TCs identified in the different data sets. (D) Gene Set Enrichment Analysis 
on all TCs revealed that all components were significantly enriched for at least one gene 
set. (E) Differential activity of TC3 in brain tissue versus cell lines. A higher activity of TC3 
in brain showed up-regulation of biological pathways relevant for neurons. In contrast, a 
lower activity of TC3 in cell lines was associated with up- regulation of genes relevant for 
cell division and growth.

correcting for them will, by definition, improve our ability to identify the 
potentially weak effects of genetic variants on these gene expression levels.  
We reasoned that a large compendium of gene expression data would permit the 
identification of many different biological phenomena. After identifying of these 
phenomena, we should be able to quantify their presence for each individual 
sample in eQTL data sets and correct the expression data for them, resulting in 
increased power to identify eQTL effects.

We first employed PCA on a large number of samples to identify a substantial 
set of robust PCs. We collected the gene expression data of 77,840 samples (54,736 
human, 17,081 mouse and 6,023 rat samples)(Supplementary Table 1). The 54,736 
human samples data set is a combination of two separate data sets referred to as 
the Humanlarge (n = 33,427) and Humansmall (n = 17,309). With PCA we identified 
regulatory factors (transcriptional components, TCs) that have  
a strong effect on the mRNA transcriptome (Fig. 1A, Supplementary Tables 2-9). 
The robustly estimated TCs (with a Cronbach’s α > 0.7) captured 79-90% of the 
variation in gene expression, depending on the species or microarray platform 
(Fig. 1B). Gene set enrichment analysis (GSEA) with multiple pathway- and gene 
set data bases showed that all TCs have at least one functional gene set that is 
significantly enriched (at a permutation-based false discovery rate, FDR < 0.05), 
indicating that the constructed TCs capture genuine biological phenomena  
(Fig. 1C, Supplementary Tables 10-13, Supplementary Data). As expected, we 
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Figure 2. FEN1 is required for homologous recombination repair. 
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(A) Genes co- regulated with BRCA1 and BRCA2 were plotted based on P-value. Gene 
function in indicated cellular processes was color-coded. (B) HeLa-pDR-GFP or MCF-
7-pDR-GFP cells were transfected with indicated siRNAs and subsequently transfected 
with I-Sce1. At 48 hours after transfection of siRNA, cells were harvested and cDNA 
was produced for RT-PCR analysis of indicated genes. Expression levels were related to 
GAPDH levels (left panel). In parallel, at 48 hours after I-Sce1 transfection, GFP positivity 
was assessed by flow cytometry (right panel). (C) Schematic representation of I-Sce1-based 
homologous recombination (HR) repair assay (upper figure). Functional HR results in 
GFP- positive cells upon I-Sce1 transfection (lower panels). (D) MTT viability assays using 
MCF-7 and HeLa cells after incubation for 72 hours with Fen1 inhibitor. Averages and 
standard deviations from three independent experiments are shown. (E) HeLa-pDR-GFP 
or MCF-7-pDR-GFP cells were transfected with I-Sce1 and treated with indicated 
concentrations of Fen1 inhibitor or 25 μM roscovitin as positive control. At 48 hours 
after I-Sce1 transfection, GFP positivity was assessed by flow cytometry. Averages and 
standard deviations from three independent experiments are indicated (* indicates  
P = 0.02, ** indicates P = 0.001). (F) MCF-7 cells were treated with PARP1 inhibitor ABT-888 
(10 μM) in combination with Fen1 inhibitor (10 μM). After 24 hours, cells were fixed and 
stained for γ-H2AX/Alexa488. (G) MCF-7 and HeLa cells were grown on cover slips and 
treated with ABT-888 (10 μM) in combination with Fen1 inhibitor (10 μM). After 24 hours, 
cells were fixed and stained for γ-H2AX/Alexa488. Numbers of γ-H2AX foci per nucleus 
were counted (minimum of 50 nuclei per condition) and statistical significance was 
tested using the one-sided Student’s T-test. (H) MCF-7 and HeLa cells were grown in the 
presence of ABT-888 (10 μM) in combination with Fen1 inhibitor (5 μM). At 14 days after 
plating, surviving colonies were counted. Averages and standard deviations from three 
independent experiments are shown (* indicates P = 0.02, ** indicates P = 0.001).

observed that many of these components are well conserved across the three species 
studied (Fig. 1D, Supplementary Tables 14-19). PCA also enabled us to assess the 
activity of TCs in different cell types and tissues (Supplementary Tables 20-25). 
An example of this is provided by the differential activity of TC3 in brain tissues 
versus cell lines (Fig. 1E). The higher activity of TC3 observed in brain tissue clearly 
matches the GSEA results, in which genes in neuron-specific biological pathways 
are up-regulated (Fig. 1E). In contrast, the lower activity of TC3 observed in cell 
lines is associated with the up- regulation of genes relevant to cell division and 
growth, which is in concordance with their biological behavior (Fig. 1E).

Transcriptional component-based gene network predicts biological functions

We hypothesized that genes with comparable biological function are similarly 
regulated by TCs. Therefore, we constructed a multi-species, co-regulated gene 
network based on the identified TCs (publicly available at www.genenetwork.nl/
genenetwork) with 19,997 unique human genes that enabled us to accurately predict 
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gene function by using a ‘guilt-by-association’ procedure (see Supplementary 
Methods for details). Predictions were made based on pathways and gene sets 
from Gene Ontology, KEGG, Reactome and Biocarta.

In the context of genomic instability, we were interested in genes that have 
a similar cellular function to BRCA1 and BRCA2, two key genes involved in 
homologous recombination (HR) DNA repair5. Such genes could potentially 
be used to identify HR-defective tumor cells, or be exploited as therapeutic 
targets to enhance the sensitivity of otherwise HR-proficient cancer cells to DNA 
damaging agents. Based on the gene network, we ranked all genes according to 
their degree of co-regulation with BRCA1 and BRCA2 (Fig. 2A). Genes known 
to be involved in HR could be readily identified (e.g. RAD51, RAD51AP1, EXO1, 
BLM and MRE11A, Fig. 2A). In addition, many predicted BRCA1/2 co-regulated 
genes function in the initiation and progression of replication forks, which is in 
good agreement with BRCA1/2 being required for repairing replication-induced 
DNA lesions. Flap Endonuclease-1 (FEN1) showed the highest co-regulation 
with BRCA1/2 (Fig. 2A). FEN1 regulates DNA replication through its role in 
Okazaki fragment processing and base-excision repair (BER)6, and it is highly 
expressed in proliferating tissues. In addition, mutation of FEN1 has been causally 
linked to tumor initiation7. FEN1 has only been indirectly linked to HR in lower 
eukaryotes, and no role for FEN1 in HR in mammalian cells has been identified 
so far8. We assessed the function of FEN1 in the process of HR by inactivation of 
FEN1 by siRNA (Fig. 2B), as well as by chemical inhibition of Fen1 (Fig. 2C, D). 
Inactivation of Fen1 clearly impaired HR repair, as assessed by a stably integrated 
green fluorescent protein (GFP) based HR substrate9  in both human breast and 
cervical cancer cells (Fig. 2B, C, E). Moreover, we observed increased numbers 
of DNA breaks when Fen1 inhibition was combined with PARP1 inhibition (Fig. 
2F, G). Importantly, Fen1 inhibition resulted in an increased sensitivity to PARP1 
inhibition (Fig. 2H), as reported for other HR-deficient tumor cells10,11.

In addition, our gene network predicted the SMIM1 gene to function in the 
‘hemoglobin metabolic process’. Through subsequent experimental validation 
of this prediction, we showed that SMIM1 is the gene underlying the Vel blood 
group12. We also showed that genes that map in genetic loci associated with 
educational attainment have a clear neuronal function13.
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Some transcriptional components describe effects of genetic variants 

Once we had established that the identified TCs describe biologically coherent 
phenomena, we aimed to use them to correct gene expression levels to increase 
our statistical power to identify eQTL effects (shown to be effective earlier2). 
However, it should be noted that genetic variants or SCNAs might also affect some 
of the TCs2, otherwise correcting for these TCs might result in the accidental 
removal of genetic effects from the expression data. It is therefore essential to 
determine which of the TCs describe such underlying genetic effects. To do so, 
we investigated whether individual TCs increased or decreased expression of all 
genes that map to one specific chromosome band, which we speculated could be 
due to SCNAs present within these bands. We observed that a subset of the human 
TCs (each capturing only a small proportion of the total variation in expression) 
did indeed strongly affect the expression of all genes in a specific band (Fig. 3A). 

These results led us to hypothesize that such TCs might capture the 
downstream consequences of SCNAs at gene expression levels (i.e. deletions and 
duplications as a regulatory factor), since we observed this solely in the human 
data sets in which approximately half of the human samples were derived from 
cancer tissues or cancer cell lines (in contrast to the mouse and rat data that 
contained very few cancer samples) (Fig. 3B).

For each of the TCs we quantified this genomic co-localization of expression 
effects (using autocorrelation, see Supplementary Methods), and observed that the 
most important TCs (i.e. TC1 to TC50) hardly affected entire chromosome-bands. 
The other TCs showed a near-linear increase of the autocorrelation with TC 
number until approximately TC165 in the Humanlarge set, where the autocorrelation 
was maximal (Fig. 3C). After TC165 a sudden drop in autocorrelation was observed 
(a ‘saw tooth’ like pattern), a pattern that was also observed in the Humansmall data 
set. Why this saw tooth pattern exists remains elusive, although it is noteworthy 
that simulations in complexity theory have often revealed saw tooth patterns that 
are indicative of ‘phase transitions’. We speculate that phase transitions occur in 
cancer as well: there might be a limit to the amount of genomic instability that  
a cancer cell can tolerate and still survive.

Based on these observations, we defined a set of 18,713 samples in the 
Humanlarge data set that showed no evidence of genomic instability. On text mining 
the annotation of this subset of samples, we observed that indeed hardly any of 
these samples were known cancer samples. We subsequently re-did the PCA on this 
subset of non-cancer samples and identified 718 robustly estimated components 
and, as expected, observed that none of these components showed evidence of 
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Figure 3. Functional genomic mRNA expression profiles. 
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 (A) A subset of human TCs was highly enriched for gene sets containing genes that map to 
the same chromosome band. (B) This observation was solely observed in the human data 
sets, since approximately half of the samples were derived from cancer tissue or cancer cell 
lines, harboring many SCNAs. (C) To explore the hypothesis that specific TCs represent 
SCNAs, we calculated the autocorrelation per TC. We observed a near-linear increase 
of the autocorrelation with TC number until approximately TC165 in Humanlarge set. The 
same pattern was observed in the Humansmall data set. Individual visualization of the TCs 
that showed high autocorrelation revealed that, for most of these specific TCs, nearly 
all genes in specific genomic regions showed either increased or decreased expression. 
(D) Based on these results, we developed a computational framework in which we could 
infer cytogenetic profiles from a standard mRNA expression profile utilizing TCs. (E) 
The functional genomic mRNA expression profiles are a good proxy of copy number 
variation. Small deletions and duplications, affecting only specific cytobands, could be 
readily identified.

genomic co-localization. We used these components as covariates to correct the 
expression data of the samples that did show evidence of genomic instability  
(Fig. 3D, details provided in Supplemental Methods), and observed that  
the residual expression signal (explaining on average only 28% of the total  
expression variation) was strongly correlated with copy number variation (Fig. 3E).

‘Functional genomic mRNA profiles’ accurately reflect deletions and duplications

To ascertain that this residual expression signal (hereafter referred to as 
‘functional genomic mRNA profile’ or FGMP) accurately reflects known deletions 
and duplications, we investigated 20 mRNA expression profiles of samples with 
a known trisomy. When employing our method, each trisomy was clearly visible: 
nearly all genes in these trisomic chromosomes showed increased functional 
genomic mRNA expression (Supplementary Fig. 1). These trisomies were clearly 
visible in both human leukemic blasts and fibroblasts, indicating that the inferred 
functional genomic mRNA expression is applicable across different cell types 
(Supplementary Figs. 2 and 3).

To validate our method on samples with more complex genomic 
rearrangements, we analyzed 168 diffuse, large B-cell lymphomas (DLBCL) with 
available arrayCGH measurements. We observed a high concordance between 
the arrayCGH result and the inferred functional genomic mRNA expression 
signal: even small deletions and duplications, affecting only specific cytogenetic 
bands, could be readily identified (Supplementary Fig. 4). To quantify how many 
of the autosomal probe sets were significantly correlated with copy number 
in these DLBCL samples, we conducted expression quantitative trait locus  
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(cis-eQTL) mapping. We determined that 13,991 of all 35,100 tested autosomal 
probe sets (40%) correlated significantly with aCGH dosage (at a permutation-based 
FDR < 0.05). When comparing these results to cis-eQTL mapping on the original 
expression data, we observed a strong increase in statistical power to identify  
cis-eQTLs (lambda inflation of 9.19 instead of the original lambda inflation 
of 5.95 (Supplementary Fig. 5). Software to infer functional genomic mRNA 
expression from standard expression profiles is publicly available at  http://www.
genenetwork.nl/FGMProfiling.

The vast majority of genes are dosage-sensitive

The estimate that 40% of the tested probe sets are significantly correlated with 
arrayCGH dosage based on the DLBCL sample analysis is likely to be a large 
underestimate of the total percentage of genes that are dosage-sensitive: only when 
variation in copy number is actually present for a given genomic locus, is it possible 
to identify a significant correlation between copy number and gene expression.

To investigate dosage sensitivity in more detail, we assumed that our large 
data set represented a library of many SCNAs of different sizes. A subset of 
these SCNAs reflected duplications or deletions of entire chromosome arms.  
We therefore hypothesized that if we should analyze the inferred functional  
genomic mRNA expression data per chromosome arm, the most dominant 
pattern would reflect a deletion or amplification of the entire chromosomal 
arm. To investigate this, we performed a PCA analysis on the functional 
genomic mRNA expression data per chromosome arm over all samples.  
For each of the chromosome arms the first principal component (PC1), representing 
the most dominant functional genomic mRNA expression pattern, indeed 
described a complete duplication or deletion of that arm (Supplementary Fig. 6).  
The correlation of an individual probe set (i.e. factor loading) with PC1 indicated  
the extent of dosage sensitivity. 91% of all autosomal probe sets were  
dosage-sensitive to some degree - i.e. had a positive correlation with PC1 (Fig. 4A).

We observed a clear bimodal distribution in the extent of dosage sensitivity, 
which can be explained by the overall median expression levels of probe sets 
in all samples: genes that were generally abundantly expressed were typically 
more dosage-sensitive than genes that showed low overall gene expression 
levels (Pearson R = 0.7, P < 1.0 x 10-300, Fig. 4B). This is likely due to the relative 
small signal-to-noise ratio of low-expressed genes on the Affymetrix arrays. 
We therefore concluded that nearly all genes are dosage-sensitive and that our 
functional genomic mRNA expression profiles are a reliable proxy of SCNAs.
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Figure 4. The vast majority of genes are dosage-sensitive. (A) Distribution of correlations 
over all samples between the functional genomic mRNA expression of individual probe 
sets with the average functional genomic mRNA expression of the chromosome arm these 
probe sets map to. We observed that 91% of all autosomal probe sets correlated positively 
with the average functional genomic mRNA expression, indicating that nearly all genes 
are dosage-sensitive. (B) A clear bimodal distribution in the extent of dosage sensitivity 
was observed that could be explained by the overall median expression levels of probe sets 
in all samples.

The functional genomic mRNA landscape in 16,172 unrelated patient- derived 
cancer samples

As described above, our method is able to correct gene expression data for major, 
non-genetic regulatory factors and enables us to accurately identify genetic 
variant-induced variation in gene expression levels. This method is particularly 
attractive because of the publicly available data on thousands of cancer samples 
that have previously been profiled with mRNA microarrays. These cancer samples 
harbor many genetic aberrations due to genomic instability (a hallmark of cancer), 
which results in the progressive accumulation of somatic genetic alterations such 
as somatic mutations and copy number alterations (SCNAs).

We exploited the genetic variation occurring in tumor samples in combination 
with our method to define the functional genomic mRNA landscape. The analysis 
was confined to unrelated tumor samples from patients in the combined Humanlarge 

and Humansmall data sets. To identify these, we first developed a method (see 
Supplementary Methods for details) to exclude (tumor-derived) cell line samples. 
This method accurately distinguished between cell line samples and all other 
samples (Wilcoxon Mann-Whitney U test P < 1.0 x 10-300, AUC 0.9942). In order 
to exclude duplicate samples, we then developed a first-of-its-kind method that 
exploits narrow-sense heritability estimation (see Supplementary Methods for 
details) to accurately detect and subsequently exclude genetically identical 
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samples in expression data, even if two different cell types or tissues had been 
assayed for one individual. After manual curation of all the remaining samples, 
16,172 unrelated tumor samples of patients were included for further analyses.  
We then applied our method to these samples to determine the functional genomic 
mRNA landscape (Fig. 5A). We applied hierarchical clustering (average linkage, 
uncentered correlation) to define molecular subtypes. This analysis revealed 
clear commonalities and differences between different types of cancer. Highly 
altered functional genomic mRNA expression, which was confined to specific 
chromosomal regions, was observed between and across different tumor types 
(Fig. 5A). In addition, we could clearly identify tumor types that were characterized 
by relatively low amounts (e.g. acute myeloid leukemia, AML) or relatively high 
amounts of altered functional genomic mRNA expression (e.g. ovarian cancer) 
(Fig. 5A). These data are in good agreement with the recent classification of 
mutational- driven (M-class, including AML) versus copy-number driven cancers 
(C-class, including ovarian cancer) in the TCGA datasets4. For each individual 
gene across 41 tumor types, we then quantified the percentage of samples with 
a significantly increased or decreased signal. As described above, such altered  
signals could represent underlying genomic deletions or amplifications (Fig. 3E 
and Supplementary Figs. 1-3). Predicted frequencies of suppressed and amplified 
signals for all genes in the 41 tumor types are given in Supplementary Tables 26 and 27. 
Two examples show how this approach can be used to discover cancer-relevant 
genomic alterations (Fig. 5B). The signal for the tumor suppressor gene CDKN2A 
was shown to be significantly decreased in samples of bladder cancer (29%), 
pancreatic cancer (44%), head-and-neck cancer (28%) and melanomas (45%), 
which is in good agreement with previous reports14-17, and with recent large-scale 
genomic interrogation of cancer subtypes18,19. Conversely, we could readily 
identify amplified signals for the ERBB2 gene in breast (17%), bladder (10%) and 
adrenal medulla cancers (20%), again in line with previous observations20-22.

Discussion

In this study we re-analyzed the expression profiles of 77,840 publicly available 
samples and report that a limited number of transcriptional components capture 
the major variation that is present in the mRNA transcriptome. Based on these 
TCs, we have developed an effective tool to reveal the biological function of 
candidate genes by implementing a guilt-by-association approach (based on 
77,840 mRNA expression profiles); the tool predicts likely functions based on 
gene co-regulation. Our approach is conceptually different from methods that 
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rely upon co-expression: typical guilt-by-association approaches to predict the 
function of genes use the over-representation of known functions among genes 
that are co-expressed with the gene of interest to predict its likely function23. 
However, when one is clustering genes based on co-expression, usually only a few 
clusters will become apparent that each comprise many strongly co- expressed 
genes (attributable to a limited number of biological phenomena that each have 
very strong effects on gene expression levels). We chose to use PCA rather than 
co-expression. Although we did capture strong biological phenomena with a few 
individual TCs, we also captured many phenomena that were much more subtle. 
Our gene function prediction algorithm assigns an equal weight to every TC and 
can therefore extract more meaningful information out of gene expression data to 
infer the likely function of genes. In other words, our approach relates genes with 
a similar transcriptional regulation (i.e. similar ‘wiring’) rather than those with 
similar co-expression patterns (i.e. the end product of transcriptional control).

When we corrected the gene expression data of individuals for these TCs, we 
observed that the residual gene expression levels correlated strongly with copy 
number variation. We estimate that the expression of 91% of all human genes 
correlates positively with copy number to some degree, and thus that nearly all 
human genes are dosage-sensitive. The realization that copy number variation has  
a consistent effect on gene expression levels has several implications as detailed below.

Previously, extensive gene dosage sensitivity was suggested in  
whole-chromosome duplication syndromes (i.e. Down, Turner and 
Patau syndromes) or experimentally established trisomies, in which gene 
 expression over the entire duplicated chromosome appeared to be up-regulated24. 
Our data suggest that this is not a chromosome-specific or cell-type-specific effect, 
and explains why aneuploidy invariably leads to unbalanced gene expression 
levels and consequent proteotoxic stress25.

In addition, several integrative cancer studies have concentrated only 
on those genes whose expression levels significantly correlate with SCNAs4.  
This might bias researchers towards considering only those genes whose 
expression levels are not strongly regulated by regulatory processes. It is 
conceivable that re-analysis of the expression data using the method we propose 
here (i.e. correcting the expression data for all non-genetic regulatory processes) 
will reveal that the expression levels of nearly all genes in these SCNAs correlate 
with copy number, making every gene within these SCNAs equally interesting 
for follow-up investigation. In addition, we speculate that genes that are typically 
under the strong control of many non-genetic regulatory factors are likely to have 
crucial functions, and that they may represent more interesting candidate genes 
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for driving disease than genes whose expression levels are predominantly affected 
by SCNAs. Furthermore, gene expression microarray technology is still a widely 
used technique to identify molecular cancer subtypes. However, there is limited 
overlap between published gene expression profiles associated with distinct tumor 
behavior or treatment response26. This low reproducibility might, in part, be due 
to the influence of many non-genetic factors on gene expression, including factors 
that may not be relevant for the observed tumor behavior.

Since gene expression data has now been generated for hundreds of 
thousands of samples (available in public repositories such as the Gene Expression 
Omnibus or ArrayExpress), our functional genomic mRNA profiling method will 
enable the re-interpretation of many (cancer) studies, since our method could 
be used to infer SCNAs and allows for an immediate correlation with various 
clinical outcome measures. However, since there is little clinico- pathological 
data publicly available so far, we challenge researchers to apply our method 
to their microarray samples and associate the resulting functional genomic 
mRNA profiles with clinico-pathological variables to evaluate how such profiles 
can predict tumor behavior or therapy response, for instance. We expect such  
re-analyses may well reveal novel biological insights in the near future. Currently, 
the predicted genomic amplifications and deletions we have described, based 
on the functional genomic mRNA landscape in >16,000 tumors, can already be 
utilized to assess the potential relevance of new and existing therapeutic targets 
for the various cancer subtypes.

Method Summary
 
Methods and any associated references are available  in the online methods section  
and in the Supplementary Methods.
All supplementary tables, figures and data are available at the following URL:
http://lt135180.med.rug.nl/exchange/FunctionalGenomicMRNAProfilingSupplementaryInfo/
 
Methods

Data Acquisition

Publicly available raw microarray expression data for three different species 
(Homo sapiens, Mus musculus and Rattus norvegicus) were collected from Gene 
Expression Omnibus27. Pre-processing and aggregation of raw data was performed 
according to the robust multi-array average (RMA) algorithm in combination with 
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quantile normalization. PCA quality control of the resulting expression data was 
performed as previously described28,29. Samples were annotated with MeSH terms 
based on a text-mining algorithm (described in more detail in Supplementary 
Methods). We used a conservative method to assign Affymetrix probe sets to 
genes, utilizing mapping information provided by Ensembl (release 65).

Defining Transcription Components (TCs)

We performed PCA to define a regulatory model for the mRNA transcriptome. For 
each of the four data sets (HumanSmall, HumanLarge, Rat and Mouse) we computed 
an eigen decomposition of the Pearson product-moment correlation between all n 
probe sets over all m samples. This resulted in n eigenvalues and n corresponding 
eigenvectors (hereafter called transcriptional components, TCs). Each TC captures 
a part of the variance seen in the n probe set correlation space. We hypothesized 
that each TC is associated with an underlying mRNA expression-regulating 
factor (and corresponding cellular state). Each TC is composed of n scalars called 
‘coefficients’ representing the relative ‘weights’ of probe sets in the TC. The inner 
product of a TC and the per probe set N(0,1) standardized expression vector of 
an individual sample leads to so-called transcriptional component score (TC 
score). A TC score can be seen as an indirect measurement of the ‘activity’ of the 
underlying regulatory factor in the sample under investigation. The sign of a probe 
set coefficient in a TC defines the direction of the change in mRNA expression 
in relation to the TC score. To determine the internal consistency and therefore 
the reliability of the identified TCs, we calculated for a Cronbach’s α and split-
half reliability for each TC. Pairwise Spearman’s rank correlations were calculated 
between TCs of different platforms to estimate the concordance between the 
independently defined TCs. To validate that the identified TCs were not merely 
mathematical constructs but biologically relevant, and to gain more biological 
insight into the identified TCs and their associated underlying regulatory factors, 
we performed GSEA. In addition, we calculated the auto-correlation per TC, to 
identify TCs that capture the downstream consequences of cytogenetic alterations 
(i.e. genomic deletions and duplications) on mRNA expression levels.

Gene co-regulation network analysis

We calculated a gene set enrichment score (expressed as a Z-score) for every gene 
set in four different data bases (Gene Ontology, KEGG, Reactome and Biocarta), 
for each of the 2,206 TCs identified by the methods described above. These 2,206 
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Z-scores form a gene set (e.g. biological pathway) specific ‘Z-score profile’. This 
enabled us to investigate whether - for individual genes not previously known 
to be part of this gene set - the individual 2,206 TC coefficients were similar to 
the 2,206 Z-scores, by using a Pearson correlation coefficient. Strong positive 
correlation between the individual gene’s TC coefficients and the Z-score profile 
means that the individual gene is behaving similarly to the gene set, indicating 
that the gene is likely to play a role in that gene set as well.

FEN1 and homologous recombination

MCF-7 or HeLa cells stably transfected with the pDR-GFP homologous 
recombination reporter were transfected with indicated siRNA oligos or treated 
with chemical FEN1 inhibitor and subsequently transfected with the I-Sce1 
endonuclease. GFP levels of viable cells were determined by flow cytometry. 
Gamma-H2AX analysis by microscopy and flow cytometry was performed 
to assess DNA break formation after combined FEN1 and PARP1 inhibition. 
Cytotoxic effects after combined FEN1 and PARP1 inhibition was measured 
using clonogenic survival analysis.

‘Functional genomic mRNA’ profiling

Expression data for each individual samples was reconstructed by taking the 
inner product of the vector of TC probe set coefficients and the vector of TC 
scores for an individual sample, after reweighing each of the TCs according to the 
amount of autocorrelation. These reconstructed profiles were used to quantify the 
number of deletions and duplications per individual sample (see Supplementary 
Methods for a detailed description). Based on these reconstructed profiles,  
a subset of 18,713 samples with the lowest number of cytogenetic aberrations out of 
all 37,427 samples (Humanlarge) was selected. This subset served as input for a new 
regulatory model containing TCs that captured the effect of physiological factors 
on mRNA expression. A total of 718 of these ‘non-cytogenetic’ TCs were used 
as covariates in multiple linear-regression to correct the original expression 
profiles. The corrected profiles were called ‘functional genomic mRNA’ profiles. 
In these profiles, the variance in mRNA expression due to physiological factors is 
minimized, emphasizing variance in expression due to genetic aberrations.
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Identification of 16,172 unrelated, patient-derived tumor samples 

Functional genomic mRNA profiling is particularly attractive because of the 
public availability of thousands of cancer samples that have been profiled with 
mRNA microarrays. These cancer samples harbor many genetic aberrations due to 
genomic instability. We decided to construct a large data set to define the functional 
genomic mRNA landscape in cancer. First we had to ensure we only investigated 
cancer samples that were not genetically identical and which did not reflect cell-line 
samples. To do so, we developed new method to remove cell- line samples, as these 
samples might not reflect the in vivo situation of cancer cells. Next, we removed 
duplicate individuals: as is common for genome-wide association analysis, duplicate 
samples can lead to false-positive associations and should be removed. Finally, we 
confined our analysis only to samples that showed some genomic instability, as 
these were likely to be cancer samples. Each of these steps required the development 
of new methods to make this possible. A detailed description of these new methods 
is presented in the Supplementary Methods and Results.

Predicting gene amplification and deletion

For each individual gene across 41 tumor types, we quantified the percentage 
of samples with a significantly increased or decreased signal. To determine 
thresholds that defined such signals, we applied our method to the subset of 
18,713 non-cancer samples in the Humanlarge data and calculated the 2.5th and  
97.5th percentiles for every individual gene. For each of the 16,172 tumor samples, 
genes were marked as significantly suppressed or amplified when the signal was 
below the 2.5th or above the 97.5th percentile in non-cancer samples.
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Abstract

Homologous recombination (HR) is required for faithful repair of double 
strand DNA breaks. Defects in HR repair cause severe genomic instability and 
challenge cellular viability. Paradoxically, various cancers are HR defective and 
have apparently acquired characteristics to survive genomic instability. We aimed 
to identify these characteristics to uncover therapeutic targets for HR-deficient 
cancers.
Cytogenetic analysis of 1143 ovarian cancers showed that the degree of genomic 
instability was correlated to amplification of replication checkpoint genes ATR 
and CHEK1. Similarly, ATR and CHEK1 were found amplified in lung and breast 
cancers, also frequently displaying genomic instability. To test whether genomic 
instability leads to increased reliance on replication checkpoint signaling, we 
inactivated Rad51 to model HR-related genomic instability. Rad51 inactivation 
induced aberrant replication dynamics and defective DSB repair. Notably, Rad51 
inhibition increased ATR/Chk1-mediated replication stress signaling. Importantly, 
inhibition of ATR or Chk1 preferentially killed HR-deficient cancer cells. 
Combined, our data shows that defective HR caused by Rad51 inhibition results 
in differential sensitivity for ATR and Chk1 inhibitors, implicating replication 
checkpoint kinases as potential drug targets for HR-defective cancers.
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Introduction

Cells are continuously exposed to DNA damaging factors, which induce various 
DNA lesions. One particularly cytotoxic type of DNA lesion is a DNA double 
strand break (DSB). In order to repair DSBs, cells can employ two mechanistically 
distinct pathways; non-homologous end-joining and homologous recombination. 
Homologous recombination (HR) is only employed in proliferating cells and 
uses a homologous DNA template to repair DSBs in an error-free fashion (1, 2).  
In the HR pathway, the two DNA ends of a DSB are resected to create  
single-stranded DNA (ssDNA) overhangs, on which the recombinase Rad51 
is loaded in a Brca1- and Brca2-dependent manner to perform the search for 
homologous DNA sequences (1). 

In addition to repairing DNA DSB, HR components including Brca1, 
Brca2 and Rad51, also have a protective function during replication stalling 
(3-5). Specifically, Brca2 and Rad51 protect nascent DNA strands from  
Mre11-dependent degradation and promote replication under conditions of stress. 
Given the fact that HR proteins play essential roles in the repair of DNA DSBs and 
in guarding replication fidelity, it is not surprising that these genes are essential 
during development. Mice lacking Brca1, Brca2 or Rad51 display early embryonic 
lethality (6-10). Also after development, the HR machinery appears to be required 
for viability of proliferating cells (9-11). The strict requirement for HR during 
development and proliferation contradicts the observed loss of HR components 
in various cancers, including hereditary breast and ovarian cancers (12, 13).  
HR repair-deficient cancers behave aggressively, with early visceral metastatic 
spread and poor prognosis. These HR-deficient tumors are highly genomically 
instable, as a result of their compromised capacity to repair DNA breaks. The fact 
that HR loss is often detrimental for cellular viability raises the question whether 
such cancers require specific genetic re-wiring for their survival. Indeed, 
experimental TP53 inactivation partially rescues the proliferation defect observed 
in Brca1 or Brca2-deficient mouse embryonic fibroblasts (MEFs)(14). In line with 
these observations, BRCA1- or BRCA2-mutant cancers almost invariably have TP53 
inactivation (15). Besides TP53 loss, also other recurrent genomic rearrangements 
were observed in HR-deficient tumors, suggesting that loss or gain of other genes 
contributes to the viability of HR-deficient cancer cells (16). Therapeutic targeting 
of such alterations may offer novel treatment options for these cancers.

To identify novel therapeutic targets to treat HR-deficient cancers, we argued 
that commonly deleted genomic areas might contain tumor-suppressor genes, 
whereas commonly amplified genomic areas may contain genes that are essential
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for the survival of these cells. To identify genes that are commonly amplified 
in genomically instable cancers, we initiated a patient-oriented study in a set 
of 1143 human ovarian cancers. Using this approach, we identified the ataxia 
telangiectasia and Rad3-related kinase (ATR) and checkpoint kinase 1 (Chk1) as 
synthetic lethal interactions with defective HR.

Results

Replication checkpoint genes are amplified in genomically instable cancers

Genomically instable tumors progressively lose or gain chromosome fragments, 
due to their inability to properly repair DNA breaks. We hypothesized that, 
genomic amplifications selectively appearing in genomically unstable cancers will 
likely reveal genes that might be essential for their survival. In order to identify 
such genes, we cytogenetic profiled 1143 human ovarian cancer samples (two 
examples are shown in Figure 1A). The amount of somatic copy number alterations 
(SCNAs) per tumor was assessed and served as a measure for the level of genomic 
instability. Subsequently, tumor samples were ranked based on their amount of 
genomic instability. We next hypothesized that tumor-suppressor genes which 
block proliferation of genomically instable cancer cells would be selectively lost in 
these cancers. Indeed, we observed that TP53, PTEN and RB1 were more 
frequently lost in genomically instable cancers compared to genomically stable 
cancers (Figure 1B). Conversely, we expected that genomically instable cancers 
might depend strongly on various genes for their survival. These genes might 
constitute novel therapeutic targets for these difficult-to-treat cancers. Several 
genes were selectively amplified in genomically instable cancers, of which many 
are known to be relevant in typically genomically instable cancers, including MYC 
(Figure 1B). Notably, we also found amplified DNA replication checkpoint genes 
including the genes that encode the ATR and Chk1 kinases (Figure 1B).  
This finding was surprising, as ATR and CHEK1 were previously proposed to be 
tumor-suppressor genes (17). Indeed, when we analyzed the genetic status of ATR 
and CHEK1 in various public tumor panels, we observed widespread ATR and 
CHEK1 mutations. However, distinct tumors subgroups displayed ATR and 
CHEK1 amplifications rather than mutations (Figure 1C)(18, 19). Moreover, these 
copy number amplifications led to increased gene expression of both ATR and 
CHEK1 (Figure 1D, E). Notably, ATR and CHEK1 amplifications were 
predominantly observed in so-called ‘C-type’ cancers, characterized by high levels 
of chromosomal instability, including lung squamous cell carcinoma, ovarian 
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Figure 1. Cytogenetic analysis of genomically instable cancers.
(A) Cytogenetic analysis of genomic instability in 1143 ovarian cancers. Representative pictures of 
individual tumor samples are shown. (B) Association of individual genes with genomic instability 
in ovarian cancer samples. (C) Copy number alterations (CNAs) of the ATR and CHEK1 genes in 
various cancers. Data were adapted from cBioPortal. Published (if available) or provisional data 
were used. (D) ATR mRNA expression versus ATR CNA alteration is plotted in ovarian cancers 
(left) and breast cancers (right). Data were adapted from cBioPortal. (E) CHEK1 mRNA expression 
is plotted versus CHEK1 CNA alteration in ovarian cancers (left) and breast cancers (right).
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Figure 2. Rad51 inactivation leads to defective HR repair and chromosomal instability.
(A) MCF-7 and HeLa cells were stably infected with retroviral shRNAs targeting 
Rad51. Stably infected cells were grown in the presence of puromycine (1µg/ml) and 
subsequently harvested for Western blotting with anti-Rad51 and anti-actin antibodies. 
(B) MCF-7-pRS and MCF-7-pRS-Rad51 were treated with nocodazole for 14 hours 
and chromosomal aberrations were analyzed in metaphase chromosome spreads. 
Representative examples of chromosomal aberrations are shown. Average aberrations 
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per metaphase: pRS=0.6, Rad51#1=1.73, Rad51#2=2.7 (n=30) (C) Chemical structure 
of the Rad51 inhibitor BO2.  (D) MCF-7 and HeLa cells were treated with indicated 
concentrations of BO2. After 4 days of treatment, cells were incubated with MTT and 
the viability of cells was determined by colorimetric measurement. (E) Schematic 
representation of the pDR-GFP HR reporter. (F) Monoclonal HeLa-pDR-GFP and 
MCF-7-pDR-GFP cells were treated with indicated concentrations of BO2 or roscovitine 
(25µM) for 1 hour prior to transfection with I-Sce-1. At 48 hours after transfection, 
cells were analyzed for GFP positivity by flow cytometry. The average percentages and 
standard deviations of GFP-positive cells from three independent experiments in 
HeLa cells (G) and in MCF-7 cells (H) are represented (*p<0.05, **p<0.01,***p<0.001).

cancer and head and neck cancer (20). This observation is in good agreement with 
the notion that elevated ATR and Chk1 levels promote tumor survival in cases 
of replication stress (21). Also, chromosome 3q, harboring the ATR gene, was 
observed to be amplified in BRCA1/2-mutant cancers (22). Importantly, when 
testing candidate genes within this region, overexpression of ATR phenocopied 
3q amplification (23).

Modeling homologous recombination defects through Rad51 inactivation

To test whether ATR and Chk1 activity are required for the survival of genomically 
instable cancer cells, we modeled genomic instability through HR inactivation in 
otherwise HR-proficient MCF-7 and HeLa human cancer cell lines. Specifically, we 
inactivated the Rad51 recombinase, which is the key downstream component within 
the HR pathway (24, 25) (Figure 2A). We depleted Rad51 using retroviral shRNAs in 
MCF-7 and HeLa cells and evaluated the level of genomic instability by assessing the 
morphology of metaphase chromosomes. Metaphase spreads of Rad51-depleted cells 
showed increased levels of spontaneous chromosomal aberrations such as 
chromosomal breaks and gaps (on average 1.73 and 2.7 aberrations per metaphase in 
Rad51#1 and Rad51#2 respectively) compared to 0.6 mean aberrations in control cells 
(Figure 2B). These observations confirmed the requirement of Rad51 in maintaining 
genomic integrity (26). Moreover, we could show that Rad51 inactivation enhanced 
the sensitivity to high doses of cisplatin and ionizing radiation (Supplemental Figure 
S1A, B). In addition to genetic Rad51 inactivation, we employed chemical Rad51 
inhibition to inactivate HR in a more temporally controlled fashion using the small 
molecule inhibitor BO2 (27)(Figure 2C). To test the ability of chemical Rad51 
inhibition to block HR-mediated repair, we used monoclonal MCF-7 and HeLa cell 
lines stably expressing the pDR-GFP HR reporter (Figure 2E, F)(28), in which GFP 
levels were measured after transfection with the I-Sce1 endonuclease as a read out for 
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Figure 3.  
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Figure 3. Rad51 inactivation leads to a G2/M cell cycle accumulation and 
increased levels of DNA breaks.
(A) Rad51-depleted and control-depleted HeLa cells were harvested, fixed in 70% ethanol 
and cell cycle distribution was analyzed by flow cytometry. Representative FACS profiles 
of the cell cycle are presented. Numbers indicate the percentage of G2/M cells. Average 
percentages of cells in each phase of the cell cycle from three independent experiments 
in Rad51-depleted and control-depleted HeLa cells and standard deviations thereof are 
presented. (B) Quantification of three experiments in Rad51- or control-depleted MCF-7 
cells are presented. (C) HeLa cells were treated with 15µM Rad51 inhibitor and were 
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harvested at indicated time points, fixed in 70% ethanol and cell cycle distribution was 
analyzed by flow cytometry. Representative FACS profiles of cell cycle distributions are 
presented. Numbers indicate the percentages of G2/M cells. The average percentages of 
cells in each phase of the cell cycle from three independent experiments in HeLa cells are 
presented (D) MCF-7 cells were treated as for panel C. Quantification of three independent 
experiments in MCF-7 cells are indicated. (E) Control-depleted or Rad51-depleted HeLa 
cells were harvested, fixed in 70% ethanol and stained with anti-gamma-H2AX and 
analyzed by flow cytometry. Numbers indicate the percentage of gamma-H2AX positive 
cells. The average percentages of gamma-H2AX positive cells from three independent 
experiments in Rad51- or control-depleted cells as well as standard deviations are 
represented (*p<0.05, **p<0.01, ***p<0.001). (F) Quantification of three independent 
experiments in Rad51-depleted MCF-7 cells. (G) HeLa cells were treated as for panel C 
and analyzed for gamma-H2AX positivity by flow cytometry. Quantifications of three 
independent experiments in HeLa cells are shown. (H) MCF-7 cells were treated as for 
panel C and quantification of three independent experiments in MCF-7 cells are shown

HR efficiency (Figure 2F, G, H). The broad spectrum Cdk inhibitor roscovitine was 
used as a positive control and showed near-complete inhibition of HR (Figure 2G, H). 
Importantly, in I-Sce-1 expressing cells BO2 treatment caused a significant and  
dose-dependent reduction in the percentage of GFP-positive cells was observed, 
indicating that chemical Rad51 inhibition can be used to block HR DNA repair 
(Figure 2G, H). Of note, parallel staining with propidium iodide was used to exclude 
dying cells from analysis, thus the inhibition of HR by Rad51 inhibition was not due to 
cytotoxicity of the Rad51 inhibitor (Figure 2F). Additionally, effective HR inhibition 
was observed at BO2 concentrations that did not induce significant cytotoxicity, as 
measured by MTT assays in both MCF-7 and HeLa cell lines (Figure 2D).

Delayed cell cycle progression and DNA damage accumulation after Rad51 
inactivation 

We next evaluated the effects of Rad51 inactivation on cell cycle progression.  
ShRNA-mediated Rad51 depletion resulted in increased percentages of G2/M 
cells, both in MCF-7 and HeLa cells, at two days after shRNA infection (Figure 3A, 
B, and Supplemental Figure S2C). Similarly, chemical Rad51 inhibition caused  
a temporary accumulation at the G2/M phase of the cell cycle in HeLa and MCF-7 
cells (Figure 3C, D and Supplemental Figure S2D, S2A, S2B). Since a G2/M 
cell cycle arrest can result from elevated levels of DNA damage, we next tested 
whether inactivation of HR, through Rad51 inactivation, resulted in an 
accumulation of DNA breaks. Indeed, the appearance of gamma-H2AX-positive 
cells coincided with the observed G2/M arrest in Rad51-depleted cells (Figure 3E, 



154

Chapter 7

R
PA

M
er

ge

untreated HU 
Rad51icontrol control Rad51i MCF-7

***

***

***
*****

***
ns.***

B
 5h1h

-/+HU (4mM)CIdU

pR
PA

M
er

ge

D
N

A 
tra

ct
 le

ng
th

 fr
eq

ue
nc

y 
(%

)

D
N

A 
tra

ct
 le

ng
th

 fr
eq

ue
nc

y 
(%

)

D
N

A 
tra

ct
 le

ng
th

 fr
eq

ue
nc

y 
(%

)

siRad51
control

untreated HU 
Rad51icontrol control Rad51i MCF-7

length (µm)

siRad51 (9.5µm)
control   (12.9µm)

siRad51 (7.5µm)
control   (8.2µm)

siRad51 (4.9µm)
control   (5.2µm)

Figure 4. 

A

 3h20’  1h
CIdU -/+HU (2mM) IdU

control +HU

C D

E F

+HU

0-
2

2-
4

4-
6

6-
8

8-
10

10
-1

2
12

-1
4

14
-1

6
16

-1
8

18
-2

0
>2

0

20

15

10

5

0

length (µm)
0-

2
2-

4
4-

6
6-

8
8-

10
10

-1
2

12
-1

4
14

-1
6

16
-1

8
18

-2
0

>2
0

30

25

20

15

10

5

0

length (µm)

0-
2

2-
4

4-
6

6-
8

8-
10

10
-1

2
12

-1
4

14
-1

6
16

-1
8

18
-2

0
>2

0

35
30
25
20
15
10
5
0

R
PA

 fo
ci

/n
uc

le
us

R
PA

 fo
ci

/n
uc

le
us

40

30

20

10

0

300

200

100

0

MCF-7

co
ntr

ol

Rad
51

i

co
ntr

ol

Rad
51

i+H
UHU

pR
PA

 fo
ci

/n
uc

le
us

co
ntr

ol

Rad
51

i

co
ntr

ol

Rad
51

i+H
UHU

20

15

10

5

0 0

100

200

300

400

500

MCF-7

Figure 4. Rad51 inhibition leads to replication fork defects and elevates ATR 
signaling.
(A) Schematic representation of experimental design of replication restart assay (upper 
panel). HeLa cells were transfected with Rad51 siRNA or control siRNA. At 48 hours after 
transfection, cells were pulse-labeled with CIdU. Subsequently, cells were left untreated 
or treated with HU (2mM) for 3 hours and subsequently pulse-labeled with IdU. DNA 
spreads were prepared and CIdU and IdU tracks were analyzed as described in materials 
and methods. Replication tract length distribution from control-depleted cells (light grey) 
and Rad51-depleted cells (dark grey) without treatment (left) or after HU treatment (right). 
Median IdU track lengths are indicated. (B) Schematic representation of experimental 
design of fork protection assay (upper panel). HeLa cells were transfected with Rad51 
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siRNA or control siRNA as described in A. Control-depleted and Rad51-depleted cells 
were labeled with CIdU and treated with HU (4mM) for 5 hours. Replication track length 
distribution from control-depleted cells (light grey) and Rad51-depleted cells (dark grey). 
Median CIdU track lengths are indicated. (C) MCF-7 cells were left untreated or treated 
with Rad51 inhibitor (15µM) in combination with HU (5mM) for 24 hours. Cells were 
fixed in 4% paraformaldehyde and stained with anti-RPA70. Representative images 
are shown. (D) Quantification of RPA70 foci number per nucleus (n=50) after Rad51 
inhibition (left) or after combined Rad51 inhibition with HU treatment (right). (E) MCF-
7 cells were treated and fixed as described in panel C and stained with anti-phospho-
RPA32 (S4/S8). Representative images are shown. (F) Quantification of phospho-RPA 
foci per nucleus (n=50) upon Rad51 inhibition (left) or after combined Rad51 inhibition 
with HU treatment (right).

F and Supplemental Figure S2E). Again, similar effects were observed after 
chemical inhibition of Rad51 (Figure 3G, H and Supplemental Figure S2F).  
Of note, the elevated levels of DNA damage appeared to originate from  
cell-intrinsic processes in S/G2 and only later appeared in G1 phase of the cell cycle 
(Figure 3G). These findings suggest that DNA breaks may be formed during DNA 
replication, which would be in line with HR components playing a role in the 
protection and restart of stalled replication forks (4, 5).

Rad51 inactivation causes defective replication fork protection and altered 
replication fork progression in conditions of replication stress

To test whether HR inactivation resulted in aberrant replication dynamics, we 
assessed DNA replication in single DNA fibers by labeling nascent replication 
tracks with synthetic IdU and CIdU nucleotides (3). We first tested the effects of 
Rad51 inactivation on ongoing DNA replication. When we monitored the length 
of nascent replication tracks in CIdU/IdU labeled cells, we observed an average 
shortening of replication track length in Rad51-depleted cells (9.5 µm versus  
12.9 µm in controls), indicating a role for Rad51 in controlling ongoing replication 
(Figure 4A, left panel and Supplemental Figure S1C). We next analyzed if Rad51 
inactivation affected the restart of stalled replication forks induced by hydroxyurea 
(HU). We observed that replication restart rates were decreased after HU treatment 
when Rad51 was inactivated, in line with observations in other cell types (Figure 
4A, right panel)(3). Additionally, we tested the involvement of Rad51 in the 
protection of stalled replication forks. To this end, we monitored the stability of 
CIdU-labeled replication tracks after HU-induced fork stalling in Rad51-depleted 
cells (Figure 4B). Replication track length was shortened in  Rad51-depleted 
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Figure 5. Rad51 inactivation is synthetic lethal with ATR or Chk1 inactivation.
(A) Long-term clonogenic survival assay in Rad51-depleted or control-depleted cells. 
HeLa cells were plated in 6-well plates and left untreated or treated with ATR inhibitor 
(1µM) or Chk1 inhibitor (100nM). After 14 days, colonies were fixed in methanol and 
stained with CBB. (B) Quantification of clonogenic survival assays from panel A with 
ATR inhibitor (left) and Chk1 inhibitor (right). Clonogenic survival was plotted as the 
percentage of surviving colonies (>50 cells per colony) compared to non-treated controls. 
Data present averages from three independent experiments. Significance was calculated 
using the Student’s t-test, and indicated as follows *p<0.05, **p<0.01, ***p<0.001. (C) 
Long-term clonogenic survival assay in HeLa cells treated with Rad51 inhibitor (7.5µM) 
in combination with ATR inhibitor (1µM) or Chk1 (50nM) performed as described in 
panel A. (D) Quantification of three independent experiments from panel C with ATR 
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inhibitor (left) and Chk1 inhibitor (right). Quantifications of was performed as for panel 
B. (E) Long term clonogenic survival assay with MCF-7 cells treated with Rad51 inhibitor 
(5µM) in combination with ATR inhibitor (1µM) or Chk1 inhibitor (50nM), performed 
as described in panel C. (F) Quantification of experiment from panel E as described in 
panel B.

cells, whereas replication track lengths in control-depleted cells were unaffected, 
underscoring an essential role of Rad51 in protection of stalled replication forks.

We next investigated whether the observed slow replication fork progression 
and de-protection of stalled replication forks resulted in enhanced activation 
of replication checkpoint signaling. Central in this pathway are the checkpoint 
kinases ATR and its downstream target Chk1, which together phosphorylate 
numerous substrates involved in DNA replication, including the ssDNA-binding 
protein RPA complex (29). We therefore measured the activation status of the ATR/
Chk1 signaling axis by assessing the recruitment of RPA70 to replication stress 
foci and the amount of phosphorylation of RPA32 at Ser4/Ser8 (30)(Figure 4C, 
E). We found that chemical inhibition of Rad51 resulted in significantly increased 
amounts of RPA70 foci (Figure 4C, D) and phospho-RPA32 foci in MCF-7 cells 
(Figure 4E, F). Similar effects were observed after Rad51 depletion in MCF-7 cells 
(Supplemental Figure S1D, E). These data show that Rad51 depletion leads to 
elevated levels of replication checkpoint signaling in a cell-intrinsic manner.

We next tested whether a similar activation of replication checkpoint signaling 
after Rad51 inactivation was observed in situations of elevated replication stress. 
As expected, the level of replication stress, judged by RPA70 foci formation and 
RPA32-Ser4/Ser8 phosphorylation, was dramatically increased when replication 
fork stalling was induced by HU treatment (Figure 4C, D, E, F). More importantly, 
when the effects of HU treatment were analyzed in Rad51-inactivated cells, an 
additional increase in replication stress signaling was observed (Figure 4D, F). 
Combined, defective HR through Rad51 inactivation results in elevated replication 
checkpoint signaling, both in unchallenged conditions as well as in situations of 
elevated replication stress.

Rad51 inactivation increases sensitivity to ATR and Chk1 inhibition

Our data showed that HR-deficiency through Rad51 inactivation impaired 
replication fork progression and fork protection, and as a consequence, resulted in 
elevated levels of replication checkpoint signaling. These observations, combined 
with the fact that genomically instable cancers have amplified ATR and CHEK1 
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loci, suggested that Rad51-depleted cells might be increasingly dependent on 
ATR/Chk1 signaling for their survival. To test this hypothesis, we utilized the 
recently developed chemical ATR inhibitor VE-821 (31) and the Chk1 inhibitor 
AZD7762 (32). Control-depleted HeLa cells showed very marginal effects to 
ATR or Chk1 inhibition in long-term clonogenic survival assays (Figure 5A, B). 
In contrast, HeLa cells in which Rad51 was stably depleted showed a virtually 
complete loss of clonogenic outgrowth (Figure 5A, B). To test whether similar 
results could be obtained with chemical Rad51 inhibition, we treated HeLa 
and MCF-7 cells with concentrations of BO2, which significantly inhibited HR 
capacity, as judged by gene conversions assays, but did not affect cellular viability 
(Figure 2F, G, H). Rad51 inhibitor-treated HeLa or MCF-7 cells showed a minor 
reduction in clonogenic outgrowth, indicating that -although loss of HR does 
slightly affect cellular viability- a significant proportion of cancer cells survived 
in situations of defective HR (Figure 5C, D, E, F). Again, whereas control-treated 
cells were only marginally sensitive to ATR and Chk1 inhibition (Figure 5C, D, 
E, F), combined treatment of ATR and Chk1 inhibitors with Rad51 inhibition 
resulted in dramatically reduced colony numbers. Thus, HR inhibition through 
Rad51 inactivation confers hypersensitivity to replication checkpoint kinase 
inhibitors.

Discussion

Our study revealed that the genetic loci encompassing ATR and CHEK1 are 
frequently amplified in genomically instable cancers. When we modeled genomic 
instability in vitro using genetic or chemical Rad51 inhibition to inactivate HR, 
we observed an accumulation of spontaneous DNA damage accompanied by 
increase in G2/M cells and increased levels of chromosomal rearrangements. 
These observations confirmed the requirement of Rad51 in maintaining genomic 
integrity (33). Finally, we showed that Rad51 inactivation elevates replication 
stress signaling through the ATR/Chk1 axis and leads to increased sensitivity to 
small molecule inhibitors of ATR and Chk1.

ATR is an essential gene during normal embryonic development (34), and ATR 
depletion severely impairs the viability of somatic cells (35). Given the essential 
nature of ATR in normal physiology, it is not surprising that ATR is genomically 
protected or amplified in cancer cells as well. However, various reports have shown 
that both ATR and Chk1 function as tumor suppressor genes (17). Therefore it 
might be that in some cancers, ATR and Chk1 mutations are beneficial for tumor 
development, whereas in other settings elevated ATR and Chk1 levels are beneficial 
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for tumor cell survival. In line with this notion, MEFs derived from ATR-Seckel 
mice in which ATR activity is suppressed to approximately 10% were not able to 
spontaneously transform in vitro, and reduced levels of ATR activity thus appeared 
to inhibit rather than promote malignant transformation (36). Also increased 
levels of Chk1 were shown to be beneficial for tumor development. Specifically, 
introduction of an extra allele of Chk1 resulted in reduced oncogene-induced 
replication stress and caused enhanced malignant transformation (21). 
Additionally, it was shown that high-grade breast cancers, including triple-negative 
breast cancers, have increased levels of Chk1 expression (37 , 38). 

HR-defective cells are highly sensitive to agents that induce replication 
stalling, which indicates that HR proteins play an essential role during replication 
perturbation (39). We showed that Rad51 inactivation results in impaired 
replication fork protection. This is in line with observations in other studies, 
where Rad51 was shown to protect nascent DNA from degradation and promote 
replication (4). Additionally, we observed that replication restart was affected after 
HU treatment in cells in which Rad51 was inactivated, which supports the notion 
that Rad51 promotes replication restart after an HU block (3). A similar function 
was reported for the Rad51 binding partner Brca2. Our findings also indicate 
that loss of HR components results in increased replication stress, which likely 
explains the underlying dependence of HR-deficient cells on ATR-Chk1 signaling.

Several preclinical studies have provided evidence for tumor-selective effects 
after chemical ATR inhibition using VE-821 (31). Specifically, VE-821 potentiated 
the cytotoxic effects of ionizing radiation and genotoxic drugs in p53 and ATM-
deficient cells, whereas it did not increase toxicity in non-transformed cells (31). 
Our findings indicate that ATR can be especially effective in HR-defective cancers. 
In addition, besides inhibition of ATR, inhibition of its downstream target Chk1 
also results in eradication of HR-deficient cancer cells and thus constitutes  
a potential therapeutic approach for these cancers. Previously, Chk1 inhibition 
was shown to preferentially induce toxicity in Myc- and CyclinE1-driven tumors 
(40). Notably, cancers with Myc or Cyclin E amplification are characterized by 
high levels of replication stress (36, 41).

We here provide proof for the synthetic lethal interaction between ATR or Chk1 
inhibition and HR deficiency through Rad51 inactivation. Since other HR components, 
including Brca2, also play essential roles in replication fork protection, it is likely that 
loss of other HR genes also elevates ATR-Chk1 signaling and consequently sensitizes 
cancer cells for ATR/Chk1 inhibition. Concluding, our study highlights the potential 
of ATR-Chk1 inhibition as targeted therapy for genomically instable cancers.
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Materials and methods

Cytogenetic analysis of patient material

Copy number alterations (CNAs) in human cancer genomes were predicted on 
the basis of mRNA expression data (method published elsewhere, manuscript 
in preparation). In short, we reanalyzed the expression profiles of 77840 publicly 
available Affymetrix samples from the GEO omnibus (http://www.ncbi.nlm.nih.gov/
geo/) with principal component analysis (PCA) and found that only a limited number 
of transcriptional components (TCs) capture the major variation that is present in 
the mRNA transcriptome. We subsequently identified a subset of TCs, which capture 
‘non-genetic’ regulatory factors of the mRNA transcriptome (e.g. physiological, 
metabolic and cell type specific regulatory factors). These ‘non-genetic’ TCs were 
used as covariates in multiple linear-regression to correct standard mRNA expression 
profiles. These corrected profiles are subsequently called ‘functional genomic mRNA’ 
profiles. In these profiles variance in mRNA expression due to physiological factors 
is minimized, revealing variance in expression due to DNA copy number alterations.

Subsequently, we obtained mRNA microarray data for ovarian cancer 
samples from the ‘curatedOvarianData’ database (41). As our analysis pipeline 
is designed for the Affymetrix platform, we extracted samples hybridized to the 
HG-U133A or HG-U133 2.0 microarrays, resulting in a total of 1143 serous 
ovarian cancer samples distributed over 5 different datasets. For these samples, 
we generated ‘functional genomic mRNA’ profiles that allowed us to quantify copy 
number alterations for individual samples and thus to determine the degree of 
genomic instability. As a measurement of genomic instability we calculated the 
cross-correlation, which is a mathematical tool for finding repeating patterns.  
The association between individual genes and the degree of genomic instability 
was determined by the Pearson product-moment correlation coefficient. 
Association were calculated for each of the 5 datasets and subsequently combined 
in a meta-analysis with the Liptak’s trend method. To correct for multiple testing, 
we performed this meta-analysis approach in a multivariate permutation setting. 

Cell lines

The human breast cancer cell lines MCF-7, and cervical cancer cell line HeLa 
were obtained from the American Type Culture Collection (ATCC) and were 
validated using STR profiling (BaseClear, the Netherlands). HeLa-pDR-GFP 
cells were kindly provided by J. Parvin (Ohio State University). MCF-7 and  
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pDR-GFP-MCF-7 cells were maintained in RPMI, HeLa and HeLa-pDR-GFP 
cells were maintained in 50% D-MEM with 50% HAM’s F12 media. All culture 
media were supplemented with 10% fetal bovine serum (Termo Scientific), 100 
units/ml penicillin, 100 µg/ml streptomycin and 100 µg/ml glutamine. All cell 
lines were cultured at 37°C in a humid atmosphere with 5% CO2.

Reagents

Rad51 inhibitor (BO2), ATR inhibitor (VE-821) and Chk1 inhibitor (AZD7762) 
were purchased from Axon Medchem (Groningen, the Netherlands). Triton-X100, 
Tween-20, bovine serum albumin (BSA), propidium iodide, puromycin, 
Hoechst-33342 and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide], were from Sigma Aldrich. Antibodies used in the study are listed in 
Supplemental Document 1.

Flow cytometry

For cell cycle analysis and gamma-H2AX analysis, MCF-7 and HeLa cells 
were trypsinized, washed with PBS and subsequently fixed in ice-cold 70% 
ethanol. After extensive washing, cells were incubated overnight at 4°C in  
PBS-0.5%Tween-20 with anti-gamma-H2AX. Cells were subsequently incubated 
with Alexa-488-conjugated secondary antibodies for 45 minutes and then treated 
with RNAse (100µg/ml) in combination with propidium iodide (50µg/ml). Cells 
were analyzed on a FACS-Calibur (Becton Dickinson) using Cell Quest software 
(Becton Dickinson). A minimum of 10000 events were analyzed. 

Mitotic chromosome spreads

Rad51-depleted and control-depleted cells were treated with nocodazole (Sigma-
Aldrich, St Louis, MO, USA, 250ng/ml) for 14 hours. Cells were trypsinized and 
swollen with 0.075 M KCl for 15 minutes at 37°C. After fixation with methanol/
acetic acid (3:1), cells were dropped onto glass slides, dried and stained with 5% 
Giemsa. Images were acquired using a Leica light microscope (DM3000) and at 
least 30 metaphases were analyzed per condition.
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RNA interference

Retroviral shRNA interfence was performed as described previously 
(42). In summary, to produce retroviral particles, HEK293T cells were 
transfected using pMDG and pMDg/p along with either pRetrosuper-
scrambled (TTCTCCGAACGGTGCACGT) or pRetrosuper Rad51 #1: 
(CTAATCAGGTGGTAGCTCA) (43) #2: (TGTAGCATATGCTCGAGCG) 
(44) in a 1:3:4 ratio. HeLa cells were infected using three consecutive 12 hours 
periods and infected cells were subsequently selected using puromycin (1µg/ml).  
For transient Rad51 siRNA experiments, HeLa cells were transfected with 133 nM 
scrambled siRNA (Invitrogen) or siRNAs targeting Rad51 (#1299001; Invitrogen) 
using oligofectamine (Invitrogen). Cells were harvested at 24 hours or 48 hours 
after transfection and Rad51 depletion was confirmed by western blotting.

Western blotting

Cells were lyzed at 4°C in mammalian protein extraction reagent (M-PER, Thermo 
Scientific) supplemented with protease and phosphatase inhibitors (Roche). 
Protein concentrations were determined by Bradford assay. For SDS-PAGE, 
 cell lysates were mixed with sample buffer (125mM Tris-HCl, pH 6.8, 10% 
β-mercaptoethanol, 4.6% SDS, 20% glycerol, and 0.003% bromophenol blue) and 
were boiled for 5 minutes prior to loading. Samples were subsequently separated 
by 10% SDS-polyacrylamide electrophoresis and transferred overnight to 
polyvinyl difluoride membrane (PVDF, Immobilon-P, Millipore). After blocking 
nonspecific binding sites for 1 h using 5% skim milk (Sigma) or 5% bovine serum 
albumin (BSA) in phosphate-buffered saline (PBS), supplemented with 0.05% 
Tween-20 (PBS-T), membranes were incubated overnight with primary antibody 
anti-Rad51 and anti-actin at 4°C. Membranes were then washed extensively in 
PBS-T and incubated with secondary HRP-conjugated antibodies for 30 minutes. 
After extensive washing, enhanced chemiluminescence (Lumi-light-plus, Roche) 
was used to visualize proteins using a Bio-Rad chemilimuniscence imager  
(Bio-Rad, Gel Doc EZ Imager), equipped with Bio-Rad Quantity One software.

Homologous recombination (HR) reporter assay

MCF-7-pDR-GFP cells were established as previously described (45).  
MCF-7-pDR-GFP and HeLa-pDR-GFP cells were transiently transfected with 
the I-Sce-1 endonuclease using FUGE transfection reagent (Roche) to induce  
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a DNA double-stranded break at the GFP locus. One hour before transfection 
cells were left untreated or treated with indicated concentration of Rad51 inhibitor 
(BO2) or roscovitine (25µM). Forty-eight hours after transfection, GFP positivity 
was analyzed on a FACS Calibur flow cytometer (Becton Dickinson) and GFP 
positivity of at least 50000 events was analyzed.

DNA fiber analysis

In order to assess replication dynamics Rad51-depleted HeLa cells or control-depleted 
cells were pulse-labeled with CIdU (25 µM) for 20 minutes. Next, cells were 
washed with medium and incubated with hydroxyurea (HU, 2mM) for 4 hours. 
Subsequently, cells were washed with media and pulse-labeled with IdU (250 µM) 
for 1 hour. Cells were harvested using trypsine and lysed on microscopy slides in 
lysis buffer (0.5% sodium dodecyl sulfate (SDS), 200 mM Tris [pH 7.4], 50 mM 
EDTA). DNA fibers were spread by tilting the slide and were subsequently  
air–dried and fixed in methanol/acetic acid (3:1) for 10 minutes. Fixed DNA 
spreads were stored for 24 hours at 4°C before the immuno-labeling spreads 
were treated with 2.5M HCl for 1.5 hours. CIdU was detected by staining with 
rat anti-BrdU (1:1000, AbD Serotec) for 1 hr and IdU was detected with mouse  
anti-BrdU (1:500, Becton Dickinson) for 1 hr and further incubated with AlexaFluor 
488-conjugated anti-rat IgG (1:500) and AlexaFluor 647-conjugated anti-mouse 
IgG (1:500) for 1.5 hours. Images were acquired on a Leica DM-6000RXA 
fluorescence microscope, equipped with Leica Application Suite software.  
The lengths of CIdU and IdU tracks were measured using ImageJ software.

MTT survival assay

MCF-7 and HeLa cells were plated at a density of 2000 cells per well in 96-well 
plates. One day after plating, cells were treated with increasing concentrations of 
ATR inhibitor VE-821 or Chk1 inhibitor AZD7762 in combination with Rad51 
inhibitor BO2 or dimethyl sulfoxide (DMSO). After three days, MTT solution 
[3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] was added to  
a final concentration of 0.5 mg/ml and plates were incubated at 37°C for 3 hours. 
The medium containing MTT was then discarded and 100 µl DMSO was 
added to cells. Absorbance was measured at 520 nm using an iMark microplate 
spectrophotometer (Bio-Rad). Background absorbance was subtracted, and 
untreated cultures were used as a reference to measure relative levels of MTT 
conversion.
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Clonogenic survival assay

MCF-7 and HeLa cells were seeded in 6-well plates. Cells were then treated as 
indicated with Rad51 inhibitor (10µM, BO2), ATR inhibitor (1µM, VE-821) 
or Chk1 inhibitor (50nM, AZD7762) at approximately 3 hours after plating.  
Rad51-depleted or control-depleted Hela and MCF-7 cells were treated with 
ATR inhibitor (1µM) or Chk1 inhibitor (100nM). Cells were incubated for 
approximately 14 days until the colonies contained a minimum of 50 cells. 
Colonies were subsequently fixed in methanol, stained with Coomassie Brilliant 
Blue (CBB) for 30 minutes and air-dried overnight. Clonogenic survival was 
assessed as percentage of surviving colonies (>50 cells per colony) compared to 
non-treated control. 

Fluorescence microscopy

MCF-7 cells, Rad51-depleted MCF-7 cells and control-depleted cells were seeded 
on glass coverslips. Cells were left untreated or treated as indicated with Rad51 
inhibitor (15 µM) in combination with or without HU (5 mM) for 24 hours. 
Subsequently, cells were washed in PBS and then fixed in 3.7% formaldehyde 
in PBS for 15 minutes at room temperature. Cells were permeabilized in 0.1% 
Triton X-100 in PBS for 5 min. Subsequently cells were extensively washed 
and incubated with PBS containing 0.05% Tween-20 and 5% BSA (Fraction V)  
(PBS-Tween-BSA) for 1 hour to block nonspecific binding. Cells were 
then incubated overnight at 4°C with primary antibodies anti-RPA70 and  
anti-phospho-RPA32 (Ser4/Ser8) in PBS-Tween-BSA. Cells were extensively 
washed and incubated for 45 minutes with AlexaFluor 488-conjugated secondary 
antibodies. Images were acquired on a Leica DM-6000RXA fluorescence 
microscope, equipped with Leica Application Suite software. Amounts of RPA 
and phospho-RPA foci per nucleus were measured using ImageJ software.
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Supplemental data

Supplemental Document S1. List of antibodies used in the study.

Primary antibodies

Name Species Company Catalog # Dilution

Anti-Rad51 Mouse GeneTex GTX70230 1:500

Anti-γ-Histone H2AX(Ser139) Rabbit Cell Signaling 9718 1:100

Ani-RPA70 Rabbit Cell Signaling 2267 1:100

Anti-phosphoRPA32(S4/S8) Rabbit Bethyl A300-245A 1: 500

Anti-BrdU (clone B44) Mouse Becton Dickinson 347580 1:500

Anti-BrdU ( clone ICR1) Rat AbD Serotec OBT0030 1:1000

Secondary antibodies

Name Species Company Catalog # Dilution

Horse radish peroxidase (HRP) Mouse Dako PO260 1:2500

Horse radish peroxidase (HRP) Rabbit Dako PO448 1:2500

Alexa-488 Rat Molecular Probes A21208 1:500

Alexa-488 Rabbit Molecular Probes A11008 1:300

Alexa-647 Mouse Molecular Probes A21235 1:500
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Supplemental Figure 1. 
(A) MCF-7 control-depleted cells and Rad51-depleted cells were treated with indicated 
doses of cisplatin. After 4 days of treatment, cells were incubated with MTT and the 
viability of cells was determined by colorimetric measurement. (B) Long-term clonogenic 
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survival assay in Rad51-depleted MCF-7 cells and control-depleted cells treated with 
indicated doses of ionizing radiation. Cells were treated as for Figure 5A, and quantified 
as described in panel 5B. (C) HeLa cells were transiently transfected with siRNA 
targeting Rad51 or control siRNAs. Cells were harvested at 24 hours and 48 hours after 
transfection and Western blot analysis was perform with anti-Rad51 and anti-Actin 
antibodies. (D) MCF-7 control-depleted cells and Rad51-depleted MCF-7 cells were 
fixed in 4% paraformaldehyde and stained with anti-RPA70. Representative images are 
shown. Quantification of RPA foci number per nucleus (n=50). (E) Cells were fixed as 
for supplemental figure 1D and stained with anti-phosphoRPA32 (S4/S8). Representative 
images are shown. Quantification of RPA foci number per nucleus (n=50).
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Supplemental Figure 2.
(A) HeLa cells were treated with DMSO, harvested at indicated time points and cell cycle 
profiles were analyzed by flow cytometry. The average of the percentage of cells in each 
phase of the cell cycle is presented. (B) MCF-7 cells were treated as for Supplemental 
Figure 2A. The average of the percentages of cells in each phase of the cell cycle is presented. 
(C) Representative cell cycle profiles of Rad51-depleted cells and MCF-7 control cells are 
plotted. Experiment was performed as described for panel 3A and quantified as described 
for panel 3B. (D) Cells were treated as for Figure 3C, and quantified as described for 
panel 3D. Representative cell cycle profiles of MCF-7 cells treated with Rad51 inhibitor 
are presented. (E) Representative examples of FACS plots of Rad51-depleted MCF-7- cells 
and MCF-7 control-depleted cells stained for gamma-H2AX positivity are indicated. Cells 
were treated as for Figure 3E, and quantified as described in panel 3F. (F) Representative 
example of FACS plots of MCF-7 cells treated with Rad51 inhibitor stained for gamma-
H2AX. Cells were treated as for panel 3G, and quantified as described in panel 3H. 
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Summary

Homologous recombination (HR) repair is crucial for error-free repair of the highly 
cytotoxic DNA double strand breaks (DSBs) and the recovery of stalled replication 
forks. As a consequence, defects in HR repair can lead to genomic instability, 
which contributes to tumorogenesis. Interestingly, tumors with defective HR 
repair are typically highly sensitive to DNA damage-inducing agents, including 
radio- and chemotherapy. Therapeutic inactivation of HR repair in tumor cells 
would therefore be a potential means to sensitize otherwise HR-proficient cancer 
cells. In this thesis, we investigated pathways that regulate the efficiency of HR 
repair with the aim to uncover how HR repair can be therapeutically inactivated 
in cancer cells to enhance the cytotoxic effects of radio- and chemotherapy. 
Additionally, we identified vulnerabilities of HR-deficient tumor cells and tested 
whether these could be exploited for targeted cancer therapy.

In Chapter 1, a general introduction is provided, as well as the aim of this 
thesis and an outline of subsequent chapters.

Regulation of HR repair is not confined to the core DNA repair components. 
Rather, the activity of many signaling pathways is integrated to stimulate or 
prevent HR DNA repair. A better understanding of these HR-regulatory pathways 
is required to broaden our knowledge on cancer development and may provide the 
required insight to develop future therapies. Therefore, in Chapter 2 we elaborated 
on cellular pathways that regulate HR fidelity. We specifically focused on the 
DNA damage response, cell cycle machinery, protein stability factors, and growth 
factor receptor signaling. Additionally, we performed a gene-set enrichment 
analysis (GSEA), using published data from two independent genome-wide 
siRNA screens for genes that are required for HR repair. Using this approach, we 
uncovered various novel HR regulatory pathways, including pathways comprising 
proteasome or RNA biology to be most significantly enriched. 

DNA repair is tightly regulated by cell cycle-regulated kinases, including 
the cyclin-dependent kinases (CDKs). We investigated the effects of forced Cdk1 
activation on DNA repair in Chapter 3. To this end, we elevated the activity of 
Cdk1 using a chemical inhibitor of the cell cycle kinase Wee1. Under normal 
circumstances, Wee1 prevents premature Cdk1 activity, and chemical Wee1 
inhibition elevates Cdk1 activity. Firstly, we validated the cytotoxic effects of 
Wee1 inhibition and showed that Wee1 inhibition does not induce toxicity 
in non-transformed cells. In line with other studies, we showed that Wee1 
inhibition potentiates the sensitivity to radiotherapy in p53-deficient cancer cells.  
We further observed that forced Cdk1 activation affects the cellular response to 
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DNA damage. Specifically, Wee1 inhibition reduced the numbers of 53BP1 foci 
after irradiation and conversely increased gamma-H2AX levels, indicating a block 
in DNA break repair. We showed that increased levels of Cdk1 in interphase cell 
caused by Wee1 inhibition resulted in inactivation of HR repair. Subsequently, we 
found that BRCA2 is one of the Cdk1 targets involved in this process, and that 
Wee1 inhibition leads to supra-physiological levels of BRCA2 phosphorylation. 
Combined, our findings have uncovered how levels of Cdk1 activity control HR 
repair, and how therapeutic modulation of Cdk1 activity can be used to inactivate 
HR repair. This mechanism can (at least partly) explain the observed chemo- and 
radiosensitizing effects of Wee1 inhibition, and highlights Wee1 inhibition as  
a novel approach to modulate DNA damage responses in cancer cells. 

Wee1 inhibition was shown in previous reports to potentiate the effect of 
radio- and chemotherapy specifically in p53-deficent cancer cell lines. In Chapter 
4, we studied the effects of Wee1 targeting in cervical cancers. More than 90% 
of these cancers are caused by persistent HPV infection and as a consequence 
have an impaired p53 pathway. The etiology of cervical cancer therefore makes 
this cancer subtype in principle susceptible for treatment with therapeutic Wee1 
inhibitors. Firstly, we examined the expression level of Wee1 in 204 advanced 
stage cervical cancers and found ubiquitous Wee1 expression in the far majority 
of the cases (~99.5 %). We found that Wee1 inhibition was cytotoxic as a single 
agent in a panel of cervical cancer cell lines, and that it sensitized human cervical 
cancer cells to cisplatin treatment. Moreover, we observed that Wee1-inhibition 
resulted in elevated levels of gamma-H2AX in mitotic cells, underscoring the role 
of Wee1 in G2/M control. Not all tested cervical cancer cell lines were sensitive 
to Wee1 inhibition. Interestingly, Rb1 depletion resulted in sensitivity to Wee1 
inhibition in otherwise insensitive cell lines. Our findings suggest that Rb1 status 
is a determinant of sensitivity to Wee1 inhibition and that threshold levels of HPV 
infection may be required to benefit from Wee1 inhibition.

 Defects in DNA repair or aberrations in the cell cycle checkpoints that 
monitor DNA damage can lead to premature mitotic entry in the presence of DNA 
damage. To provide insight into how cells deal with DNA damage during mitosis, 
we performed a literature study in Chapter 5. In response to DNA damage, cells 
activate a cellular pathway called ‘the DNA damage response’ (DDR). The DDR is 
differentially activated in each phase of the cell cycle. Early on it was observed that 
responses to DNA breaks during mitosis are much less pronounced, compared to 
these responses during interphase. Recent findings revealed that the DDR is not 
simply shut down during mitosis, but that it is mechanistically re-wired in order 
to mark sites of DNA damage for DNA repair after mitotic exit.
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In Chapter 6, we re-analyzed the mRNA expression profiles of 77,840 samples 
and observed the existence of a limited number of ‘transcriptional components’ 
(TCs). Based on these identified TCs, we constructed a multi-species co-regulated 
gene network with 19,997 unique human genes that enabled us to accurately predict 
the function of genes by using a ‘guilt-by-association’ procedure. Based on this gene 
network, we ranked all genes according to their degree of co-regulation with BRCA1 
and BRCA2. Using this approach, we could identify known HR genes involved, 
including RAD51, RAD51AP1, EXO1, BLM and MRE11A. Interestingly, the gene 
which showed highest co-regulation with BRCA1/2 was Flap Endonuclease-1 
(FEN1). Fen1 is known for its role in DNA replication, but a function in HR repair 
in mammalian cells was not identified thus far. We showed that both genetic and 
chemical Fen1 inhibition results in impaired HR repair in mammalian cancer cells. 
Subsequently, increased levels of DNA breaks were observed, when Fen1 inhibition 
was combined with PARP1 inhibition. Finally, we found that Fen1 inhibition makes 
cancer cells extremely sensitive to PARP1 inhibitors, a characteristic shared with 
HR-deficient tumor cells.

Cytogenetic analysis of 1,143 ovarian cancers in Chapter 7 revealed that 
the genetic loci encompassing the replication checkpoint genes ATR and CHEK1 
are frequently amplified in genomically instable cancers. In order to test whether 
genomically instable cancer cells are more dependent on replication checkpoint 
signaling, we used genetic or chemical Rad51 inhibition to model HR-related 
genomic instability. Rad51 inactivation in cancer cells induced genomically 
instability, as shown by increased levels of DNA breaks and cell cycle arrest. 
Notably, inactivation of HR through Rad51 inhibition led to aberrant replication 
dynamics, which resulted in elevated replication stress signaling through the ATR/
Chk1 pathway. Importantly, treatment with therapeutic ATR or Chk1 inhibitors 
prevented clonogenic cancer cell outgrowth in Rad51-deficient cells. These results 
pointed at the ATR/Chk1 kinases as Achilles heels in HR-deficient cancer cells 
and warrant ATR and Chk1 inhibitors to be further studied in these cancers.

Discussion and Future Perspectives 

DNA repair in cancer cells

Despite extensive research over the past decades, radio and chemotherapy still 
are the cornerstone of anti-cancer therapy. Although these treatment modalities 
showed to be effective, the clinical outcome for many cancers is still far from 
desired. Since these therapies target cancer cells by inducing highly cytotoxic DNA 
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lesions, including DNA DSBs, the ability of cancer cells to repair these lesions 
significantly determines the therapeutic outcome (1-3). In line with this notion, 
therapeutic inhibition of DNA repair pathways that resolve DNA DSBs should 
in principle enhance the effects of radio-chemotherapy (2). DNA DSBs can be 
repaired by two pathways: Non-homologous end-joining (NHEJ) or homologous 
recombination (HR). NHEJ can be employed to repair DNA DSBs during the 
entire cell cycle, whereas DNA breaks induced in S and G2-phase cells can also 
be resolved by HR repair. Inactivation of HR will increase the sensitivity to DNA 
damaging agents only in proliferating cells, and may therefore be most suitable for 
targeting cancer cells. Additionally, HR is also involved in resolving interstrand 
crosslinks (ICLs), which are induced by numbers of chemotherapeutic agents, 
including cisplatin (4). Also, in order to deal with replication stress HR repair is 
required. Specifically, HR is involved in the restarting of replication forks after 
they stalled due to replication stress, which is very common in cancers (5-7).  

Combined, efficient HR repair is required not only for resolving  
treatment-induced DNA lesion but also for faithful replication and cell survival 
under conditions without external sources of DNA damage. Multiple studies  
have shown that loss of HR function leads to an accumulation of DNA damage, 
and that HR-deficient cells are more sensitive to radio- and chemotherapy (8). 
Therefore therapeutic targeting of HR appears to be a promising approach to 
improve anti-cancer therapies.

Therapeutic inactivation of HR DNA repair

More efficient HR makes tumors better equipped against therapy. For instance, 
overexpression of Rad51 has been found in various tumors and was correlated 
with resistance to radiation and chemotherapy (9, 10). Conversely, HR-deficient 
cancers are selectively sensitive for various agents including cisplatin and PARP 
inhibitors (8). So, both these observations make that inactivation of (either  
normal or hyperactive) HR repair in cancer cells could be used to sensitize 
cancer cells to therapeutics that preferentially target HR deficient cancers.  
A straightforward approach to achieve this would be to directly target components 
of HR repair pathways. In current drug development, enzymatic components are 
usually most efficient to develop drugs against. The main enzymatic component 
within the HR pathways is the Rad51 recombinase.

Chemical inhibitors of Rad51 have been developed and showed promising 
results in preclinical studies, as agents sensitizing to chemotherapy (11).  
As demonstrated in chapter 6, discovery of new enzymatic HR components such 
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as the flap endonuclease 1 (Fen1) may be relevant in this context, as it yields 
novel potential therapeutic targets. Our findings on Fen1 are in line with results 
from non-mammalian model organisms, which indicated that Fen1 may play 
an important role in HR repair (12). Interestingly, Fen1 expression was found 
to be elevated in various cancers types (13) and correlated with tumor grade 
(14). Combined, these data point at Fen1 inhibition as a potential therapeutic 
strategy for HR inactivation. However, due to the essential nature of Fen1, its 
inhibition could have deleterious effect in proliferating normal cells in the long 
term. Therefore, more knowledge on Fen1 function in HR is needed to develop 
specific inhibitors which will preferentially impair its HR function. Additionally, 
specific delivery of Fen1 inhibitors to cancer cells, using novel drug delivery 
systems, could possibly minimize adverse systemic effects, thus helping to verify 
the feasibility of Fen1 inhibition for cancer treatment. 

HR deficiency could also be successfully induced using short-term cellular 
hyperthermia (41-42.5°C). Specifically, hyperthermia was shown to induce Brca2 
destabilization and impaired HR efficiency and conferred radiosensitization and 
sensitivity to poly(ADP-ribose) polymerase (PARP)1 inhibition (15). Nonetheless, 
this approach appears not to be entirely specific for inactivating HR repair, and the 
observed sensitizing effects of hyperthermia were unlikely achieved exclusively by 
Brca2 degradation. 

Additionally, therapeutic modulation of indirect HR regulators could be 
used to achieve an HR deficiency phenotype and thereby sensitize cancer cells 
to DNA damaging agents. For instance, we demonstrated that HR repair can be 
inhibited by forced Cdk1 activation induced by Wee1 inhibition (Chapter 3). 
Our data indicate that HR inactivation caused by Wee1 inhibition can  
(at least partly) explain the previously described potentiating effects of Wee1 
inhibition on radio- and chemotherapy (16-19). These data suggest also that 
Wee1 inhibition may sensitize tumor cells to PARP1 inhibition. Importantly, 
these promising in vitro results with Wee1 inhibition have encouraged the 
clinical evaluation of this approach (e.g. NCT00648648, NCT01849146 
and NCT01357161) and the results from these studies should indicate the 
therapeutic potential of Wee1 inhibition.

Also newly-identified regulatory factors can provide an alternative 
approach to inactivate HR repair. As we demonstrated in chapter 2, analysis of 
genome-wide siRNA based screens revealed that HR repair is likely influenced 
by pathways involved in proteasome function and post-transcriptional RNA 
processing pathways. Potentially, also these pathways contain druggable targets 
for inactivation of HR repair.
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Our meta-analysis in Chapter 2 only assessed coding genes, and did not 
incorporate any data on non-coding RNAs. Interestingly, the field of microRNAs 
(miRNAs) also revealed novel HR regulators. Specifically, recent reports have 
uncovered that DNA damage response components interact with miRNAs (20-22). 
For instance, BRCA1 expression was shown to be suppressed by miR-182, which 
subsequently sensitized cells for PARP1 inhibition (23). In contrast, miR-155 was 
shown to be elevated in various cancers, and was reported to be down-regulated 
by BRCA1 (24, 25). Therefore it might be feasible in the future to employ 
therapeutically delivered miRNAs as inhibitors of DNA repair components in 
order to improve cancer therapy.

Importantly, mutations in HR repair genes such as BRCA1 and BRCA2 give 
rise to cancer predisposition. This notion fits the pattern that DNA repair has 
a tumor suppressive function, which is underscored by the recent observation 
that out of 114 well-established tumor-suppressor genes, 28 clearly function in 
DNA repair and cell cycle checkpoints (26).  Thus, therapeutic inactivation of 
DNA repair, including HR repair, could pose a threat of inducing malignancies in 
healthy cells. Considering that HR repair is mainly employed during S-phase its 
inhibition will affect predominantly fast proliferating cancer cells and proliferating 
epithelia and cells of the hematopoietic system. Therefore, only highly specific and 
transient therapies based on HR-inactivation are likely to show cancer-preferential 
effects in enhancing radio- and chemosensitization. However, thorough safety 
testing and long-term assessment of neoplasm development is warranted.

Exploiting vulnerabilities of HR-deficient cancers

Although beneficial effects of combining selective inhibitors of DNA repair with 
radio- and chemotherapy were demonstrated in various studies (27), targeting 
cancer defects with DNA repair inhibitors appear to be even more promising.  
This approach is based on the concept of synthetic lethal interactions.  
In this concept, a defect in one cellular pathway does only lead to cytotoxicity in 
combination with a second defect. Inactivation of either one of these pathways 
does not affect cellular viability, whereas the combined inactivation leads to 
cellular lethality. The first time that this targeting strategy was exploited, was in 
cancers with mutations in the BRCA1/2 genes. Cancer cells with either of those 
genes mutated were shown to be very sensitive to the inhibition of PARP1, (28-30). 
PARP1 inhibition blocks repair of single strand DNA breaks (SSBs) and 
consequently leads to accumulation of SSBs, which are converted to double strand 
breaks (DSBs) in replicating cells. In BRCA1/2-deficient cells, DSBs cannot be 



181

Summary, Discussion and Future Perspectives

8

efficiently repaired due to their deficiency in HR repair, leading to tumor cell 
death (28-30). This approach was proven to be very effective in various pre-clinical 
studies. Despite these promising results, PARP inhibition has not brought the 
expected clinical benefit. Nonetheless, therapeutic strategies based on the concept 
of synthetic lethal interaction have emerged as very attractive approaches for 
cancer treatment. Identification of novel synthetic lethal interactions are therefore 
actively being pursued.

HR-deficient cells have continuous DNA damage and consequently are more 
dependent on cell cycle checkpoints for their survival. Specifically, BRCA1/2-mutant 
cancers almost invariably have G1 checkpoint inactivation due to TP53 mutations, 
which makes them more reliant on their G2 checkpoint. Inhibition of G2 checkpoint 
components combined with genotoxic treatment in this type of cancers is one of 
the proposed strategies to eradicate these cancers (31).

Moreover, lack of a G1/S checkpoint in HR-defective cancers could result in 
enhanced replication stress during S phase, which could point at the replication 
checkpoint as a potential therapeutic target. Elevated levels of replication stress 
are not uncommon in cancer cells, due to activated oncogenes. The resulting 
elevated levels of replication stress makes that the survival of these cancer cells 
critically depends on replication checkpoint signaling, including the ATR and 
Chk1 kinases. In line with this notion, inhibition of this signaling pathway was 
shown to be effective in Myc-driven lymphomas (32). We showed that also  
HR-defective cancer cells have increased levels of replication stress, which makes 
them more vulnerable to inhibition of the ATR/Chk1 signaling axis (Chapter 7). 
The levels of replication stress in HR-deficient cells, however, not necessarily come 
from oncogene activation, but from the inability to protect and restart replication 
forks. 

Importantly, with elevated levels of replication stress being prevalent 
mainly in cancer cells, targeting of replication checkpoint components should 
be predominantly cytotoxic for cancer cells when compared to normal tissues. 
Although all the pre-clinical studies so far indicate a therapeutic potential of this 
strategy, there is a risk that cancer cells might adapt to high level of replication 
stress or activate alternative mechanism to cope with it. Therefore, further research 
is required to verify whether this strategy can be eventually exploited in the clinic. 

Novel treatment approaches targeting vulnerabilities of HR-defective 
cancers can only be successful in appropriately selected patients with truly 
impaired HR repair capacity. Insufficiently strict selection criteria appear one 
of the reasons why PARP inhibitor therapy was not effective enough in clinical 
trials (33). Therefore, it would be very impactful if DNA repair capacity could 
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be assessed in patient samples in order to properly stratify patient for therapies 
targeting HR deficiency. One approach could be to test the status of HR genes.  
For instance BRCA1 and BRCA2 status could be analyzed genetically by PCR-based 
techniques or novel parallel sequencing platforms in patient material. However, 
not only inactivation through gene mutation affects BRCA1 or BRCA2. Also DNA 
hypermethylation of especially the BRCA1 gene is frequently reported for several 
cancers (34-36). Besides, various secondary mutations can determine the effects 
of initial mutations in the BRCA1/2 genes. Firstly, intragenic secondary mutations 
within the BRCA1 or BRCA2 genes can restore gene function (37-39). Secondly, 
also secondary mutations in other genes such as TP53BP1, were shown to reverse 
the HR defect in BRCA1 mutant cancers (40). Additionally, loss of function of 
other HR genes such as PALB2 (41) and RAD51C (42) also confers a HR-defective 
phenotype. Combined, mutational analysis of BRCA1 and BRCA2 may not capture 
functional HR deficiency invariably. Measuring the status of BRCA1/2 genes 
might therefore not be sufficient to assess the efficiency of HR repair. In order to 
classify patients properly according to their HR repair status, the functional HR 
capacity should ideally be tested in tumor biopsies. An approach in this context 
would be to measure consequences of defective HR, such as genome-wide copy 
number variation analysis using aCGH (43). However, such assays might be 
revealing remainings of tumor evolution, rather than being a proxy for a current 
HR deficiency.

More promising strategies therefore would be assays that measure functional 
HR, such as Rad51 foci formation in cancer tissue (44).

Conclusions

DNA repair capacity, including the ability to perform HR repair, determines the 
efficiency of anti-cancer therapies. A better understanding of the mechanisms of 
HR and the identification of novel HR genes as well as indirect regulators of HR 
capacity is crucial to develop more specific inhibitors of HR, which are essential 
tools for validating this approach. In addition, uncovering specific vulnerabilities 
of HR-deficient cancers can be used to target tumors that are intrinsically  
HR-deficient or are induced to be HR-deficient. When a functional assessment 
of DNA repair capacity in patient material can be achieved, novel therapeutic 
strategies that target HR-deficiency hold a great promise for improving cancer 
treatment.
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Introductie

In de behandeling van kanker worden radiotherapie en chemotherapie toegepast 
om schade te induceren in het DNA van kankercellen. Het gebruik van radio- en 
chemotherapie draagt bij aan verbeterde overleving en genezing van verschillende 
tumorsubtypen. Echter, radio- en chemotherapie cureert nog zeker niet alle 
patiënten en gaat gepaard met bijwerkingen. Er is daarom een grote behoefte aan 
betere therapieën. De radiochemotherapie leidt niet bij alle patiënten tot genezing 
omdat kankercellen het  vermogen hebben om therapie-geïnduceerde DNA schade 
te repareren en de effecten van radio- en chemotherapie daarmee teniet te doen. 

Een DNA reparatiemechanisme dat belangrijk is in deze context is homologe 
recombinatie (HR). HR wordt gebruikt om de zeer toxische DNA dubbelstrengs 
breuken (DSB) foutloos te repareren. Dit type DNA reparatie is vaak defect in 
verschillende soorten kanker, waaronder erfelijke borstkanker en eierstokkanker. 
In de laatstgenoemde kankersoorten zorgen mutaties in de BRCA1 en BRCA2 
genen voor een defect in HR. Interessant genoeg zijn tumoren met een HR 
defect gevoeliger voor DNA schade, inclusief DNA schade veroorzaakt door 
radio- en chemotherapie. Deze observaties suggereren dat het therapeutisch 
inactiveren van HR reparatie een manier is om tumorcellen gevoeliger te maken 
voor radiochemotherapie, en dat hiermee de therapeutische mogelijkheden voor 
verschillende soorten kanker potentieel verbetert kunnen worden.

Het doel van  dit proefschrift  

Reparatie door middel van HR staat onder controle van diverse factoren, zowel 
intrinsieke als externe factoren. Sommige van deze factoren zouden bruikbaar 
kunnen zijn voor therapeutische interventie, om daarmee de reparatiecapaciteit 
van  tumorcellen te moduleren. Het doel van dit proefschrift is om relevante 
regulatoren van HR te identificeren en daarmee twee kanker-relevante vragen te 
beantwoorden:

1. Hoe kan HR therapeutisch geïnactiveerd worden in tumorcellen om 
de cytotoxische effecten van DNA schade te vergroten, en daarmee de 
tumorcellen gevoeliger te maken voor radio- en chemotherapie?

2. Welke mechanismen zorgen voor tumorcel overleving van HR-deficiënte 
tumorcellen, en kunnen we therapeutisch aangrijpen op deze 
mechanismen?
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Samenvatting van de hoofdstukken

In Hoofdstuk 1 wordt een algemene introductie gegeven over dit proefschrift met 
daarin het doel van dit proefschrift en een korte beschrijving van de verschillende 
hoofdstukken.  

De regulatie van reparatie door middel van HR is niet gelimiteerd tot de 
eiwitten die onderdeel uitmaken van de ‘core’ HR machinerie. Integendeel, de 
activiteit van veel verschillende signaleringsroutes worden geïntegreerd om 
de HR activiteit te remmen of stimuleren. Meer inzicht in signaleringsroutes 
die HR reguleren is nodig om te begrijpen hoe kanker ontstaat en kan kennis 
opleveren om betere therapieën te ontwikkelen. Daartoe wordt in Hoofdstuk 2 
een overzicht gegeven van de cellulaire signaleringsroutes die HR kan reguleren. 
Specifiek wordt er gefocust op de ‘DNA schade response’, celcyclus machinerie, 
eiwitstabiliteit controle systemen en groeifactorsignalering. Bovendien, hebben 
we een ‘Gene-Set Enrichment Analysis (GSEA)’ gedaan op basis van publiek 
beschikbare data van genoom-brede siRNA studies, waarin genen bestudeerd zijn 
die nodig zijn voor HR. Op basis van deze analyse hebben we verschillende nieuwe 
signaleringsroutes geïdentificeerd die betrokken zijn bij HR reparatie, waaronder 
routes die betrokken zijn bij RNA metabolisme en proteasoom regulatie.  

DNA reparatie wordt gereguleerd door celcyclus kinases, waaronder de  
cycline-afhankelijke kinases (CDKs). In Hoofdstuk 3 hebben we de effecten op DNA 
reparatie bestudeerd na het geforceerd activeren van Cdk1. Hiervoor hebben we een 
chemische remmer van Wee1 gebruikt. Onder normale omstandigheden remt Wee1 
de activiteit van Cdk1. Remming van Wee1 leidt daarom tot verhoogde Cdk1 activiteit. 
Allereerst hebben we de cytotoxische effecten van Wee1 remming bestudeerd, en 
hebben we laten zien dat Wee1 remming niet toxisch is voor niet-getransformeerde 
cellen. Daarnaast resulteert Wee1 remming in verhoogde gevoeligheid van  
p53-deficiente cellen voor bestraling en verstoort Wee1 remming de cellulaire respons 
op DNA schade. In het bijzonder zagen we meer van de reparatie-eiwitten 53Bp1 en 
gefosforyleerd H2AX op DNA breuken. Bovendien konden we een verminderde 
capaciteit om HR reparatie ui te voeren aantonen. Een mogelijke mechanistische 
verklaring hiervan werd gevonden in verhoogde Cdk1-gemedieerde fosforylatie van 
BRCA2. Concluderend, laten onze resultaten zien dat de hoeveelheid Cdk1 activiteit 
HR reparatie bepaalt, en hoe therapeutische interventie op Cdk1 activiteit gebruikt 
kan worden om HR DNA reparatie te remmen. Dit mechanisme kan,in ieder geval 
deels, de geobserveerde effecten voor chemo- en radiogevoeligheid van Wee1 inhibitie 
verklaren, en benadrukt Wee1 inhibitie als een nieuwe benadering om DNA schade 
respons in kankercellen te moduleren. 
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In eerdere publicaties is aangetoond dat Wee1 inhibitie een versterkend effect 
heeft op radio- en chemotherapie, specifiek in p53-deficiënte kankercellijnen.  
In Hoofdstuk 4 is de Wee1 expressie in baarmoederhalskanker bestudeerd en zijn 
de effecten van Wee1 remming op baarmoederhalskanker cellijnen bestudeerd. 
Baarmoederhalskanker is in meer dan 90% van de gevallen veroorzaakt door 
infectie met het humaan papilloma virus (HPV). Omdat HPV infectie resulteert 
in p53 inactivering, lijkt baarmoederhalskanker een tumortype te zijn, waarvoor 
behandeling met Wee1 remmers  nuttig kan zijn. Allereerst hebben we de Wee1 
expressie bestudeerd met behulp van immunohistochemie in tumormateriaal 
van 204 baarmoederhalskankerweefsel en vonden we expressie van Wee1 in het 
overgrote deel van de tumoren (~99.5 %). Remming van Wee1 bleek cytotoxisch 
in een panel van humane baarmoederhalstumoren, en Wee1 remming maakte 
baarmoederhalskankercellen gevoeliger voor cisplatin. Wee1 remming 
resulteerde in verhoogde niveaus van gamma-H2AX in mitotische cellen, wat 
wijst op verstoorde controle van de G2/M transitie. Niet alle HPV-positieve 
baarmoederhalscellijnen bleken gevoelig voor Wee1 remming. Verrassend bleek 
inactivering van Rb1, maar niet p53, deze cellen alsnog gevoelig te maken voor 
Wee1 remming. Deze resultaten wijzen erop dat Rb1 een determinant is voor 
gevoeligheid voor Wee1 remming, en dat slechts minimale niveaus van HPV nodig 
zijn om baarmoederhalstumorcellen gevoelig te maken voor Wee1 remming.

Defecten in DNA reparatie of veranderingen in ‘cel cyclus checkpoints’ 
kunnen leiden tot een voorbarige start van de mitose, in de aanwezigheid van 
DNA schade. Om inzicht te geven in de wijze waarop cellen reageren op DNA 
schade tijdens mitose, is in Hoofdstuk 5 hierover een literatuur overzicht gemaakt. 

Na DNA schade activeren cellen een cellulaire signaleringsroute genaamd: 
de DNA schade response (DSR). De activering van de DSR hangt af van de cel 
cyclus fase waarin cellen zich bevinden. Al vele jaren geleden is ontdekt dat de 
DSR slechts minimaal actief is wanneer DNA schade wordt gedetecteerd tijdens 
mitose. Meer recente vindingen hebben laten zien dat de DSR niet compleet 
geïnactiveerd wordt tijdens mitose, maar dat DNA schade gemarkeerd wordt om 
op een later moment te repareren.

In Hoofdstuk 6 is een her-analyse gedaan van mRNA expressie profielen 
van 77,840 monsters en zijn een beperkt aantal ‘transcriptionele componenten 
(TC) geïdentificeerd. Op basis van deze TC is een gen-netwerk gebouwd waarin 
de mate van co-regulatie van 19,997 humane genen is beschreven. Met behulp 
van dit gen-netwerk konden we accuraat de functie van genen voorspellen, en zijn 
alle genen gerangschikt op basis van hun co-regulatie met BRCA1 en BRCA2. In 
deze analyse werden bekende HR regulators geïdentificeerd, waaronder  RAD51, 
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RAD51AP1, EXO1, BLM en MRE11A. Echter, het meest ge-co-reguleerde gen was 
Flap Endonuclease-1 (FEN1). Fen1 is bekend voor haar rol in DNA replicatie, 
maar een functie in HR was tot dusver niet bekend. Zowel chemische als 
genetische remming van Fen1 resulteerde in een verminderd vermogen om HR te 
verrichten. Daarnaast werden er verhoogde levels DNA breuken waargenomen, 
wanneer  Fen1 en PARP1 remming werd gecombineerd. Tot slot bleek Fen1 
remming humane tumorcellen veel gevoeliger te maken voor PARP1 remmers, 
een effect dat karakteristiek is voor HR-deficiënte cellen.

Cytogenetische analyse van 1,143 eierstokkankers in Hoofdstuk 7 liet zien 
dat de genetische loci waarop de replicatie checkpoint genen ATR en CHEK1 
liggen frequent geamplificeerd zijn in genoom instabiele tumoren. Om te testen 
of genoom instabiele tumoren voor hun groei meer afhankelijk zijn van deze 
genen, hebben we genoominstabiliteit in vitro gemoduleerd met chemische of 
genetische Rad51 remming. Rad51 inactivering in kankercellen resulteerde 
inderdaad in genoominstabiliteit. Opvallend genoeg, leidt Rad51 inactivering 
tot verstoorde replicatie kinetiek en ATR activering. Belangrijk in deze context 
is dat therapeutische remming van ATR of Chk1 de groei van HR-deficiënte 
cellen bijna volledig remt. Deze resultaten wijzen op ATR en Chk1 als mogelijke 
therapeutische aangrijpingspunten in HR-deficiënte kankercellen. 

Conclusies

De capaciteit om DNA te repareren, en in het bijzonder de capaciteit om HR hiervoor 
te gebruiken, beïnvloedt de effectiviteit van veelgebruikte kankerbehandelingen. 
Een beter begrip van de HR mechanismen en de regulatoren hiervan, en de 
identificatie van nieuwe genen die betrokken zijn bij HR is zeer belangrijk om te 
komen tot effectieve therapeutische remmers van HR. Zulke remmers zijn nodig 
om te testen of HR remming een bruikbare manier is om tumoren te sensitiseren 
voor radio- en chemotherapie.

Daarnaast is het belangrijk om de specifieke gevoeligheden (Achilles hielen) 
van HR-deficiënte kankercellen te ontdekken. Zulke gevoeligheden kunnen 
vervolgens als aangrijpingspunt dienen om intrinsiek HR-deficiënte tumoren, 
of therapeutische-geïnduceerde HR-deficiënte tumoren beter te behandelen. 
Wanneer zulke therapieën gebruikt kunnen worden in combinatie met assays 
die de functionele status van HR bepalen, lijken therapieën die aangrijpen op  
HR-deficiëntie veel potentie te hebben om kankerbehandelingen te kunnen 
verbeteren.
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Wstęp

Radio- i chemioterapia powodują uszkodzenia w strukturze DNA i w konsekwencji 
śmierć komórek nowotworowych. Połączenie radio- i chemioterapii zwiększa 
przeżywalność pacjentów z chorobami nowotworowymi. Jednakże stosunkowo 
niska efektywność oraz poważne efekty uboczne tych terapii  zmuszają do 
poszukiwania skuteczniejszych strategii w leczeniu chorób nowotworowych.  
Niska skuteczność radio- i chemioterapii jest przynajmniej częściowo  
spowodowana zdolnością komórek nowotworowych do naprawiania  
uszkodzonego DNA, co pozwala na przezwyciężenie toksycznego efektu terapii. 
Jednym z mechanizmów naprawy uszkodzonego DNA jest naprawa przez 
homologiczną rekombinację (HR; ang. homologous recombination repair). 
Homologiczna rekombinacja pozwala na bezbłędne naprawienie dwuniciowych 
pęknieć  DNA  (ang. DNA double strand breaks, DSBs), które należą do 
najbardziej toksycznych uszkodzeń DNA. W niektórych nowotworach, np. raku 
piersi i jajników, wykryto mutacje w genach naprawczych BRCA1 i BRCA2, 
które prowadzą do zaburzeń w naprawie HR. Badania wykazały, że komórki 
nowotworowe z  niesprawną naprawą HR są bardziej wrażliwe na radioterapię 
i chemioterapię. W związku z tym terapeutyczne zablokowanie tego systemu 
naprawy powinno zwiększyć efektywność radio- i chemioterapii w nowotworach.

Cel pracy

Celem badań opisanych w niniejszej pracy było odkrycie czynników regulujących 
naprawę przez homologiczną rekombinację (HR), a tym samym znalezienie 
odpowiedzi na następujące  pytania:

1. Jak zablokować naprawę HR w komórkach nowotworowych i czy 
uwrażliwi to komórki nowotworowe na radio- i chemioterapię?

2. Czy możliwe jest zidentyfikowanie „pięt Achillesowych” w komórkach 
nowotworowych z niesprawną naprawą HR i ich wykorzystanie w terapii 
przeciwnowotworowej? 
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Streszczenie rozdziałów
 

W rozdziale pierwszym przedstawione są ogólne wprowadzenie, cele pracy 
oraz streszczenie poszczególnych rozdziałów. Rozdział drugi zawiera przegląd 
literatury dotyczący zewnątrz- i wewnątrzkomórkowych czynników regulujących 
efektywność homologicznej rekombinacji, takich jak: odpowiedź komórkowa 
na uszkodzenie DNA (ang. the DNA damage response, DDR), białka cyklu 
komórkowego (ang. cell cycle machinery), czynniki regulujące stabilność 
białek (ang. protein stability factors), oraz procesy związane z przekazywaniem 
sygnałów z receptorów czynników wzrostowych (ang. growth factor receptor 
signaling). Ponadto przeprowadziliśmy analizę GSEA (ang. a gene-set enrichment 
analysis) bazując na opublikowanych danych z dwóch niezależnych genome-wide 
siRNA screens w celu identyfikacji genów wymaganych do naprawy 
HR. W ten sposób udało nam się zidentyfikować nowe czynniki regulujące 
proces homologicznej rekombinacji, w tym białka  proteasomu oraz 
białka odpowiedzialne za potranskrypcyjne modyfikowanie RNA. 
Naprawa DNA, a więc także HR, jest ściśle regulowana przez kinazy cyklu 
komórkowego takie jak Cdks (ang. cell cycle-dependent kinases). W rozdziale 
trzecim badaliśmy efekt aktywacji Cdks na wydajność naprawy DNA. W sytuacji 
fizjologicznej kinaza Wee1 blokuje aktywność Cdk1, stąd inhibicja Wee1 powoduje 
zwiększenie aktywności Cdk1. Nasze badania wykazały, że zablokowanie kinazy 
Wee1 uwrażliwiło komórki notwotworowe z mutacją w genie p53 na radioterapię 
i chemioterapię. Ponadto zablokowanie Wee1 wpłynęło na odpowiedź komórki 
na uszkodzenia DNA (DDR), powodując zwiększenie ilość tzw. foci 53BP1 
(znacznik naprawy DNA) oraz zwiększenie ilości foci gamma-H2AX (znacznik 
uszkodzeń DNA), wskazując na zablokowanie naprawy HR. Ponadto wykazaliśmy, 
że zablokowanie Wee1 prowadzi do zwiększenia poziomu ufosforylowanego 
BRCA2, wskazując,że BRCA2 jest jednym z białek modyfikowanych przez Cdk1, 
zaangażowanych w ten proces. Podsumowując, badania pokazały, że aktywność 
Cdk1 kontroluje naprawę HR. W związku z tym wpływanie na aktywność Cdk1 
może być wykorzystane w celu zablokowania naprawy HR. Zaprezentowany 
mechanizm przynajmniej częściowo wyjaśnia jak zablokowanie Wee1, uwrażliwia 
komórki na radio- i chemioterapię.  Inhibicja kinazy Wee1 jest nowym sposobem na 
modulowanie mechanizmów naprawy uszkodzeń DNA w komórkach rakowych. 
W rozdziale czwartym  badaliśmy czy kinaza Wee1 może być wykorzystana 
w leczeniu raka szyjki macicy. Ponad 90% przypadków raka szyjki macicy jest 
spowodowane przez infekcję wirusem HPV, która prowadzi do zablokowania 
aktywności białka p53. W związku z tym rak szyjki macicy powiniem być 
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szczególnie wrażliwy na inhibitory kinazy Wee1.W większości (~99,5%) z 204 
próbek, pochodzącyh od pacjentek z zaawansowanym rakiem szyjki macicy, 
stwierdzono ekspresję kinazy Wee1. Ponadto wykazano, że inhibitor kinazy Wee1 
jest toksyczny dla komórek raka szyjki macicy oraz uwrażliwia te komórki na 
działanie cisplatyny. Inhibitor Wee1 spowodowal wzrost poziomu gamma-H2AX 
w komórkach w stadium mitozy, co wskazuje na rolę Wee1 w przejściu fazy G2/M 
cyklu komórkowego. Nie wszystkie linie komórkowe były jednak wrażliwe na 
inhibicję Wee1. Obniżenie ekspresji Rb1 w linii komórkowej odpornej na inhibitor 
Wee1 spowodowało jej uwrażliwienie. Ten wynik  sugeruje, że status białka Rb1 
może mieć wływ na wrażliwość lini komórkowych na inhibicję Wee1. Defekty  
w mechanizmach naprawy DNA oraz białkach odpowiedzialnych za zatrzymanie  
cyklu komórkowego w sytuacji, gdy DNA jest uszkodzone, mogą doprowadzić  
do przedwczesnego wejścia komórki z uszkodzonym DNA w fazę mitozy.  
W rozdziale piątym przedstawiliśmy przegląd literatury opisujący, w jaki sposób 
komórka radzi sobie z uszkodzeniami w DNA w fazie mitozy. Badania wykazały,  
że w odpowiedzi na uszkodzenia DNA komórki uruchamiają szlak zwany 
odpowiedzią na uszkodzenie DNA (DDR). DDR jest sprzężona z cyklem 
komórkowym i jest różnie regulowana w poszczególnych fazach cyklu 
komórkowego. Do niedawna panowało przekonanie, że  DDR jest znacznie 
mniej aktywna w trakcie mitozy niż w trakcie interfazy. Jednakże w świetle 
ostatnich badań DDR nie jest aktywna w trakcie mitozy, jednak są zaznaczane 
miejsca uszkodzeń DNA przeznaczone do naprawy po zakończczeniu mitozy. 
W rozdziale szóstym przeanalizowalismy profile ekspresji 77840 probek 
mRNA i zaobserwowaliśmy określoną liczbę komponentów transkrypcyjnych 
(ang. transcriptional components, TC). W oparciu o zidentyfikowane TC 
stworzyliśmy wielogatunkową sieć koregulowanych genów (ang. multi-species 
co-regulated gene network), zawierającą 19,997 genów ludzkich, co pozwoliło 
na określenie funkcji poszczególnych genów. W oparciu o tę sieć genów, 
zaklasyfikowaliśmy wszystkie analizowane geny według ich stopnia koregulacji 
z BRCA1 i BRCA2. W ten sposób zidentyfikowaliśmy znane geny HR, takie jak: 
RAD51, RAD51AP1, EXO1, BLM i MRE11A. Genem, który wykazał najwyższy 
stopień koregulacji z BRCA1/2,  był gen kodujący endonukleaze Fen1 (ang. Flap 
Endonuclease-1 FEN1). Wcześniejsze badania wykazały rolę Fen1 w replikacji, 
jednakże udział Fen1 w naprawie HR jak dotąd nie został udowodniony.  
Nasze badania pokazały, że chemiczne i genetyczne zablokowanie Fen1 
prowadzi do zaburzeń w naprawie HR. Ponadto, chemiczne zablokowanie Fen1 
i PARP1 doprowadziło do zwiększenia poziomu dwuniciowych uszkodzeń 
DNA. Zaobserwowaliśmy również, że zablokowanie Fen1 uwrażliwia komórki 
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na inhibitor PARP1, co jest typową cechą komórek z niesprawną naprawą HR.  
Analiza cytogenetyczna 1143 próbek od pacjentow cierpiących na  nowotwór 
jajnika, przedstawiona w rozdziale siódmym, wykazała, że  genetyczne loci 
obejmujące geny replikacyjne ATR i CHEK1 są często powielone w genetycznie 
niestabilnych nowotworach.  Aby zbadać, czy te nowotwory są bardziej 
zależne od szlaku ATR/CHEK1, wykorzystaliśmy model, w którym chemiczne 
lub genetyczne zablokowanie Rad51 indukowało genetyczną niestabilność 
przez ograniczenie homologicznej rekombinacji. Zgodnie z oczekiwaniami, 
zablokowanie Rad51 w komórkach nowotworowych spowodowało zwiększenie 
ilości uszkodzeń DNA oraz zablokowanie cyklu komórkowego. Inaktywacja 
HR przez zablokowanie Rad51 doprowadziła również do zaburzeń w replikacji 
i w konsekwencji do zwiększenia aktywności białek kontrolujących stres 
replikacyjny ATR/Chk1. Zastosowanie farmakologicznych inhibitorów ATR  
i Chk1 spowodowało zablokowanie wzrostu kolonii komórek nowotworowych 
z wyciszonym genem Rad51. Nasze badania wskazują, że kinazy ATR/Chk1  
to „pięta Achillesowa” komórek rakowych z niesprawnym procesem HR. Dalsze 
badania nad inhibitorami ATR i Chk1  są wskazane w tego typu nowotworach  
w celu weryfikacji terapeutycznego potencjału  tej strategii. Rozdział ósmy  
zawiera podsumowanie pracy, dyskusję oraz perspektywy przyszłych badań.

Podsumowanie 

Zdolność do naprawy uszkodzonego DNA poprzez homologiczną rekombinację 
wpływa na skuteczność terapii przeciwnowotworowych.  Strategie polegające 
na zablokowaniu naprawy HR w komórkach nowotworowych  pozwalają  
na zwiększenie skutecznośći radio- i chemioterapii. Jednakże lepsze poznanie 
mechanizmu naprawy HR, w tym zidentyfikowanie nowych genów oraz innych 
czynników regulujących wydajność naprawy HR jest konieczne, aby stworzyć 
bardziej specyficzne inhibitory tego procesu. Odkrycie „pięt Achillesowych” 
komórek z niesprawną naprawą HR (w wyniku mutacji lub terapii) 
umożliwiłoby wykorzystanie ich w leczeniu nowotworów. Natomiast określenie 
sprawności naprawy HR u pacjentów umożliwiłoby zastosowanie strategii 
wykorzystujących niesprawną naprawę HR,w celu ulepszenia dostępnych terapii 
przeciwnowotworowych.
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