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1. General introduction and thesis outline

General introduction
Cervical cancer is a common malignant disease among women worldwide and contributes to
an estimated 8% of all cancer-related deaths [1]. In patients with locally advanced cervical cancer
(LACC) radiotherapy plus since 1999 also platinum-based chemotherapy is standard of care. The
addition of chemotherapy improved 5-year survival with around 6% [2]. However, there is still
room for major improvement with 5-year survival rates in the advanced stages of cervical cancer,
varying from 66% in stage IIB to 22% in stage IVA [3]. Current conventional treatment modalities
seem to have reached their limits.
One of the factors thought to be involved in treatment failure is the ability of tumor cells
to repair chemoradiation-induced DNA damage. Chemotherapy and radiotherapy exert
their anticancer effects by generating high levels of DNA damage to promote apoptosis. As a
consequence the DNA damage response (DDR) is activated in tumor cells to cope with therapyinduced DNA lesions [4]. A proficient DDR enables tumor cells to repair therapy-induced DNAdamage in contrast to tumor cells in which DDR components are inactivated [5-10]. Therefore,
inhibition of the DDR as novel therapy to sensitize tumor cells for chemoradiation is currently
investigated in preclinical and clinical studies.
Cervical cancer arises almost invariably from persistent infection with high-risk human
papilloma viruses (HPV) type 16 or 18, which leads to expression of viral oncoproteins, including
E6 and E7 [11]. E6 and E7 promote cervical carcinogenesis by binding to tumor suppressor
proteins, respectively p53 and the retinoblastoma protein 1 (Rb1) [12,13]. This results in enhanced
cellular proliferation, blocked apoptosis and defective cell cycle control at the G1/S checkpoint.
In response to aberrant proliferation, the DDR is activated [14,15]. In normal cells this results
in sustained p53 activation to promote apoptosis and cell cycle arrest [4]. A critical step in this
response is the activation of the G1/S checkpoint by p53 [16]. The HPV-mediated oncogenesis of
cervical cancer results in p53-defective cells that rely on residual checkpoint capacity for survival
after DNA damage.
Normal cells are continuously exposed to different exogenous and endogenous agents
resulting in a variety of DNA lesions. In order to counter these lesions and thereby maintain
genomic integrity, normal cells respond to these DNA lesions via the DDR thereby directing cell
cycle arrest, DNA repair and programmed cell death. Therefore, DDR inhibition is considered a
potential treatment strategy to confer chemoradiation in cancers. Furthermore, the DDR has been
proposed as an anticancer mechanism that prevents tumorigenesis [14,15]. Not surprisingly, in
most cancers, somatic mutations in DDR components, like TP53, are observed [17]. However, the
DDR consists of multiple, partially overlapping, pathways. This results in re-wired DDR signaling
in cancer cells, in which specific DDR pathways partly take over defects in compromised DDR
pathways. As a consequence, these tumor cells are more dependent on specific DDR pathways
compared to normal cells. Therefore, specific inhibition of these DDR axes is considered to be
preferentially cytotoxic for tumor cells over normal cells. This concept is called ‘synthethic lethality’.
In p53-defective cancers, like cervical cancer, the G1/S cell cycle checkpoint is abrogated making
these cancers more dependent on remaining cell cycle checkpoints. Subsequently, inhibition of
these residual checkpoint pathways selectively exacerbates toxicity for chemo- or radiotherapy
in p53-defective cancer cells [18]. Taken together, DDR defects in tumor cell are suggested to be
an attractive ‘Achilles heel’ to exploit therapeutically. Cervical cancer might also benefit from this
strategy.
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The aim of this thesis is to improve chemo- and/or radiosensitization by DDR dysregulation in
preclinical in vitro and in vivo cervical cancer models.

Thesis outline
In Chapter 2, we reviewed literature retrieved from PubMed (including Medline), Embase and the
Cochrane database about the use of DDR inhibitors in the context of potentiating the response
to chemoradiotherapy in cervical cancer and summarized the current knowledge from preclinical
and clinical studies, including current clinical trials (as registered on www.cinicaltrials.gov).
Both cisplatin and ionizing radiation introduce high levels of DNA double-strand breaks (DSBs).
DSBs generation is considered as extremely toxic for tumor cells. However, the cytotoxic effects
of DSBs are countered by the activity of DDR kinases, which control repair of these DSBs. A
central regulator in DSB signaling is the ataxia telangiectasia mutated (ATM) kinase, which is
autophosphorylated upon DSBs. Therefore, ATM inhibition was suggested as a strategy to improve
radiosensitization in tumor cells. To investigate this hypothesis, we investigated in Chapter 3
the predictive value of ATM and one of its substrates, p53-binding protein-1 (53BP1) and their
potential as therapeutic targets in cervical cancer. To this end, we analyzed the effects of stable
depletion of ATM or 53BP1 in cervical cancer cell lines on cell cycle arrest and radiosensitivity.
Finally, to explorer the predictive value of ATM and 53BP1 in LACC patients, we performed
immunohistochemistry for (non-)phosphorylated ATM and 53BP1 in 375 tumor samples of
chemoradiotherapy-naïve cervical cancer patients.
The DDR consists of multiple kinases. In Chapter 4 we analyzed the presence and activation
status of several key DDR kinases in cervical cancer. Due to HPV-mediated p53 inactivation,
cervical cancers are thought to rely on other DDR pathways for their survival. As a consequence,
the DDR kinases in these pathways are interesting therapeutic targets to increase sensitivity to
cisplatin and ionizing radiation. However, which DDR kinase is most efficient as therapeutic target
in cervical cancer is not clear. We therefore focused in this chapter on ATR (ataxia telangiectasia
and RAD3-related protein), DNA-PK (DNA-dependent protein kinase), Chk1 (checkpoint kinase
1), Chk2 (checkpoint kinase 2) and MK2 (MAPKAPK-2). We evaluated their phosphorylated and
non-phosphorylated expression levels in tumor tissues of cervical cancer patients. Subsequently,
using specific chemical inhibitors for ATM (KU-55933), ATR (NU6027), DNA-PK (KU-0060648),
Chk1/2 (AZD7762) and MK2 (MK2 inhibitor III), we investigated the effects of their inactivation
on sensitization for cisplatin and ionizing radiation. Finally, we assessed sensitizing effects in
combined treatment with cisplatin and radiation, which resembles current therapy strategy in
clinic.
Cervical cancers rely mainly on the G2/M cell cycle checkpoint for repairing DNA breaks. A key
controller to halt cells in G2 is the Wee1 kinase. This kinase is abundantly expressed in various cancer
types and preclinical studies reported tumor growth inhibition with Wee1 inhibitor monotherapy
and a synergistic anti-tumor effect when combined with chemotherapeutic agents or ionizing
radiation. Therefore, we hypothesized that Wee1 inhibition might result in beneficial effects in
cervical cancer. In Chapter 5 we immunohistochemically evaluated Wee1, expression levels in
tumor samples of 204 cervical cancer patients. Subsequently, we investigated the efficacy of
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Wee1 inhibition alone or as sensitizer for cisplatin in different human cervical cancer cell lines.
In addition, we studied the underlying molecular mechanisms that contribute to the observed
differential effects of Wee1 inhibition. Specifically, we investigated how HPV copy numbers in our
panel of cervical cancer cell lines are related to differential efficacy upon Wee1 inhibition.
Clinical translation of candidate drugs found in preclinical experiments, is limited by the
large number of drug candidates as well as unsuitable pharmacodynamics properties for in
vivo testing [19]. Also these novel therapeutic modalities should be clinically evaluated in
comparison with current standard chemoradiotherapy. Most preclinical studies, however, only
investigate novel therapeutics as monotherapy or in combination with either a genotoxic agent
or ionizing radiation, but not in a combined setting [19]. In Chapter 6 we aimed to establish the
chorioallantoic membrane (CAM) assay as a platform to evaluate chemo-radiotherapy sensitizing
compounds using a 3-dimensional in ovo cervical cancer model.
Conclusively, in Chapter 7, we summarized the experimental results in this thesis, discussed
their implications and addressed remaining future challenges.
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Abstract
Every year, cervical cancer affects ~500.000 women worldwide, and ~275.000 patients die of
this disease. The addition of platin-based chemotherapy to primary radiotherapy has increased
5-year survival of advanced-stage cervical cancer patients, which is, however, still only 66%.
One of the factors thought to contribute to treatment failure is the ability of tumor cells to
repair chemoradiotherapy-induced DNA damage. Therefore, sensitization of tumor cells for
chemoradiotherapy via inhibition of the DNA damage response (DDR) as a novel strategy to
improve therapy effect, is currently studied pre-clinically as well as in the clinic.
Almost invariably, cervical carcinogenesis involves infection with the human papillomavirus (HPV),
which inactivates part of the DNA damage response. This HPV-mediated partial inactivation of
the DDR presents therapeutic targeting of the residual DDR as an interesting approach to achieve
chemoradio-sensitization for cervical cancer. How the DDR can be most efficiently targeted,
however, remains unclear. The fact that cisplatin and radiotherapy activate multiple signaling
axes within the DDR further complicates a rational choice of therapeutic targets within the DDR.
In this review, we provide an overview of the current preclinical and clinical knowledge about
targeting the DDR in cervical cancer.
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Introduction
Cervical cancer is a major malignant disease among women worldwide and is estimated to
account for 8% of the total cancer-related mortality [1]. Survival rates vary dramatically between
cervical cancer patients, with 5-year survival rates of 66%, 40%, 42% and 22% for stages IIB, IIIA,
IIIB and IVA respectively [2]. These numbers indicate that current treatment modalities, which
for advanced cervical cancer consist primarily of radiotherapy combined with platinum-based
chemotherapy, leave ample room for improvement.
Radiotherapy induces high levels of DNA damage in tumor cells with the aim to promote
apoptosis. Addition of cisplatin to radiotherapy increases anti-tumor effects, and has been shown
to improve therapy outcome in cervical cancer [3]. Tumor cells respond to DNA damage by
activation of the DNA damage response (DDR). This complex signaling network coordinates a
cell cycle arrest with the repair of DNA lesions [4]. As can be expected, DDR-proficient tumor
cells repair therapy-induced DNA damage and are more resistant to therapy when compared to
tumor cells in which DDR components are inactivated [5–11]. As combined chemoradiotherapy is
standard of care for advanced cervical cancer, and DNA repair capacity apparently limits treatment
responses, therapeutic targeting of the DDR is a potentially attractive strategy to improve cervical
cancer treatment efficacy.
A second reason why targeting the DDR may be relevant for cervical cancer relates to its
carcinogenesis, which involves persistent infection with the human papillomavirus (HPV) [12].
Oncogenic transformation by HPV is mediated by the viral oncogenes HPV-E6 and HPV-E7 [13]. The
E7 oncoprotein exerts its effect by inactivation of the Retinoblastoma 1 (Rb1) tumor suppressor
gene, while E6 promotes ubiquitin-mediated degradation of the p53 tumor suppressor [14,15].
Since p53 constitutes an integral component of the DDR, HPV-positive cervical cancer cells
display a significantly impaired ability to activate cell cycle checkpoints and to induce apoptosis
upon DNA damage [16]. Additionally, expression of HPV oncogenes was reported to negatively
impact on various DNA repair pathways [17–23]. For example, radiosensitization of head-andneck squamous cancer cell lines was only observed in HPV-positive cells, as a result of impaired
DNA repair [17]. Also, one of the preferred integration sites of HPV is in RAD51B, a well-known DNA
repair gene [24,25]. Thus, HPV-positive cancer cells have impaired control of the cell cycle in the
context of DNA damage, and show decreased capacity to repair DNA lesions. Targeting residual
cell cycle checkpoint components or DNA repair factors may therefore be especially useful for
cervical cancers, of which 99.7% is associated with HPV [12]. Conversely, studies in cervical cancer
may be relevant to many other cancer types, in which p53 and/or Rb1 are inactivated through
somatic mutations and are also treated with genotoxic therapies.
We here provide a literature overview of pre-clinical and clinical studies of DDR kinase
inhibitors in the context of potentiating the response to chemoradiotherapy in cervical cancer.
Search strategy
Literature was searched (until October 2015), with the following search criteria in PubMed
(including Medline), Embase and the Cochrane database: [cervical cancer] combined with [DDR
OR DNA damage response] or [Caffeine], [Wortmannin], [KU55933], [KU60019], [CP466722],
[CGK733], [Schisandrin B], [Compound 45], [NVP-BEZ235], [VE-821], [VE-822], [VX-970], [NU6027],

15

508760-L-bw-Wieringa
Processed on: 14-3-2017

2

[AZD6738], [AZ20], [ETP-46464], [LY294002], [NU7441], [KU0060648], [NU7062], [NVP-BKM120],
[AZD7762], [UCN-01], [SCH900776], [LY2603618], [SAR-020106], [MK2 inhibitor] and variations
thereof. Only studies published in the English language were included. The clinical trial register
(www.clinicaltrials.gov) was used to evaluate completed and ongoing clinical trials with DDR
kinases inhibitors.
Impact of HPV infection and somatic mutations on DNA damage signaling in cervical cancer
HPV
Fifteen carcinogenic HPV subtypes have been identified, which together account for almost
all cervical cancer cases [26]. Of these subtypes, HPV16 and 18 are most carcinogenic and
are associated with 70% of the cervical cancers [27]. Both HPV16 and HPV18, importantly, are
classified as ‘high-risk HPV subtypes’. The differences between the various HPV subtypes in the
context of cervical carcinogenesis are not fully understood at the molecular level. Although a
comprehensive overview is lacking which compares the HPV oncogenes from the various HPV
subtypes, it appears that sequences of ‘high-risk HPV subtypes’ share similarities, including in the
C-terminal PDZ recognition domain within the E6 oncoprotein [28]. Phenotypically, however,
squamous cell carcinomas are more associated with HPV16, while HPV18 is more prevalent in
adenocarcinomas [29]. HPV viruses share that their integration results in over expression of the
viral E6 and E7 oncoproteins [29,30].
The oncogenic effects of E6 and E7 have been elucidated in great detail [16]. The E7
oncoprotein binds the Rb1 protein [14]. Under physiological conditions Rb1 binds and thereby
prevents the transactivation of proliferation-stimulating genes by the E2F transcription factors
[31]. Upon phosphorylation of Rb1 by the cyclin-dependent kinases Cdk4 and Cdk6, the E2F
transcription factors are released from Rb1 [32]. Since Cdk4/6 activity is under control of mitogens,
Rb1 prevents uncontrolled cell proliferation in the absence of growth-promoting signals [33]. As
a consequence of HPV infection, E7 expression by passes the need for extracellular proliferation
signals and consequently promotes uncontrolled growth [33].
In response to aberrant proliferation, such as caused by Rb1 inactivation, the ‘DNA damage
response (DDR)’ is activated [34,35]. Activation of the DDR leads to sustained p53 activation and
promotes apoptosis and cell cycle arrest [36]. In many solid cancers, the ensuing genetic pressure
on TP53 leads to its loss or mutational inactivation [35,37]. HPV-mediated oncogenesis, however, is
fundamentally different. In a one-step process, both the proliferation-regulatory machinery as well
as the p53-pathways are deregulated, since p53 is being destabilized by the HPV-E6 oncoprotein
[15]. As a consequence of p53 inactivation, either through mutation or persistent HPV infection,
cells can no longer install a solid G1/S cell cycle checkpoint in response to DNA damage, as this
checkpoint in large part depends on p53 [37]. Cells require such checkpoints to provide time for
DNA repair. Consequently, p53-defective cells rely more on their remaining checkpoint capacity
for survival after DNA damage [30]. In addition, expression of HPV oncogenes induces aberrant
initiation of replication, which leads to imbalanced nucleotide pools and ensuing replication fork
stalling [38]. Again, this characteristic of HPV-positive cancer cells will very likely result in increased
dependence on pathways that respond to DNA lesions for cellular survival.

16

508760-L-bw-Wieringa
Processed on: 14-3-2017

2. Breaking the DNA damage response to improve cervical cancer treatment

Somatic mutations
The combined inactivation of DNA damage checkpoints and proliferation control upon HPV-E6
and HPV-E7 expression result in enhanced genomic instability and facilitates the further loss and
gain of tumor suppressors and oncogenes [39]. According to the COSMIC database (www.cancer.
sanger.as.uk), recurrent somatic mutations in the cancer-related genes PIK3CA (9%), CDKN2A (7%),
STK11 (5%) and HRAS (4%) have been observed in squamous cervical cancer [40], confirming
earlier genetic analyses of cervical cancers [41–43]. Compared to other solid cancers, and in line
with its HPV-mediatedoncogenesis, mutations in TP53 (5%) are relatively infrequent in cervical
cancers [40]. When mutations in 139 cancer-related genes were studied in a broader genotyping
screen of cervical cancer patients, mutations in PIK3CA (31.3%) and PTEN loss (7.8%) appeared to
occur in dependently of histological subtype [44]. Conversely, oncogenic KRAS mutations (17.5%)
were only detected in adenocarcinomas, while EGFR mutations (7.5%) were solely detected in
squamous cell carcinomas [44]. Recent whole exome sequencing of both cervical cancer and
corresponding normal tissues of 115 patients revealed additional recurrent mutations in EP300
(16%), FBXW7 (15%), HLA-B (9%), MAPK1 (8%) and NFE2L2 (4%) in squamous cell carcinoma and
mutations in ELF3 (13%) and CBFB (8%) in adenocarcinoma [24]. Regarding genetic alterations in
DDR pathway components, nore current aberrations were identified, besides the relatively low
frequency mutation of TP53 [24,40].
Cell cycle checkpoints and DNA damage signaling in cervical cancer
The observation that p53-deficient cervical cancers depend strongly on their residual checkpoint
signaling components [37,45], and the fact that these tumors do not display obvious mutations
in other DNA damage checkpoint genes, underscore the potential of therapeutic targeting of
DDR pathways in cervical cancer. Below, a brief overview of canonical DDR signaling pathways is
provided, to illustrate key components and to highlight the interconnected nature of the multiple
signaling axes in the DDR.
DNA damage signaling through the ATM and ATR pathways
DNA double strand breaks (DSBs) are considered highly cytotoxic, and are induced in large
quantities by radiotherapy [46]. Upon DSB induction, the Mre11-Rad50-Nbs1 (MRN) complex
recognizes and directly binds the DNA ends of the DSB [47]. Subsequently, ATM is activated
via autophosphorylation at Ser-1981, enabling phosphorylation of many ATM substrates (Fig.
1) [48,49]. This results in the recruitment of DNA repair factors, cell cycle arrest and, when DNA
damage is sustained, apoptosis induction [49]. Concerning the DSB-induced cell cycle arrest, Chk2
is of particular importance. Chk2 is activated through phosphorylation on Thr-68 by ATM [50]. In
turn, Chk2 inactivates the Cdc25C phosphatase, which normally promotes cell cycle progression
by activating cyclin-dependent kinases (CDKs) [51].
In parallel to the above-mentioned kinase-driven cellcycle arrest, ATM also phosphorylates
p53, to promote it stranscriptional activity, which drives expression of targets genes including the
CDK inhibitor p21 [52,53]. Although this transcriptional response requires hours to be installed,
the combined kinase- and transcription-driven in activation of CDKs provides a robust cell cycle
arrest, allowing time for DNA breaks repair.
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In addition to radiotherapy, patients with advanced cervical cancer receive concomitant
platin-based chemotherapy. Cisplatin and other platinum-based agents create inter- and intrastrand DNA crosslinks, which interfere with DNA unwinding and consequently obstruct DNA
replication, leading to cytotoxicity predominantly in S-phase. The single stranded DNA (ssDNA)

Figure 1. The DDR regulates cellular responses after induction of DNA damage in a HPV background. (A) A
simplified overview of deregulated DDR signaling by the HPV oncoproteins (E6 and E7). E6 affects p53 function,
while E7 targets Rb1. E6/E7 expression also leads to replication stress and increased dependence on Chk1/ATR
signaling. Partial inactivation of cell cycle checkpoints and DNA repair by E6/E7 results in dependency on residual
DDR signaling pathways upon induction of DSBs by IR or replication stress by cisplatin. (B) A simplified scheme
illustrating how the E6 and E7 oncoproteins inactivate the G1/S cell cycle checkpoint. As a result, cells rely more on
DDR components that regulate the G2/M checkpoint when DNA damage is introduced.
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that becomes exposed at stalled replication forks, recruits the ssDNA-binding complex RPA and
ATRIP, which in turn efficiently trigger activation of the ATR signaling axis within the DDR [54].
Subsequently, ATR activates numerous proteins involved in stabilizing and restarting stalled
replication forks [54]. ATR also regulates cell cycle progression through its downstream effect or
kinase Chk1, which inactivates the Cdc25 phosphatases, while activating p53, and thereby links
replication stress detection to establishing a cell cycle arrest [55].
Although ATR is not directly activated in response to DNA DSBs, it also plays a critical role in
repairing DNA DSBs. When DSBs are repaired through homologous recombination (HR) repair,
DNA-ends require 5’-to-3’ resection to facilitate pairing with a homologous DNA template. This
process creates long stretches of ssDNA, which activates ATR and actually facilitates HR repair by
activating, among others, the BRCA1 repair factor [59].
Also in the absence of exogenous DNA damage, HPV-positive cells may increasingly depend
on the ATR kinase for their survival. Expression of E6 and E7 was shown to deregulate the DNA
replication machinery, which leads to imbalanced nucleotide pools and consequent stalling of
replication forks and genome instability [38]. Although it has not been shown for cervical cancer
cells specifically, increased replication stress results in increased signaling of the ATR and Chk1
kinases [56,57]. Importantly, tumor cells with increased levels of replication stress also depend for
their survival on ATR and Chk1 kinases [58], which again underscores why these kinases may have
value as therapeutic targets in HPV-positive cancers, including cervical cancers.
Concluding, the ATM/Chk2 axis is crucially involved in the cellular response to DNA DSBs,
while the ATR/Chk1 axis appears a key regulator of the cellular response to replication stress.
Since combined chemo-radiotherapy induces both these types of DNA lesions and activates
multiple DDR pathways, a challenge is posed in selecting optimal DDR targets for improving
chemoradiotherapy in cervical cancer.
p38-MAPK/MK2, a DDR pathway parallel to ATM/Chk2 and ATR/Chk1
The recent description of a third DDR signaling pathway further complicates the rational choice
for DDR targets. In this specific pathway, p38-MAPK activates its downstream target MK2, and
functions in parallel to the ATM and ATR pathways [60]. Under physiological conditions, the p38/
MK2 axis controls general stress responses, under scored by its activation upon inflammation,
oxidative stress and ultraviolet light [61]. MK2 heterodimerizes with p38α and resides in the
nucleus as an un-phosphorylated complex [62,63]. In response to genotoxic stress, including
ionizing radiation (IR) and cisplatin, p38α is phosphorylated by the MAP kinase-kinase-kinase
(MAPKKK) TAO in an ATM-dependent manner, resulting in export of the p38/MK2 complex to
the cytoplasm, where it phosphorylates the Cdc25 phosphatases to prevent S-phase progression
and mitotic entry [62,64,65]. In parallel, p38 and MK2 control various mRNA stability factors to
stabilize Gadd45α, leading to cell cycle arrest maintenance [66]. p38/MK2 appears to be especially
important for the survival of p53-deficient cancer cells, since genetic or chemical interference
with p38 MK2 selectively blocked the ability of p53-deficient cancer cells to arrest during S-phase
and at the G2/M transition, and potentiated the effects of genotoxic chemotherapeutics in vitro
and in vivo [60]. These observations provide a rational to target either p38 or MK2 in p53-defective
cells, like cervical cancercells, to increase the effects of genotoxic therapy.
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HPV, cervical cancer and DNA repair pathways
Cancer cells that can efficiently repair treatment-induced DNA damage appear to be more resistant
to treatment. This has been convincingly shown for various cancers, including glioblastomas, in
which epigenetic silencing of the DNA repair gene MGMT leads to temozolomide sensitivity [5].
Analogously, inactivating mutations in the DNA repair genes BRCA1 and BRCA2 are accompanied
with increased sensitivity to cisplatin and poly (ADP-ribose) polymerase (PARP) inhibitors in breast
and ovarian cancer [7,8].
Also studies in cervical cancer provided a link between DNA repair capacity and therapy
sensitivity, both in vitro and in vivo [10,11]. For example, in advanced cervical cancer patients
treated with chemoradiotherapy, high expression levels of the nucleotide excision repair (NER)
protein ERCC1 were associated with a decreased progression-free survival and worse overall
survival [11]. Conversely, impaired non-homologous end-joining (NHEJ) repair, due to low
Ku70 levels, was related to increased survival of cervical cancer patients treated primarily with
radiotherapy [10]. These observations suggest that therapeutic inhibition of DNA repair may be
useful in potentiating chemoradiotherapy.
DNA repair pathways associated with cervical cancer therapy
DNA DSBs, as induced by radiotherapy, can be repaired by two fundamentally distinct pathways:
non-homologousend-joining (NHEJ) and homologous recombination (HR). During NHEJ, the
two DNA ends are ligated in a sequence-independent manner, in a process depending fully
on DNA-dependent protein kinase (DNA-PK), in conjunction with its subunits Ku70/Ku80 [67].
Since the free ends of a DNA break may require processing of damaged nucleotides, NHEJ can
lead to loss of genetic information and is therefore potentially mutagenic [68]. In contrast, HR
is error-free as it uses for repair a homologous template, which is typically the sister chromatid.
However, since sister chromatids only become available in S/G2 phase, HR is restricted to the
subset of proliferating cells. To allow pairing with homologous DNA templates, DNA ends require
extensive resection, leading to long stretches of ssDNA, which are ultimately used by the Rad51
recombinase to facilitates the process of homology search and recombination [69].
Repair of cisplatin-induced DNA damage is more complex when compared to DNA DSB repair,
and is largely context-dependent. When DNA is quiescent (i.e. not being replicated or transcribed),
DNA cross-links are primarily repaired by NER. When DNA is actively transcribed, intra-strand
crosslinks interfere with ongoing transcription, which activates transcription-coupled repair
(TCR). The repertoire of DNA repair mechanisms involved in crosslink repair changes drastically
when DNA is replicated. When replication forks stall at cross-linked DNA, the Fanconi Anemia
(FA) pathway is activated by local ubiquitination [70]. Subsequently, homologous recombination
components are recruited together with translesion synthesis (TLS) polymerases to continue
replication [71].
HPV and DNA repair
HPV infection has been linked to altered DNA repair through various mechanisms. Early on,
expression of the E6 and E7 from HPV16 on coproteins were shown to independently induce
numerical and structural chromosomal aberrations, anaphase bridges as well as elevated levels
of γ-H2AX, all pointing at defective DNA repair [72–74]. In line with these observations, expression
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of HPV16-E6 resulted in sustained Chk1 phosphorylation upon carcinogen-induced DNA damage
[75], and HPV-infected cells were shown to have an impaired capacity to repair UV-induced
thymidine dimers [76].
Several reports have provided mechanistic evidence that HPV E6/E7 directly affect DNA
repair. Hufbauer et al. showed that the sensing of DNA damage was impaired upon expression
of HPV8-E6, as judged by decreased phosphorylation of ATM, ATR and Chk1 [19], which was in
accordance to data from Wallace and co-workers [77]. Also, expression of E6 from HPV5 and HPV8
subtypes was shown to negatively impact on the expression of the BRCA1 and BRCA2 genes,
and functionally impaired repair of DNA breaks through homologous recombination [21]. Also
the repair of DNA breaks through non-homologous end-joining is influenced by HPV. Although
HPV16-E6 was shown to impair NHEJ fidelity through p53-dependent as well as independent
fashions, the direct NHEJ component that is affected remains elusive [23].
HPV E6 was also shown to block NER [78]. Specifically, E6 of HPV1, 8 and 16 was shown to
directly bind and thereby impair the function of XRCC1 [22]. In parallel, the up-regulation of the
NER repair protein DDB2 in response to UV was shown to be blocked by expression of HPV E6,
likely reflecting the role of p53 in repair of DNA damage [79]. Also the MGMT (O6-methylguanine
DNA methyltransferase) DNA repair protein, which is involved in the protection of cells against
alkylating agents, was shown to be regulated by HPV. Specifically, E6 in conjunction with the
E6-associated ubiquitin ligase E6-AP was reported to directly bind MGMT, which leads to the
proteasomal degradation of MGMT [80], which will likely affect repair of DNA lesions.
In conclusion, radiotherapy and cisplatin-based chemotherapy induce different types of DNA
damage. While DNA DSBs are repaired using NHEJ or HR, repair of cisplatin-induced DNA lesions
depends on the NER pathway, the FA pathway, TLS polymerases, as well as HR [81,82]. Importantly,
expression of HPV oncogenes appears to negatively impact the ability to repair DNA, pointing
at an increased sensitivity of HPV-positive cells, such as most cervical cancer cells, for genotoxic
agents.
Therapeutic inactivation of DNA repair components may therefore be effective in cervical
cancer cells for two reasons: firstly, as cervical cancer is commonly treated with DNA damaging
agents, inactivation of DNA repair may increase the efficacy of such treatments. In this context,
multiple DNA repair pathways may have to be targeted to efficiently sensitize cervical cancers for
combined chemoradiotherapy as multiple different DNA lesions are inflicted, and hence multiple
different DNA repair pathways are involved. Secondly, as HPV oncogenes negatively impact on
DNA repair, HPV-positive cells may be more dependent on their remaining DNA repair capacity.
Therapeutic targeting of these repair components may therefore be especially beneficial in
cervical cancer, perhaps most effectively in combination with chemo-radiation.
Therapeutic targeting of the DDR in cervical cancer
The DDR in HPV-mediated cervical cancer is partly compromised, which may result in a stronger
dependency of cancer cells on their residual DDR signaling axes. For this reason, DDR components,
especially DDR kinases, have been coined as therapeutic targets in oncology. In this section, the
reported results on targeting DDR kinasesin cervical cancer are discussed for the most-studied
components in this signaling network.
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ATM
The notion that ATM inhibition could improve efficacy of genotoxic agents originates from
observations in A–T patients, who harbor homozygous ATM mutations [83]. This autosomalrecessive hereditary disorder is characterized by a strong cancer predisposition [84]. Importantly,
A–T patients also display extreme radiosensitivity, caused by partially defective DSB repair
[85]. Further, this observation implied a potential benefit of therapeutic ATM targeting, when
combined with radiotherapy.
Genome sequencing efforts, including those by The Cancer Genome Atlas (TCGA), identified
frequent somatic mutation of ATM in several cancers, including lung and breast cancer [86].
Squamous cervical cancers, however, do not appear to harbor recurrent somatic ATM mutations
(5.6%) according to the TCGA database [87,88]. Rather, ATM is abundantly expressed in cervical
cancers, as was observed in 375 treatment-naive tumors using immunohistochemistry [89]. In
addition, 52.4% of these tumors showed high levels of phosphorylated ATM [89], which correlated
with a worse response to chemoradiotherapy and a shorter disease-specific survival [89]. So,
targeting the ATM kinase in advanced stage cervical cancer might be an interesting therapeutic
strategy increase sensitivity to chemoradiotherapy.
Even prior to the identification of the ATM gene, caffeine was found to have radio-sensitizing
effects in vitro, including in cervical cancer cells and other p53-in activated cells [90,91]. Much later,
caffeine was found to inhibit ATM, although it also inhibited other kinases, including ATR (Table 1)
[92]. Due to its non-specific effects and since the required caffeine concentration to inhibit ATM
can not be achieved clinically, caffeine never exceeded beyond an in vitro laboratory tool. Also
Wortmannin was shown to block ATM activity and induce radiosensitization [93]. However, like
caffeine, Wortmannin is non-specific and targets a large variety of phosphoinositide 3-kinases
[94].
The first selective ATM inhibitor, KU55933, was described in 2004 and allowed more specific
investigation of the sensitizing effects of ATM inhibition [95]. Also, KU55933 treatment lead to
in vitro sensitization to radiation and other DSB-generating drugs, including etoposide and
doxorubicin, confirming the role for ATM in controlling cell cycle arrest with DNA repair [89,95].
KU55933 analogs with improved characteristics, KU60019 and KU59403, showed chemo- and
radio-sensitizing effects both in vitro and in vivo [96,97]. When compared to KU55933, KU60019
showed ˜10-fold higher potency, displayed similar target selectivity, was more hydrophilic, and
did not induce major adverse effects in an orthotopic glioblastoma mouse xenograft model
[96,98]. KU59403 showed even better pharmacokinetics, was even more potent and showed
>1000-fold selectivity for ATM over other kinases [97]. In vivo experiments in mice, xenografted
with colon or breast cancer cell lines, demonstrated clear sensitizing effects of intraperitonealadministered KU59403 upon etoposide and irinotecan treatment [97]. Currently, however, no
studies are available on the use of KU60019 or KU59403 in cervical cancer models. Although
preclinical evidence points at ATM as a promising target for radio/chemo-sensitization, none of the
ATM inhibitors have entered clinical studies. This might be due to unfavorable pharmacokinetic
properties or anticipated adverse effects of ATM inhibition, with the clinical features of cerebellar
dysfunction, immuno-incompetence and malignancies of A–T patients in mind [86]. For this
reason, reversible ATM inhibitors would be preferable to allow transient ATM inactivation. The
observation that the ATM inhibitor CP466722 is reversible, while it still potently radiosensitized
cervical cancer cells [99], may be an important step toward further clinical investigation.
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Table 1: Overview of chemotherapeutic compounds targeting key DDR kinases in preclinical and
clinical
Table 1.studies
Overview of chemotherapeutic compounds targeting key DDR kinases in preclinical and clinical studies.
Drug target

Compound

IC50

Target specificity

ATM

Caffeine
Wortmannin
KU55933

200 μM
150 nM
12.9 nM

KU60019
KU59403
CP466722

6.3 nM
3 nM
6.3 nM

Schisandrin B

7.25 μM

Vertex compound 45
NVP-BEZ235

0.42 μM
100 nM

Inhibits multiple PI3K members
Inhibits multiple PI3K members
First selective ATM inhibitor,
100-fold selective for ATM
compared to other PIKK kinases
Analogue of KU55933
Analogue of KU55933
Selective and reversible ATM
inhibitor
Moderately selective ATR
inhibitor
Inhibits multiple PI3K kinases
Inhibits mTOR and multiple PI3K
members

ETP-46464
NU6027
AZD6738
AZ20
VE821
VE822/VX970

25 nM
6.7 μM
1 nM
5 nM
13 nM
19 nM

First reversible ATR inhibitor
Inhibits also CDK2

NU-7441
NU-7026
CC-115
KU-60648
UCN-01

14 nM
230 nM
13 nM
19 nM
11 nM

Inhibits MDR1 also

AZD7762
PF-00477736

5 nM
0.49 nM

XL-844
SCH900776/
MK-8776
LY2603618

2.2 nM
3 nM

Inhibits Chk2
Inhibits VEGFR2, is 96-fold less
selective for Chk2
Inhibits Chk2
First selective Chk1 inhibitor

LY2606368

<1 nM

GDC-0425
GDC-0575
SAR-020106
LY2228820

n/a
n/a
13.3 nM
7 nM

PF-3644022

5.2 nM

MK2 inhibitor III

8.5 nM

ATR

DNA-PK

Chk1

p38/MK2

First selective ATR inhibitor
Analogue of VE821

Inhibits mTOR
Inhibits multiple PI3K kinases
Non-selective Chk1 inhibitor

7 nM
Inhibits Chk2 and RSK1

Inhibits p38β and reduces
phosphorylation MK2
Inhibits TNFα and IL-6
production, inhibits MK5
Inhibits MK5

Drug
development
phase
preclinical
preclinical
preclinical

ClinicalTrials.gov identifier (NCT number)

2

preclinical
preclinical
preclinical
preclinical
preclinical
phase I/II

preclinical
preclinical
phase I/II
preclinical
preclinical
phase I/II
preclinical
preclinical
phase I
preclinical
phase I/II

01856101, 01717898, 00620594, 01453595,
01343498, 01482156, 01634061, 01285466,
01471847, 01756118, 01337765, 01290406,
01628913, 01495247, 01508104, 01690871,
01288092, 01195376, 01248494, 01658436,
01300962, 02430363
02264678, 02223923, 01955668
02157792, 02487095, 02595892, 02567409,
02589522, 02567422, 02595931
01353625

phase I/II
phase I

00036777, 00031681, 00301938, 00004263,
00039403, 00012194, 00072189, 00045747,
00045500, 00047242, 00042861, 00001444,
00072267, 00019838, 00003289, 00030888,
00004059, 00006464, 00045175, 00045513,
00082017, 00098956
00937664, 00413686, 00473616
00437203

phase I
phase I/II

00475917, 00234481
01870596, 00907517, 00779584, 01521299

phase I/II

01139775, 01296568, 00839332, 00415636,
01341457, 00988858
02124148, 01115790, 02203513, 02555644,
02514603
01359696
01564251

phase I/II
phase I
phase I
preclinical
Phase I/II

02322853, 02364206, 01663857, 01393990

preclinical
preclinical

CDK2, cyclin-dependent kinase 2; IL-6, interleukin-6; available; PI3K, phosphoinositide 3-kinases; PIKK,
phosphatidylinositol 3-kinase-related kinase; RSK1, ribosomal protein S6 kinase polypeptide 1; TNFα,
tumor necrosis factor alpha; VEGFR2, vascular endothelial growth factor receptor 2.

CDK2, cyclin-dependent kinase 2, IL-6, interleukin-6, MDR1, multidrug resistance protein 1, MK5, mitogen-activated protein kinase-activated protein
kinase 5, n/a, not available, PI3K, phosphoinositide 3-kinases, PIKK, Phosphatidylinositol 3-kinase-related kinase, RSK1, ribosomal protein S6 kinase
polypeptide 1, TNFα, tumor necrosis factor alpha, VEGFR2, vascular endothelial growth factor receptor 2.

ATR
ATR has significant sequence homology with ATM, and both kinases share the phosphorylation
consensus motif Ser/Thr-Gln ([S/T]-Q) [49]. Unlike ATM however, ATR is required for embryonic
development and cell proliferation [100]. This essential function of ATR for a long time disqualified
ATR as a therapeutic target. However, several ATR inhibitors have recently been developed, some
of which have entered clinical trials.
The ATR inhibitor Schisandrin B increased cytotoxicity in fibroblasts and lung cancer cells
induced by ultraviolet (UV) radiation, but not ionizing radiation [101]. The ‘Vertex compound
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45’ showed more potency and appears selective for ATR [102]. Lung cancer cells treated with
compound 45 demonstrated radiosensitivity, and displayed a 7-fold higher sensitivity for cisplatin
[102]. As expected, the chemosensitizing effects of compound 45 were much more pronounced
than its radiosensitizing effects [102]. Since ATR primarily functions in resolving replication
stress, most studies investigated ATR inhibition in combination with agents that perturb DNA
replication. However, the fact that ATR also functions in other DNA repair processes, including DSB
repair, may explain why transient ATR blocking by ETP-46464 showed increased radiosensitizing
effects in breast cancer cells when compared to ATM inhibition [103]. The reversibility of ETP46464 combined with its radio- and chemo-sensitizing effects makes this compound a promising
candidate for clinical testing. Besides ETP-46464, also NVP-BEZ235 was identified as an ATRtargeting compound [104], although NVP-BEZ235 is known to also inhibit phosphatidylinositol3-kinase and the mammalian target of rapamycin (mTOR) [105]. Also NU6027 non-specifically
inhibits ATR, as it also potently blocks cyclin-dependent kinase 2 (Cdk2) [106,107]. Nevertheless,
NU6027 potentiated ionizing radiation and various chemotherapeutic compounds in breast and
ovarian cancer cell lines in vitro, including cisplatin [107].
To further assess the in vivo potential of ATR inhibition as chemo- and/or radiosensitizer,
more hydrophilic ATR compounds were required. AZ20 was the first ATR inhibit or to show
beneficial anti-cancer effects in vivo [108]. Already without DNA damage-inducing agents, daily
oral administration of AZ20 to mice bearing a colorectal adenocarcinoma xenograft showed
77% tumor growth reduction on day 21 of treatment [108]. Also the ATR inhibitor VE-822 (also
called VX-970) is suitable for in vivo use. Whereas in vitro work with its analog VE-821 enhanced
radiosensitivity in cervical cancer cells [109], in vivo studies with VE-822 showed increased
sensitivity to ionizing radiation and gemcitabine in mice xenografts with TP53-mutant pancreatic
cancer cells [110]. Interestingly for cervical cancer, the addition of VE-822 to combined chemoradiotherapy resulted in a 2.5 to 3-fold delay before xenograft tumors reached 400 mm3 [110].
VE-822 is currently tested in phase I and II (Table 1). Other ongoing clinical studies analyze the
effects of ATR inhibitor AZD6738 (NCT02264678, NCT02223923, NCT01955668): one phase
I trial has completed, and two studies are ongoing, in which ATR inhibition is combined with
chemotherapy or with radiotherapy. To date, results of these studies are not publically available.
Concluding, in vitro approaches using ATR inhibition resulted in both radio- and chemosensitizing effects. This is of clear importance in the context of cervical cancer, and studies with
recently developed ATR inhibitors, combined with platin-based chemoradiotherapy are eagerly
awaited.
DNA-PK
In contrast to ATM and ATR, which play key roles in controlling the cell cycle in response to DNA
damage, DNA-PK is mainly involved in repair of DNA. The majority of cellular DSBs is repaired via
NHEJ, and the catalytic subunit of DNA-PK (DNA-PKcs) is the key regulator of NHEJ repair [111]. As
radiotherapy is still the backbone in advanced-stage cervical cancer treatment and induces high
numbers of DSBs, DNA-PKcs inhibition could be an attractive target to potentiate radiotherapy.
Indeed, genetic DNA-PK in activation was associated with increased sensitivity for DSBs-inducing
treatments, including ionizing radiation [112]. Conversely, preclinical and clinical studies showed
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that increased radioresistance in cervical cancer cells was associated with increased DNA-PKcs
activity or up-regulation of other NHEJ components [113]. The first identified DNA-PK inhibitors,
including Wortmannin and LY294002, are neither specific nor suitable for clinical use, due to
severe toxicity [114]. Two derivatives of LY294002; NU7441 and NU7026, more selectively inhibit
DNA-PKcs [115,116], and enhanced tumor cell killing upon ionizing radiation and DSB-inducing
chemotherapeutic agents [116–118]. In HeLa cells, DNA-PKcs inactivation via siRNA or NU7026
also resulted in radiosensitizing effects [118–120]. Using NU7441, a twofold etoposide-induced
tumor reduction was observed in mice, harboring colon cancer xenografts [117]. Nonetheless,
clinical studies of either NU7441 or NU7026 are currently lacking. KU-0060648, an NU7441
analogue with improved water-solubility and increased potency enhanced the cytotoxicity of
DNA DSBs-inducing treatments both in vitro and in vivo, but also for these compound clinical trials
are currently lacking [121]. Although not solely targeting DNA-PK, the dual DNA-PK and mTOR
inhibitor CC-115 is in phase I of clinical testing in advanced solid and hematologic malignancies
(NCT01353625).
Whereas targeting ATM/ATR affects both cell cycle control and DNA repair, DNA-PK inhibition
acts primarily on NHEJ DNA repair capacity. Not surprisingly, blocking DNA-PKcs is primarily
cytotoxic when combined with DNA DSB-inducing agents. Sensitivity of cervical cancer cells for
NHEJ repair inhibition may be explained by the impairment of HR repair by the HPV E6 and E7
oncoproteins [21,22]. Specifically, E6 and E7 directly antagonize the critical HR regulator BRCA1
in cervical cancer cells [122]. Additionally, expression of E6 produced by HPV5 and HPV8 results
in decreased levels of BRCA1 [21] and BRCA2 [21], which was accompanied by increased levels of
DNA DSBs and impaired HR repair [21]. Another way by which DSB repair through HR is decreased
in cervical cancer is though hypoxia [123]. Hypoxic tumor are as are observed in most locallyadvanced cervical cancers (˜60%) [124]. A major therapeutic problem of cancer cells in hypoxic
areas is their increased therapy resistance [125]. Interestingly, hypoxic cancer cells, including
those in cervical cancer, feature decreased gene expression of RAD51 which is an important HR
regulator [123]. This hypoxia-induced inactivation of RAD51 is maintained for prolonged time
periods, even when normoxia is restored [123].
Combined, the reduced HR repair capacity, as caused by HPV oncoproteins or hypoxia, may
create a window of treatment opportunity for cervical cancer cells in which NHEJ repair can be
inhibited using DNA-PK targeting. The fact that p53-deficient cells appear increasingly sensitive
to DNA-PK inhibition, again argues that this approach maybe useful for cervical cancer [117].
Whether DNA-PK targeting is valuable for cervical cancer remains unclear, since it has not been
tested in the context of combined chemoradiotherapy in cervical cancer models.
Chk1/2
The Chk2 and Chk1 kinases are downstream of ATM and ATR respectively (Fig. 1). DSBs lead to
direct phosphorylation at Thr-68 of Chk2 by ATM [126], whereas ATR phosphorylates Chk1 on
Ser-345 and Ser-317 in response to replication stress [127]. Chk2 and Chk1 activation promotes
cell cycle arrest, which is mainly accomplished by inhibition of the Cdc25 phosphatases. Both
Chk1 and Chk2 can phosphorylate and thereby catalytically inhibit Cdc25C [51,128], making
them control transition in the G2/M cell cycle checkpoint. The reliance on residual S and G2/M
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checkpoint capacity in p53-deficient cancers provided a rational to investigate therapy-sensitizing
effects of Chk1 and Chk2 inhibitors in p53-down regulated cancers [37]. In addition to its role
in cell cycle regulation in situations of DNA damage, Chk1 was recently also shown to directly
control the repair of DNA breaks [129]. Specifically, Chk1 was shown to directly interact with the
Rad51 recombinase and tomediate phosphorylation of Rad51 [129]. In the context of cervical
cancer, elevated of replication stress due to E6/E7 expression may render cervical cancer cells
increasingly dependent on homologous recombination pathways, and hence, Chk1 activity.
Concerning Chk1, in vitro data suggested that not all p53-deficient cancers might benefit from
combined Chk1 inhibition with DNA damaging agents [130]. For cervical cancer, several papers
demonstrated differential effects of combining Chk1 depletion with chemo- and/or radiotherapy
[131–133]. Surprisingly, in HeLa cells Chk1 depletion potentiated only ionizing radiation, not
cisplatin [131,132,134]. Others have shown additional growth delay in HeLa spheroids when
chemoradiotherapy was combined with Chk1 targeting [133]. Most of these data are based
on observations with the Chk1 inhibitor UCN-01 in HeLa cells. To reliably evaluate these results,
however, these studies need to be confirmed using broader panels of cervical cancer cell lines,
optimized treatment protocols, and more potent and selective Chk1-inhibitors. UCN-01 was
the first available Chk1-inhibitor and sensitized p53-deficient cells in vitro for various genotoxic
agents [135]. However, many other kinases are also affected by UCN-01, including MK2 and
Chk2. Despite its non-selectivity, disruption of S and G2 checkpoints appeared Chk1-dependent
in p53-deficient cells [136]. Currently, phase I and II studies investigate the potential of UCN-01
either as single agent or combined with genotoxic chemotherapeutics in various cancer types
[137]. Information for 4 out of 7 completed phase II studies is publicly available [138–141] and
demonstrated a lack of significant anti-tumor effects of UCN-01 as single agent in metastatic
melanoma (NCT00072189) or renal cellcarcinoma (NCT00030888) [140,141]. Combination with
topoisomerase I inhibitors, in respectively metastatic triple negative breast cancer and advanced
ovarian cancer patients (NCT00072267), also did not show additional tumor-reducing effects
[138,139]. Based on immunohistochemical stainings and assessment of UCN-01 binding to the
plasma protein α1-acid glycoprotein (AAG), inefficient target engagement due to unfavorable
pharmacokinetics of UCN-01 was thought to underlie these negative results [138,142]. Meanwhile,
improved Chk1-inhibitors have been tested in phase I studies, including AZD7762. Although not
studied in cervical cancer, AZD7762 mimics UCN-01 in its radiosensitization of p53-deficient
tumor cells in vitro and in vivo [143]. These effects were explained by an impaired G2/M checkpoint
and HR inhibition [144]. In 2011, AZD7762 was discontinued from phase I trials (NCT00937664,
NCT00413686, NCT00473616), when two papers reported serious cardiac toxicity in patients
[145,146]. Two other Chk1-inhibitors, PF-00477736 and XL-844, were also discontinued in phase I.
The LY2603618 compound is currently the most promising Chk1-inhibitor as it efficiently mimics a
Chk1-depletion phenotype in vitro [147]. In combination with to poisomerase II inhibition, cervical
cancer cells treated with LY2603618 showed an abrogated G2/M checkpoint and impaired mitotic
spindle formation[147]. In vivo studies with this compound are therefore warranted.
Taken together, the majority of studies with Chk1 inhibitors examined Chk1-inhibitors as a
single agent or in combination with DNA damaging agents in vitro or in vivo. Strikingly, most studies
in cervical cancer cells point at increased cytotoxicity only when Chk1 inhibition is combined
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with ionizing irradiation, but not cisplatin. However, as these studies were mostly conducted with
non-selective Chk1 compounds, more preclinical work with potent Chk1-inhibitors (LY2603618,
MK-8776, LY2606368, or SAR-020106) is necessary. Such studies are needed to address whether
Chk1 inhibition indeed has chemo- and/or radiosensitizing effects in cervical cancer.
MK2
Besides the Chk1/2 kinases, the parallel p38-MAPK/MK2 signaling pathway controls cell cycle
progression in p53-deficient cells upon DNA damage [60]. Similar to the Chk1/2 kinases, MK2
in activates Cdc25B/C via phosphorylation on Ser-323 and Ser-216 to halt cell cycle progression
[66]. in vitro, MK2 depletion in HeLa cells resulted in cytotoxicity when combined with different
genotoxic agents, which suggest MK2 as a possible target for radio/chemosensitization in
cervical cancer [60,148]. However, the development of potent and specific ATP-competitive MK2
inhibitors is complicated. A low biochemical efficiency index limits inhibitor potency, while a
small ATP pocket of MK2 restricts conformational changes to compounds to increase inhibitor
selectivity [149]. Potent and selective ATP-competitive MK2 inhibitors are awaited to elucidate
clinical relevance of targeting MK2 in cervical cancer.

Conclusions
In recent years the development of more selective inhibitors contributed to our understanding
of the DDR wiring, and has revealed the therapeutic potential of DDR targeting. Many preclinical
studies have shown improved cytotoxicity in different cancer types through chemical or genetic
deregulation of the DDR. With the notion that the DDR serves as an anti-cancer barrier, it is
not surprising that parts of the DDR are frequently compromised in cancers to facilitate tumor
cell proliferation and survival [34,150]. In the case of cervical cancer, the HPV E6 oncoprotein
mediated p53 down-regulation. With the DDR being partially inactivated, tumor cells are
increasingly dependent on residual pathways in order to cope with certain types of DNA damage.
In parallel, the expression of multiple oncogenes, including HPV E6/ E7, leads to increased levels of
replication stress, and ensuing dependence on replication checkpoint kinases for cellular survival.
These pathways are attractive to exploit therapeutically, although investigation of the DDR status
in individual tumors is required to provide a rational for selecting eligible patient groups.
Based on in vitro and in vivo pre-clinical evidence, the response to chemo/radiotherapy can
be increased using ATM, ATR, DNA-PK, Chk1 or MK2 inhibitors, although not for all these kinases
suitable inhibitors are available and clinical data to support these claims, especially in the context
of cervical cancer are currently lacking. An important point in this respect is that preclinical studies
with chemical DDR inhibitors invariably assess these drugs either alone or combined with either
ionizing radiation or a single chemotherapeutic agent. In clinical practice, however, most regimens
combine multiple genotoxic agents in the advanced-stage disease setting. This also accounts for
cervical cancer, in which patients receive combined platinum-based chemoradiotherapy.
In addition, results of phase I and II studies with DDR compounds (Table 1) emphasize
major challenges ahead for clinical application of DDR inhibitors. Not only issues concerning
bioavailability of drugs were reported (e.g. UCN-01), also patient safety is a concern. Cardiac
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toxicity of AZD7762 was observed in the only completed phase Istudy [146]. In addition, two other
phase I trials with AZD7762 (NCT00937664 and NCT00473616) were terminated prematurely after
the risk–benefit profile was reviewed [145]. As a result, further clinical development of AZD7762
was discontinued. Other adverse effects of DDR inhibition remain largely unaddressed, such as
the potential induction of secondary tumors.
Improving DDR targeting compounds is necessary to reduce off-target effects and to allow
further translation of in vitro findings. In addition, more preclinical data in cervical cancer models
are required to determine the most promising DDR target. Specifically, studies using panels of
multiple primary cervical cancer cell lines in which DDR agents are combined with chemo-/
radiotherapy are needed to select most promising targets. Moreover, advanced ex vivo or in vivo
cervical cancer models, like patient-derived xenograft (PDX) mouse models, could be used to
identify effective dosing schedules and combinations of treatment modalities, prior to clinical
phase trials. Only when such experimental set-ups will be applied, full potential of DDR inhibition
as treatment intervention in cervical cancer can be achieved.
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Abstract
Treatment of advanced stage cervical cancers with (chemo)radiation causes cytotoxicity through
induction of high levels of DNA damage. Tumour cells respond to DNA damage by activation of the
‘DNA damage response’ (DDR), which induces DNA repair and may counteract chemoradiation
efficacy. Here, we investigated DDR components as potential therapeutic targets and verified
the predictive and prognostic value of DDR activation in cervical cancer patients treated with
(chemo)radiation.
In a panel of cervical cancer cell lines, inactivation of ATM or its substrate 53BP1 clearly gave
rise to cell cycle defects in response to irradiation. Concordantly, clonogenic survival analysis
revealed that ATM inhibition, but not 53BP1 depletion, strongly radio-sensitised cervical cancer
cells. In contrast, ATM inhibition did not radiosensitise non-transformed epithelial cells or nontransformed BJ fibroblasts. Interestingly, high levels of active ATM prior to irradiation were related
with increased radioresistance.
To test whether active ATM in tumours prior to treatment also resulted in resistance to therapy,
immunohistochemistry was performed on tumour material of advanced stage cervical cancer
patients (n=375), treated with (chemo)radiation. High levels of phosphorylated (p-)ATM (P=0.006,
HR=1.817) were related to poor loco-regional disease-free survival. Furthermore, high p-ATM
levels predicted shorter disease-specific survival (HR=1.418, P=0.038). Presence of p-53BP1
was associated with p-ATM (HR=2.206, P=0.001), but was not related to any clinicopathological
features or survival.
In conclusion, both our in vitro and patient-related findings indicate a protective role for ATM in
response to (chemo)radiation in cervical cancer and point at ATM inhibition as a possible means
to improve efficacy of (chemo)radiation.
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Introduction
The standard of care for advanced stage cervical cancer patients has shifted over the last decade
from radiotherapy alone to platinum-based chemoradiation [1]. Despite the shift in this curative
treatment modality, 5-year survival is still around 66%, which leaves ample room for improvement
[2]. Chemoradiation introduces high levels of DNA double-strand breaks (DSBs), with the aim to
induce cell death [3-4]. At the molecular level, cells respond to DNA breaks with the activation of a
distinct pathway called the ‘DNA damage response’ (DDR). The DDR recognizes DNA damage and
subsequently coordinates a cell cycle arrest with the initiation of DNA repair [3-4]. Counteracting
the effects of the DDR might thus be an attractive option to improve treatment results in advanced
cervical cancer patients.
Central in the DDR is the ataxia telangiectasia mutated (ATM) kinase. ATM plays a key role
in detecting DNA DSBs and in coordinating DNA repair, cell cycle arrest and the induction of
apoptosis [4]. When DNA DSBs are induced, ATM is activated through autophosphorylation on
serine 1981 (Ser1981), and subsequently phosphorylates numerous downstream substrates,
including cell cycle regulators, DNA repair factors and proteins involved in apoptosis [3,5-6]. The
importance of ATM is underscored by the observed increased radiosensitivity and cancer incidence
in ataxia telangiectasia (AT) patients, bearing a mutation in the ATM gene [7]. One prototypical
ATM substrate is the gene product of TP53-binding protein-1 (53BP1) [8-11], originally identified
as a protein that binds p53 [12]. In response to DNA damage, 53BP1 is rapidly phosphorylated
by ATM on multiple residues including serine 25 (Ser25) and serine 1778 (Ser1778) [6,13-14].
Phosphorylated 53BP1 localizes to irradiation-induced foci where it promotes the activation of p53
and Chk2 and mediates the recruitment of the repair factor BRCA1 [8-10]. 53BP1, like ATM, is also
involved in repair of DNA breaks, by promoting non-homologous end-joining [15-16]. However,
53BP1 can also be detected on sites of homologous recombination and in addition influences
this error-free type of repair [17]. Combined, these findings explain its important role in proper
responses to DNA breaks and many of the cellular defects observed in AT, were recapitulated in
53BP1-/- cells, including irradiation sensitivity, growth retardation and cancer predisposition [1819].
The aim of this study was to investigate to which degree cervical cancer cells depend on
the DDR after irradiation. For this purpose, we have analysed responses of a panel of cervical
cancer cell lines to ionizing irradiation. We have subsequently investigated the role of ATM and
53BP1 as potential targets for radiosensitising approaches in vitro. Finally, we tested the predictive
and prognostic properties of ATM pathway activity in tumours in a large, well-documented,
consecutive series of cervical cancer patients, primarily treated with (chemo)radiation.

Results
ATM- and 53BP1-dependent cell cycle arrest in response to irradiation
We investigated the role of ATM and 53BP1 in the cellular response to irradiation in cervical cancer
cells. In order to study cell cycle arrest in G1 and G2 -a distinct early feature of the DDR- different doses
of irradiation were tested for their ability to induce cell cycle arrest and foci formation of 53BP1
and γ-H2AX (Supplemental Fig. S1A-D). To subsequently study the role of ATM and 53BP1 in these
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responses, we used chemical inhibition of ATM (KU55933) or interfered with the expression of
53BP1 using shRNA (Fig. 1A) in our panel of HPV-positive (SiHa, HeLa, CaSki) cell lines and the HPVnegative C33A cell line (harbouring a p53-mutant) [20]. Cell lines stably expressing 53BP1 shRNAs
as well as cell lines in which ATM was inactivated showed normal proliferation, when compared
with their control counterparts (Fig. 1B). Upon irradiation (5 Gy), clear cell cycle arrests in G1 and
G2 were observed (Fig. 1B, D and E). Interestingly, ATM inhibition or 53BP1-depletion completely
ablated the G1 arrest in response to irradiation in all examined HPV-positive cell lines (Fig. 1B, D).
Similar results were obtained when we used a second shRNA against 53BP1 (Supplemental Fig.
S2A-C). These results indicate that both ATM and 53BP1 are required for the irradiation-induced
G1 arrest in HPV-positive cervical cancer cell lines. The p53-mutant cell line C33A did not show a
significant irradiation-induced G1 arrest (Fig. 1D), which is in line with the p53-dependant G1 arrest
after irradiation [21-22]. Indeed, neither ATM inhibition nor 53BP1-depletion further changed the
proportion of G1 cells in C33A cells (Fig. 1D). We next investigated the ability of cervical cancer
cells to arrest at the G2/M border. G2/M checkpoint activity was measured by the number of
cells that enters mitosis after irradiation, judged by phospho-HistoneH3-positivity. Shortly after
irradiation, control cells showed a clear decrease in the percentage of mitotic cells, as expected
from cells with an intact G2/M checkpoint (Fig. 1B, E). Notably, ATM inhibition resulted in failure to
properly arrest cells at the G2/M border after irradiation (Fig. 1B, E). In sharp contrast, cells depleted
of 53BP1 still exhibited a clear decrease in mitotic cells upon irradiation, comparable to that of
irradiated control cells. (Fig. 1B, E). These results indicate that ATM, but not 53BP1, is required for a
proper G2/M arrest in response to irradiation and these results furthermore show that the G1 and
the G2/M arrest have different molecular requirements in cervical cancer cells.
Although previous studies have attributed an irradiation-induced G1 arrest to p53 function
[23], we were surprised to observe a prominent G1 arrest after irradiation in all HPV-positive
cervical cancer cell lines, in which p53 function is compromised by HPV E6. We therefore tested
p53 function and observed expression of p53-target genes MDM2 and p21 in HeLa cells, albeit
at low levels (Fig. 1C). Interestingly, depletion of 53BP1 resulted in a virtually complete loss of
expression of MDM2 and p21, suggesting that the residual activity of p53 in cervical cancer cells
depends on 53BP1 (Fig. 1C).
Regarding ATM inhibition as a therapeutic option, we compared the ability of ATM inhibition
to induce apoptosis in HeLa cells versus human non-transformed RPE cells and human BJ
foreskin fibroblasts. Whereas ATM inhibition clearly elevated the levels of apoptotic HeLa cells
after irradiation, non-transformed RPE cells or BJ foreskin fibroblasts did not show any significant
elevation of apoptosis levels in response to combined treatment with KU55933 and irradiation
(Fig. 1F, Supplemental Fig. 1E).

40

508760-L-bw-Wieringa
Processed on: 14-3-2017

3. The role of ATM and 53BP1 as predictive markers in cervical cancer

Time (hrs) post IR (5 Gy)

pRS

53BP1

pH3

DNA

t=6h
0.30%

DNA

t=24h
0.27%

2.57%

pH3

t=3h
3.01%

pH3

pRS-53BP1

t=0h

pH3

B

HeLa

pRS

pRS-53BP1

pRS-53BP1

SiHa

pRS

CaSki

pRS

C33A

pRS

A

pRS-53BP1

Figure 1 Roossink et al.

DNA

DNA

β-Actin

pRS
0

3

pRS-53BP1

pRS-53BP1
6

0

3

6

DNA

DNA

0.24%

0.91%

pH3

0.41%

pH3

pH3

HeLa + IR (5 Gy)

Time (hrs)

3.76%

pH3

C

DNA

DNA

53BP1

2n 4n
DNA

20
10
0

pH3

30
20
10

pR
S
55
93
pR
3
S53
BP
1

0

+

pR

HeLa

1.0

p-H3 index

p-H3 index

0.5

0.5

S

0.0

+
S
pR

pR

pR

S

S

+

pR

KU

KU

pR

pR
S
55
93
pR
3
S53
BP
1

3
S53
BP
1

55
93

S
pR

KU

40

S

S
pR

SiHa

0.0

+

HeLa

50

KU

KU

pR

KU
+
pR
0.5

KU

+

S

HeLa

RPE-1

BJ

HeLa

10Gy

Apoptosis (%)

pR

RPE-1

0Gy

F

30

1.0

0.0

pR
S
55
93
pR
3
S53
BP
1

0.0

CaSki

1.0

p-H3 index

0.5

40

3

2n 4n
DNA

SiHa

50

1.53%

DNA

2n 4n
DNA

pR
S
55
93
pR
3
S53
BP
1

0

S

+

C33A

1.0

p-H3 index

10

pR

KU

pR
S
pR

E

20

DNA

+

0

G1 cells (% of total)

10

30

3
S53
BP
1

20

40

S

30

CaSki

50

pR

G1 cells (% of total)

40

2n 4n
DNA

55
93

C33A

50

S
55
93
3
S53
BP
1

G1 cells (% of total)

D

pH3

DNA

DNA

2.81%

55
93
pR
3
S53
BP
1

β-Actin

3.17%

G1 cells (% of total)

p21

pH3

pRS + KU55933

MDM2

2.90%

pH3

pChk2

Figure1: ATM and 53BP1-dependent cell cycle arrest in irradiated cervical cancer cell lines. A, C33A,
CaSki, SiHa and HeLa cells were infected with pRS control virus or pRS-53BP1 shRNA virus. Whole cell
lysates of puromycin-resistant polyclonal cells were obtained and analysed with immunoblotting
using indicated antibodies. B, HeLa-pRS, HeLa-pRS53BP1 and HeLa-pRS cells pretreated with KU55933
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were irradiated (5 Gy) and harvested at indicated time points. Cells were fixed, stained for phosphoHistoneH3/Alexa-488 and propidium iodide/RNAse. 1x10ˆ4 events were measured by ﬂow cytometry
and representative DNA plots are shown. Inlays show phospho-HistoneH3 stainings and indicated
percentages show phospho-HistoneH3-positive cells. C, HeLa cells, infected with pRS or pRS-53BP1
were irradiated (5 Gy) and harvested after indicated time periods. Immunoblotting was performed
with indicated antibodies. D, C33A, CaSki, SiHa and HeLa cells were treated as for panel B and relative
amounts of cells with 2N DNA content (G1-cells) are indicated at 24 hours after irradiation. Standard
deviations of three independent experiments are shown. E, C33A, CaSki, SiHa and HeLa cells were
treated as for panel B and relative amounts of cells with phospho-HistoneH3-positive cells at 3 hours
after irradiation are indicated. Standard deviations of three independent experiments are show. F, RPE,
BJ foreskin fibroblasts and HeLa cells were treated with 10 μM KU55933 prior to irradiation. Twenty-four
hours after irradiation, apoptosis was analysed by microscopic assessment of acridine orange staining.
Representative images are indicated and averages of three experiments (with at least 100 cells per
experiment) are shown. Arrowheads indicate apoptotic cells.

ATM, but not 53BP1 is required for clonogenic survival after irradiation
Our cell cycle analysis showed that ATM inhibition or loss of 53BP1 clearly lead to different defects in
response to irradiation (Fig. 1). Reduced ability to initiate cell cycle arrest in response to irradiation,
may also translate into altered survival kinetics of irradiated cells. To test this, we subsequently
analysed clonogenic survival. To exclude that ATM inhibition resulted in altered growth rates and
thereby influenced the results of the clonogenic survival assay upon irradiation, MTT proliferation
assays were conducted and revealed that ATM inhibition on its own did not significantly alter
growth rates of HeLa cells or SiHa cells (Suppl. Fig. 3A and data not shown). Importantly, inhibition
of ATM resulted in a dramatic reduction in clonogenic survival after irradiation, observed in all
cell lines tested (Fig. 2A, B). Notably, CaSki cells appeared much more sensitive to ATM inhibition
when compared to other cell lines (Fig. 2B). In contrast, loss of 53BP1 only resulted in a very
moderate loss of clonogenic survival after irradiation in all four cell lines (Fig. 2A, B). As expected,
loss of 53BP1 did not further sensitise cells that were treated with ATM inhibitor (Fig. 2A, B).
Altogether, our results indicate a differential requirement for ATM or 53BP1 with respect to
irradiation-induced cell cycle arrest and show that ATM inhibition dramatically radiosensitises
cervical cancer cells as judged by survival assays. These results imply that the levels of ATM activity,
perhaps even prior to irradiation, may determine the effect of (chemo)radiation.

Figure 2: ATM and 53BP1-dependent clonogenic survival in irradiated cervical cancer cell lines. A,
C33A, CaSki, SiHa and HeLa cells were infected with pRS control virus or pRS-53BP1 shRNA virus. Cells
were plated in 6-well plates and subsequently irradiated with indicated amounts of ionizing irradiation,
and allowed to grow colonies. If indicated, cells were treated with KU55933 prior to irradiation. Surviving
colonies were stained. B, Quantification of colony numbers. If no colonies survived, a dashed line is
shown. Shown data are from 3 independent experiments.
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Figure 2 Roossink et al.
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Predictive value of ATM and 53BP1 for response to treatment
To investigate the predictive value of ATM activity for response to irradiation in cervical cancer
cells, we analysed the levels of phospho-Ser1981-ATM before and after irradiation (Fig. 3A).
HeLa and SiHa cells have very low baseline levels of phospho-ATM, in contrast to CaSki cells
that have activated ATM even prior to irradiation (Fig. 3A). Interestingly, baseline amounts of
phospho-ATM seem to correlate with radioresistance, since CaSki cells were significantly more
resistant to irradiation than HeLa and SiHa cells as observed in clonogenic survival assays (Fig.
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3B). These findings suggest that ATM activity prior to treatment can be used as a predictor of
response to irradiation. To next test the specificity of antibodies in paraffin-embedded material,
we analysed paraffin-embedded cervical cancer cell lines, irradiated in the presence or absence
of ATM inhibitors (Suppl. Fig. S4A). Our results showed that irradiation clearly increases phosphoS1981-ATM levels as well as phospho-S25-53BP1 levels, a process that is completely reverted after
pretreatment with ATM inhibitor KU55933 (Suppl. Fig. S4A). These findings indicate that phosphoS1981-ATM and phospho-S25-53BP1 can be detected specifically in paraffin-embedded cervical
Figure 3 Roossink et al.
cancer cells and that both stainings reflect ATM activity.
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Figure 3: Relation of ATM and 53BP1 expression to loco-regional disease-free survival A. HeLa,
SiHa and CaSki cells were left untreated or irradiated (5Gy). Thirty minutes after irradiation, cells were
lysed and immunoblotted for phospho-Ser1981-ATM and β-Actin. B. HeLa, SiHa and CaSki cells were
plated in 6-well plates and subsequently irradiated with indicated amounts of ionizing irradiation,
and allowed to grow colonies. Surviving colonies were stained and average colony numbers of three
experiments are indicated. C, Representative immunostaining for p-ATM and p-53BP1 in advanced
stage cervical cancer are shown. D, Kaplan-Meier plots of loco-regional disease-free survival, related to
expression of p-ATM and p-53BP1.
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To investigate whether indeed ATM activity has predictive value for response to (chemo)
radiation, we examined phospho-Ser1981-ATM (p-ATM) levels in pre-treatment cervical cancer
tissues. Representative p-ATM stainings in cervical cancer tissue are shown in Figure 3C. Any
positive nuclear staining (≥10% of intensity ≥1) for p-ATM was observed in 344 out of 349 patients
(98.6%), indicating that ATM is activated at least to some degree in virtually all patients. High levels
of p-ATM expression, however, were only observed in 183 patients (52.4%).
We analysed expression levels of the ATM substrate 53BP1. Positive nuclear expression for
53BP1 was observed in 100% of the tumours with similar intensity and thus no statistical analysis
for 53BP1 expression could be performed. Positive nuclear phospho-S25-53BP1 (p-53BP1)
expression, representing ATM activity, was observed in 180/311 tumours (57.9%). As expected
for a direct substrate of ATM [6,10.13], a positive signal for p-53BP1 was more frequently found in
tumours with high p-ATM in comparison to negative/low p-ATM (OR=2.206; 95%CI=1.383-3.519;
P=0.001).
We evaluated the relation between clinicopathological data versus p-ATM and p-53BP1
expression (Table 1). Logistic regression analysis showed higher expression levels of p-ATM in
advanced stage (≥IIb) tumours (OR=1.851; P=0.007). In addition, tumour diameter (≥4 cm;
OR=1.848; P=0.014) and age (OR=1.005: P=0.006) were also related to p-ATM expression. None of the
clinicopathological features showed a statistical relationship with positivity for p-53BP1 (Table 1).
Table 1. Relation between tumour staining for p-ATM and

Table
1: Relation
between tumour staining
for p-ATM and p-53P1 versus clinicopathological data
p-53BP1
versus clinicopathological
data
High p-ATM positive
Age
Stage ≥ IIb
Adenocarcinoma
Poor differentiation
Lymphangio invasion
Tumour diameter ≥ 4 cm

OR
0.981
1.851
1.778
1.259
0.715
1.848

(95% C.I.)
(0.968-0.994)
(1.179-2.905)
(0.954-3.311)
(0.799-1.983)
(0.389-1.314)
(1.135-3.010)

P-value
0.006
0.007
0.070
0.321
0.280
0.014

p-53BP1 positive
Age
Stage ≥ IIb
Adenocarcinoma
Poor differentiation
Lymphangio invasion
Tumour diameter ≥ 4 cm

OR
0.989
1.253
0.764
1.170
0.724
1.118

(95% C.I.)
(0.975-1.004)
(0.786-1.996)
(0.407-1.434)
(0.724-1.891)
(0.385-1.362)
(0.669-1.869)

P-value
0.148
0.343
0.401
0.521
0.317
0.670

P-ATM and p-53BP1 in relation to response to (chemo)radiation and survival
To analyse the relationship of p-ATM and p-53BP1 protein expression with response to (chemo)
radiotherapy, two models were used as described previously [22]. In Model I, where treatment
response is based on loco-regional disease-free survival, 364 patients (97.1%) could be analysed.
Evaluation of loco-regional disease-free survival was employed since it is a relevant measurement
of local effects induced by (chemo)radiation, which induces ATM pathway activation. In this model,
high p-ATM was related to poor loco-regional disease-free survival in univariate Cox regression
analysis (HR=1.82; P=0.006) as well as in multivariate analysis (HR=1.65; P=0.022), while p-53BP1
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expression was not. Figure 3D depicts locoregional disease-free survival in relation to high p-ATM
and p-53BP1 expression. In this analyses, the log-rank P-value for high p-ATM expression was
P=0.003. To further strengthen our hypothesis that high levels of p-ATM are associated to the
response to (chemo)radiotherapy, we evaluated response-to-treatment in a second model. In
Model II, we separated our data in two subsets of patients with the highest contrast in treatment
response (see suppl. document SD1 patients and methods section) [22]. In this model, a statistical
significant association between high p-ATM and poor response to treatment was found in
univariate logistic regression analysis (OR=2.57; P=0.011) as well as in multivariate analysis (OR=
2.34; P=0.039). P-53BP1 was not related to response to (chemo)radiation. After selection of these
extreme groups, the relation of p-ATM with poor response-to-treatment was even stronger
when compared to Model I. These data indicate that pre-treatment ATM activity levels, but not
phosphorylation status of 53BP1, is relevant for the response to (chemo)radiation in cervical
cancer patients.
Finally, we analysed the expression of p-ATM and p-53BP1 in relation to disease-specific
survival. During follow-up, 201 of 375 (54.6%) of patients died. In 155 (78%) of these patients,
death was related to cervical cancer (disease-specific survival). In line with our results described
above, no relations were observed between p-53BP1 expression and disease-specific survival.
However, we found that high p-ATM expression was related to worse disease-specific survival
(HR=1.42; P=0.038) in univariate analysis (Table 3), again underscoring a role for ATM activity in
cervical cancer behaviour.
Table 2: Immunostaining in relation to poor response to therapy
Table 2. Immunostaining in relation to poor response to therapy
Model I
Age
Stage ≥IIb
Adenocarcinoma
Poor differentiation
Lymphangio invasion
Tumour diameter ≥4 cm
High p-ATM positive
p-53BP1 positive
Model II
Age
Stage ≥IIb
Adenocarcinoma
Poor differentiation
Lymphangio invasion
Tumour diameter ≥4 cm
High p-ATM positive
p-53BP1 positive

Univariate
(95% C.I.)
(0.996-1.021)
(1.449-4.015)
(1.050-2.752)
(0.669-1.521)
(0.533-1.681)
(1.308-3.735)
(1.191-2.772)
(0.690-1.702)

P-value
0.164
0.001
0.031
0.967
0.851
0.003
0.006
0.728

HR

(95% C.I.)

P-value

2.337
‡

(1.375-3.971)

0.002

‡
1.650

(1.076-2.528)

0.022

OR
1.014
2.966
4.621
0.852
1.630
3.046
2.567
0.659

Univariate
(95% C.I.)
(0.991-1.037)
(1.292-6.810)
(1.888-11.311)
(0.413-1.758)
(0.694-3.827)
(1.196-7.760)
(1.243-5.299)
(0.305-1.423)

P-value
0.232
0.010
0.001
0.665
0.262
0.020
0.011
0.289

OR

Multivariate*
(95% C.I.)

P-value

3.462
3.822

(1.309-9.156)
(1.430-10.214)

0.012
0.007

‡
2.336

(1.042-5.237)

0.039

* Multivariate analysis adjusted for treatment modality.
‡ Not in final step of multivariate analysis
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Multivariate*

HR
1.009
2.412
1.700
1.009
0.946
2.210
1.817
1.083
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Table 3: Immunostaining of p-ATM and p53BP1 in relation to disease-speciﬁc survival

Table 3. Immunostaining of p-ATM and p53BP1 in relation to disease-specific survival.
Disease-specific survival

Univariate

Multivariate*

HR

(95% C.I).

P-value

HR

(95% C.I).

Age

1.003

(0.993-1.013)

0.520

P-value

Stage ≥IIb

2.170

(1.463-3.217)

Adenocarcinoma

1.507

(0.999-2.273)

<0.001

1.907

(1.249-2.911)

0.003

0.050

‡

Poor differentiation

1.211

(0.873-1.681)

0.251

Lymphangio invasion

1.125

(0.726-1.744)

0.597

Tumour diameter ≥4 cm

1.967

(1.308-2.959)

0.001

1.640

High p-ATM positive

1.418

(1.019-1.972)

0.038

‡

(1.068-2.519)

0.024

p-53BP1 positive

0.819

(0.576-1.165)

0.267

3

* Multivariate analysis adjusted for treatment modality.
‡ Not in final step of multivariate analysis.

Discussion
This study shows a critical role for active ATM in the response of cervical cancer to irradiation,
both in cervical cancer cell lines as well as in cervical cancer patients treated with (chemo)
radiation. Our in vitro studies indicate that cervical cancer cells, even in the presence of HPV E6
expression, which blocks p53 function, still undergo a robust G1 cell cycle arrest in response to
irradiation. HPV-positive cervical cancer cells require both ATM activity and the presence of 53BP1
for induction of this irradiation-induced G1 arrest. In addition, ATM but not 53BP1 is required for
induction of a G2/M cell cycle arrest.
The requirements for ATM and 53BP1 for induction of an irradiation-induced G1 arrest are likely
explained by residual p53 function in HPV-positive cervical cancer cells, which most often carry
wild type alleles of p53 [24]. Both ATM and 53BP1 have been described to regulate p53 function.
Whereas ATM has been extensively described to directly regulate p53 [4], a role for 53BP1 in the
regulation of p53, is controversial. 53BP1 was initially demonstrated to bind p53 and promote
p53 activity [12, 25], but T-cells from 53BP1-/- mice still showed robust irradiation-induced p53
responses [26]. Our results indicate that 53BP1 is required for p53 function, albeit in a background
with compromised p53 levels. However, in HPV-positive cervical cancer cells, this does not appear
to have functional consequences, since 53BP1 depletion did not dramatically alter clonogenic
survival of cell lines after irradiation, nor was the activation status of 53BP1 associated with locoregional disease-free survival of cervical cancer patients.
In our study, the inhibition of ATM in cervical cancer cells interfered with the irradiationinduced G1 and G2/M cell cycle arrest, in line with loss of checkpoint function in cells from AT
patients [4,7,27]. ATM inhibition furthermore severely decreased clonogenic survival for all
tested cervical cancer cell lines, indicating that cervical cancer cells heavily depend on the ATM
signalling axis for survival after irradiation. Interestingly, when ATM was inhibited in irradiated
non-transformed RPE cells or BJ foreskin fibroblasts, no induction of apoptosis was observed in
contrast to the apoptotic effects of ATM inhibition on HeLa cells, implying that a therapeutic
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window for ATM inhibition may be present. Further research, however, is required to investigate
the long-term toxicity profile of ATM inhibition in normal cells. In addition, investigation of the
combined effects of radiotherapy and ATM inhibition in normal tissues are needed to further
establish ATM as a therapeutic target for radiosensitisation.
These observations, as well as our findings that high baseline levels of active ATM correlate to
increased clonogenic survival after irradiation, suggest that high levels of activated ATM levels are
beneficial for cervical tumour cell survival. Previously, it has been acknowledged that the ability to
repair therapy-induced DNA damage counteracts the efficacy of therapy in a number of tumour
types. For instance, high expression levels of the repair enzyme MGMT counteracts the effects of
alkylating agents and predicts poor prognosis in gliomas [28]. Conversely, low expression level
of the DNA damage repair gene ERCC1 correlates with prolonged survival of non-small cell lung
cancer patients [29].
To analyse whether activation status of ATM was also related to therapy outcome, we assessed
the expression of p-ATM and the expression of p-53BP1. To our knowledge this is the first time that
ATM and 53BP1 have been assessed by immunohistochemistry in their activated phosphorylated
state in a large, well-documented, series of cervical cancer patients primarily treated with (chemo)
radiation. Our data suggest that high expression levels of p-ATM are related to poor loco-regional
disease-free survival. Currently, only very limited data concerning ATM and 53BP1 expression
in relation to response to (chemo)radiation and survival in other malignancies is present. The
few studies that investigated ATM expression show an ambiguous picture. In pancreatic cancer
patients ATM expression in their tumours was not a prognostic factor [30]. In contrast, expression
of ATM in colorectal cancer was related to good survival in a large series of patients, although only
a subset was treated with genotoxic therapy [31]. Both in oesophageal cancer and early stage
breast cancer, ATM expression did not predict response to therapy [32-33].
Our results show that expression of p-ATM was related to response-to-treatment, while
expression of p-53BP1 was not. Importantly, our clinical data were in line with our cell line data,
in which we show that 53BP1 inhibition did not affect clonogenic survival upon irradiation.
Although predictive roles for 53BP1 were unknown in cervical cancer, high expression levels of
53BP1 were associated with poor responses to cisplatin-based therapy in lung cancer [34]. In
analogy, 53BP1 was overexpressed specifically in those ovarian tumours that showed resistance
to paclitaxel/carboplatin-based therapy [35]. In addition, 53BP1 was frequently lost in hereditary
breast cancers, where it was suggested to relieve the genomic instability caused by BRCA1
loss. [17]. The diversity of these results could be explained by differences in treatment modality
between and even within these studies. Moreover, our study focussed predominantly on the
activation status of both proteins, rather than expression levels only. Finally, carcinogenesis of
cervical cancer is fundamentally different from that of the tumour types under study in the latter
reports. It may very well be that early inactivation of p53 through HPV infection account for
differences in prognostic factors, especially those functioning within the DDR.
ATM is activated in response to chemoradiation. The relatively high levels of p-ATM that we
observed in our therapy-naive cervical tumour specimens could represent continuous activation
of the ATM-regulated DDR as a result of deregulated proliferation, as also reported for other
tumour types [36-37]. Alternatively, elevated levels of p-ATM prior to (chemo)radiation may point
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at DNA damage-independent functions of ATM, such as the recently reported role for ATM in
sensing oxidative stress levels [38].
In summary, based on our results, targeting ATM kinase activity is an interesting potential
therapeutic option to sensitise tumour cells for (chemo)radiation in cervical cancer patients
who have high tumour levels of active ATM before start of (chemo)radiotherapy. Our data, in
line with other reports, show that inhibition of ATM by targeted drug application results in
enhanced sensitivity to radiotherapy [20,39-40], recapitulating the radiosensitivity phenotypes
of AT patients cells [4,7,41]. Moreover, a therapeutic window appears to be present when the
toxicity to non-cancer cells is taken into account. This differential sensitivity to ATM inhibition
may be related to HPV-dependent rewiring of the cell cycle machinery. Other investigations
have reported enhanced radiosensitivity by inhibition of ATM in several malignancies [42-46].
Although ATM inhibitors are still in preclinical development, our study suggests relevance of ATMtargeted agents and warrants a further assessment of ATM inhibition as a (chemo)radiosensitising
treatment in advanced stage cervical cancer patients. However, besides increased radiosensitivity
AT patients also show increased cancer development [4,7,41], so prolonged ATM inhibition
should be avoided. In clinical settings, only a scenario in which short-term ATM inhibition can
be combined with the local induction of DNA damage seems feasible. In this respect, it is very
relevant that reversible ATM inhibitors have recently been described and that transient ATM
inhibition was shown to reach radiosensitising effects in cancer cells [44].

Materials and methods
Cell line studies
The human HPV-positive cervical cancer cell lines HeLa, CaSki and SiHa (all p53 wt) as well as the
HPV-negative C33A cell line (mutant p53) were cultured in DMEM:Ham’s F12 (1:1), supplemented
with 10% fetal calf serum, 100 units/mL penicillin, and 100 μg/mL streptomycin. Human
embryonic 293T kidney cells, non-transformed human retinal pigment epithelial (RPE) cells and
human BJ foreskin fibroblasts were cultured in DMEM, supplemented with 10% fetal calf serum,
100 units/ml penicillin, and 100 μg/mL streptomycin. Authenticity of cell lines was verified by
DNA short tandem repeat analysis (Baseclear, the Netherlands). If indicated, cells were irradiated
using a CIS international/IBL 637 equipped with a cesium137 source (0.01083 Gy/s). If indicated,
cells were incubated with 10 μM of ATM inhibitor KU55399 (Tocris Bioscience).
RNA interference
Short-hairpin RNA sequences against the human TP53BP1 gene were previously described
and validated [47]. To produce VSV-G pseudotyped retrovirus particles, 293T cells were
transfected with either pRetrosuper (pRS), pRetrosuper-53BP1#1 (targeting sequence
5’-GAACGAGGAGACGGTAATA-3’) or pRetrosuper-53BP1#2 (5’-GATACTGCCTCATCACAGT-3’) and
the packaging plasmids pMDG/P and pMDG in a 3:2:1 ratio using a calcium phosphate protocol.
Virus-containing supernatant culture medium was filtered (0.22 μm, Millipore), mixed with
Polybrene (4 μg/mL) and used for infection for three consecutive 12 hour periods. Twenty-four
hours after the third infection, puromycin was added (1 μg/mL) for selection.
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Western blotting and immunofluorescence
For Western blotting, cell lysates were obtained using MPER (Thermo Scientific), supplemented
with protease inhibitor and phosphatases inhibitor cocktail (Roche). Thirty μg of protein was used
for SDS-PAGE. Separated proteins were transferred to PVDF membranes and blocked in 5% milk in
TBS-0.01% Tween20. Immunodetection was done with antibodies directed against 53BP1 (rabbit,
H-300, Santa Cruz Biotechnology), MDM-2 (mouse, AB1, Calbiochem), phospho-Thr68-Chk2
(rabbit, C13C1, Cell Signaling), p21 (mouse, EA10, Calbiochem), β-Actin (mouse, A5441, Sigma)
and phospho-Ser1981-ATM (rabbit, EP1890Y, Epitomics). HRP-conjugated antibodies (Dako) were
used as secondary antibodies. Visualisation was performed using Enhanced Chemiluminiscence
(Lumilight, Amersham) and a Biorad Bioluminescence device, equipped with Quantity One/
Chemidoc XRS software.
For immunofluorescence, cells were grown on glass cover slips. One hour after treatment
cells were fixed in 3.7% formaldehyde, blocked in 5% bovine serum albumin (BSA) and stained
overnight using anti-53BP1 (rabbit, H-300, Santa Cruz Biotechnology) and anti-γ-H2AX (mouse,
phospho-Ser139, #05-636, Millipore). Cells were counterstained with Alexa-488 and Alexa-568conjugated secondary antibodies (Molecular Probes) and DAPI (Sigma).
Clonogenic survival assays
Depending on the amount of irradiation, cells were seeded at 100 (0Gy), 500 (2Gy), 2000 (4Gy) or
5000 cells/well (6Gy) in 6-well plates, and allowed to adhere for four hours. Cells were subsequently
irradiated at indicated doses. If indicated, cells were pretreated with ATM inhibitor (KU55933, 10
μM) for 30 minutes. ATM inhibitor (KU55933)-treated CaSki cells were seeded up to 80,000 cells/
well due to extreme irradiation sensitivity observed in initial experiments. When colony size
reached an approximate minimum size of 50 cells per colony after 10-14 days, cells were fixed and
stained using methanol/acetic acid/water mixture (50%, 20% and 30% respectively), containing
0.01% Coomassie brilliant blue. Surviving fraction was calculated using the plating efficiencies,
using the non-irradiated controls as a reference. Results shown are averages of three independent
experiments performed in triplicate.
Apoptosis assays and proliferation measurements
Twenty-four hours after plating in 6-well plates, cells were irradiated (10Gy). If indicated, cells
were pretreated with ATM inhibitor (KU55933, 10 μM) for 30 minutes. Twenty-four hours after
irradiation, apoptosis was assessed visually by fluorescence microscopy after staining nuclear
chromatin with acridine orange. Apoptosis assays were independently performed in triplicate.
In order to measure cell proliferation, 7000 HeLa cells or SiHa cells were plated in 96-well plates
in the presence or absence of KU55933 (10 μM). Directly after plating, or at 24, 48 or 72 hours
after plating, 20 μl of 5 mg/ml (3-(4,5-Dimethylthiazol-2-γl)-2,5-diphenyltetrazolium bromide
(MTT, 5 mg/ml) was added for 2 hours. Subsequently, culture medium was removed and cells
were incubated in DMSO for 30 minutes. Absorbance was measured at 520 nm using a Biorad
microplate reader. Cell growth was calculated by calculating relative increases of MTT conversion.
MTT conversion at day 1 of plating was used as a reference.
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Flow cytometry
Cells were harvested at indicated time points after irradiation and fixed in ice-cold 70% ethanol.
Cells were stained with rabbit anti-phospho-Ser10-Histone H3 antibody (rabbit, Upstate, #06570,
1:200), and subsequently stained with Alexa-488-conjugated anti-rabbit antibody (Molecular
Probes) and counterstained with propidium iodide/RNAse (Sigma). Cell cycle distribution and
phospho-Histone H3 positivity were analysed on a FACSCalibur (Becton Dickinson) equipped
with CellQuest software. Per sample, at least 1x10ˆ4 events were analysed and indicated results
show averages and standard deviations of three independent experiments.
Cervical cancer patients
Immunohistochemical analysis was performed on pretreatment tissue specimens of 375 advanced
stage cervical cancer patients primarily treated with chemoradiation, collected between January
1980 and December 2006. Tissues specimens were used to generate a tissue microarray (TMA)
as described previously [48-49]. Clinicopathological data of patients, analysed in this study, are
summarised in Supplemental Table 1. The mean follow-up time was 3.99 years (range: 0.1–18.3)
for all patients. For patients who were still alive at time of their final follow-up, median follow-up
time was 6.3 years. 189 (50.4%) patients only received radiotherapy, whereas 186 (49.6%) patients
received chemoradiation. Patients who received chemoradiation were younger compared to
patients who received RT alone (median 46.8 vs. 64.8, P<0.001). All other baseline characteristics
were comparable in both groups (data not shown). Immunohistochemistry was performed with
antibodies against phospho-Ser1981-ATM (rabbit, EP1890Y, S1981, Epitomics), 53BP1 (rabbit,
H-300, SC-22760, Santa Cruz), phospho-Ser25-53BP1 (rabbit, AB82559, Abcam), and anti-γ-H2AX
(mouse, #05-636, Millipore). As chemoradiation is associated with a better survival and is a timedependent factor, we adjusted for treatment modality in the multivariate analyses. Additional
detailed information about staining protocols, patient information, evaluation of stainings and
statistical analysis can be found in the supplemental document SD1.
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Supplemental document S1
Immunofluorescence
Cells were grown on glass cover slips and at the indicated time points after radiation, coverslips
were removed from the culture dish and washed twice with PBS. Cells were then fixed for 10
minutes in 3.7% paraformaldehyde at room temperature and subsequently washed with PBS.
Cells were permeabilised using PBS, containing 0.1% Triton-X100 for 5 minutes and subsequently
washed extensively. Cells were stained with primary mouse antibodies against γ-H2AX (Upstate,
pS139, #05-636, 1:200) or rabbit antibodies against 53BP1 (Santa Cruz Biotechnology, B-300,
1:200) in PBS-0.05% Tween20, supplemented with 5% BSA for 3 hours at room temperature. After
extensive washing, cells were incubated with anti-mouse or anti-rabbit secondary antibodies,
conjugated with Alexa-488 and Alexa-568 respectively and were counterstained using DAPI.
Images were obtained on a Leica DMRXA fluorescence microscope and a minimum of 20 nuclei
were scored for the presence of γ-H2AX or 53BP1 foci per condition.
Patients
Our group has established a large database of paraffin-embedded formalin-fixed tumour material
and follow-up data from cervical cancer patients treated at the University Medical Center
Groningen (UMCG). Routine patient follow-up time was at least 5 years or until September 2010.
Staging of patients was according to FIGO guidelines. This patient cohort and corresponding
treatments, review board approval and tissue microarray (TMA) construction has been previously
described [1].
Evaluation of response to (chemo)radiation
Approximately 8-10 weeks after completion of (chemo)radiation either hysterectomy or biopsy
was performed if a patient was (technically) classified as operable. Therefore, not all patients in
our database underwent a post-treatment biopsy and/or hysterectomy. As a consequence, the
response to (chemo)radiation could not be evaluated based on this parameter in all patients.
Therefore, we evaluated response to (chemo)radiation retrospectively in two ways. First (Model I),
the response to (chemo)radiation was determined based on loco-regional disease-free survival.
Loco-regional disease-free survival is defined as the period from diagnosis until loco-regional
progression of disease during treatment or loco-regional recurrence. Patients were excluded from
the analysis, if the location of the recurrence was unknown. Second (Model II), response to (chemo)
radiation was determined in two subsets of patients, with supposedly the largest difference in
treatment response. In the first subset, patients with no residual tumour-material in their post
treatment specimen and without loco-regional recurrence during follow-up with a minimum
of 2 years were selected. The second subset consists of patients with clinical evidence of disease
progression during treatment or clinical evidence of disease persistence at examination after
completion of primary treatment. Both models also have been described and used previous [1]
Immunohistochemistry
Tissue microarray (TMA) construction has been previously described [1]. TMAs were
immunohistochemically stained with monoclonal antibodies against p-ATM (1:50; Rabbit IgG,
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Epitomics, Clone EP1890Y, S1981) exclusively detects the phosphorylated (Ser1981) ATM product
[2]. Total levels of 53BP1 were stained using a rabbit polyclonal antibody against 53BP1 (53BP1,
1:1000; 16h; Rabbit IgG, Santa Cruz Biotechnology, clone H-300; SC-22760). Phosphorylated 53BP1
was detected using polyclonal anti-phospho-Ser25-53BP1 (1:25, 16h; Rabbit IgG, Abcam, Clone
AB82559) and polyclonal anti-phospho-Ser1778-53BP1 (1:50, 16h; Rabbit IgG, Cell Signaling,
Clone 2675). Ser139 phosphorylated H2AX was detected using monoclonal anti-γ-H2AX (1:200,
Mouse IgG, Millipore, #05-636).
From our TMAs, 3 µm sections were cut and placed on amino-propyl-etoxy-silan (APES)
coated glass slides. Slides were subsequently deparaffinised using xylene and rehydrated using
a multistep process from ethanol to phosphate buffered saline (PBS). Antigen retrieval for the
p-ATM antibody was done using microwave treatment in EDTA buffer (pH=8). For 53BP1 and
p53BP1 stainings, antigen retrieval was performed microwave treatment in citrate buffer (pH=6).
Endogenous peroxidase activity was blocked by incubating with 0.3% hydrogen peroxidase
for 30 minutes. All antibodies were detected using rabbit anti-goat/biotin labelled secondary
antibodies and horse-radish-peroxidase (HRP) conjugated streptavidin, except for γ-H2AX, where
rabbit anti-mouse/HRP and goat anti-rabbit/HRP were used. Counterstaining was achieved using
hematoxylin. All incubations with primary antibodies were performed at room temperature
for 1 hour. Anti-γ-H2AX, anti-53BP1 and anti-phospho-53BP1 stainings were detected using
3’3-diaminobenzidinetetrahydrochloride (DAB). Anti-p-ATM staining was visualised using
EnVision (DAKO). Counterstaining was achieved using hematoxylin.
Antibody validation for immunohistochemistry
In order to validate our antibodies for immunohistochemistry, we used paraffin-embedded HeLa
or MCF-7 cell pellets that were left untreated or were radiated with 5 Gy irradiation. 53BP1 was
present in untreated and irradiated cells (data not shown). To analyze the phosphorylation-status
of 53BP1, we used antibodies that recognize two previously validated ATM phosphorylation sites
on 53BP1, Ser25 and Ser1778 [3-4]. Phospho-Ser25-53BP1 and phospho-Ser1778-53BP1 hardly
showed reactivity in non-irradiated cells, but showed massive reactivity in irradiated paraffinembedded cells, in line with 53BP1 being phosphorylated on both these sites by ATM in response
to irradiation (Supplemental Figure S2A and data not shown). Surprisingly, the anti-phosphoSer1778-53BP1 showed extensive cytoplasmic staining (data not shown) and these results
indicated that the phospho-Ser1778 antibody may also stain a non-specific protein in paraffinembedded material and our further analyses of 53BP1 phosphorylation were therefore restricted
to phospho-Ser25-53BP1 (referred to as p-53BP1).
In order to confirm that ATM is responsible for phosphorylation of Ser25 on 53BP1 in
response to irradiation, we analysed paraffin-embedded HeLa cell pellets, and included cells that
were incubated with ATM inhibitor KU55933 prior to irradiation (Suppl. Fig. S2A). Reassuringly,
ATM inhibition completely ablated the phosphorylation of 53BP1 (Suppl. Fig. S2A) as well as
phosphorylation of the established ATM substrate H2AX on Ser139 under the same conditions
(Suppl. Fig. S2B). We next examined the phosphorylation status of ATM itself. To this end, we used
the extensively characterised ATM autophosphorylation site Ser1981[5] (Suppl. Fig. S2B). Already
in the absence of irradiation-induced DNA damage, HeLa cells showed high levels of Ser1981-
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phosphorylated ATM (Suppl. Fig. S2B), which were further induced after irradiation (Fig. S2B). As
expected, reactivity of phospho-Ser1981-ATM (referred to as p-ATM) was virtually absent when
cells were pretreated with the ATM inhibitor KU-55933 (Suppl. Fig. S2B).
Evaluation of immunohistochemistry
Staining, intensities were semi-quantitatively scored as negative (0), weak positive (1), positive
(2), and strong positive (3). In addition, the percentage of positive tumour cells per staining
intensity was documented for each core, since not only the level of expression of either p-ATM
or (p-)53BP1, but also the proportion of cells that are positive could play an important role in the
response to chemoradiation.
We have classified p-ATM immunostaining data into ‘high’ expression, which is defined as
patients with positive nuclear immunostaining with an intensity of at least 2 present in at least
75% of tumour cells. For p-53BP1 staining, we have classified into the following three groups:
‘Negative’, which is defined as all patients with negative (0) staining or patients with weak staining
intensity (1) in 0-25% of tumour cells, ‘Positive’, which is defined as patients with a staining intensity
of 1 in more than 25% of tumour cells, or patients with a staining intensity of 2 or 3. TMA evaluation
was performed independently by two observers without prior knowledge of the clinical data. 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. Only
patients with at least two evaluable tumour cores were included for statistical analysis.
Statistical analysis
Statistical analysis was performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). The Student’s
t-test was used to analyse differences in age. Other baseline characteristics were compared with
the Pearson’s χ2 test. In addition, logistic regression models were used to evaluate positive staining
and clinicopathological characteristics, with immunostaining being the dependent factors and
the clinicopathological characteristics being the independent factors. Logistic regression was
also used to evaluate associations between immunostainings of p-53BP1 and p-ATM. To identify
factors involved in response to (chemo)radiation, response to (chemo)radiation (dependent) was
evaluated in relation to clinicopathological factors and immunostaining (independent) using Coxregression analysis for Model I and logistic regression analysis in Model II. Disease-specific survival
was defined as the time from diagnosis until the last follow-up alive, death due to other causes
than cervical cancer or death due to cervical cancer. Survival was visualised using the KaplanMeier method and Mantel-Cox log rank test was used to evaluate the differences between these
curves. Disease-specific survival was analysed using the Cox regression analysis. Since (chemo)
radiation is a time-dependent factor and associated with a better survival, multivariate analyses
were adjusted for treatment modality. Variables with a P-value of <0.10 in univariate analysis were
excluded stepwise in multivariate analysis; in the final step, only factors with a P-value of <0.05
were included. P-values <0.05 were considered statistically significant.
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Supplemental Table 1: Patient and tumour characteristics

Supplemental Table 1. Patient and tumour characteristics
n=375
Age at diagnosis
Median
54
Range
20-91
FIGO stage
Ib1
Ib2
IIa
IIb
IIa
IIIb
IVa

N
42
27
51
179
11
51
14

%
11%
7%
14%
48%
3%
14%
4%

Histology
Squamous
Adenocarcinoma
Other

311
52
12

83%
14%
3%

Differentiation grade
Good/moderate
Poor/undifferentiated
Unknown

223
128
24

64%
36%

Lymph vascular space
involvement
No
Yes
Unknown

248
54
73

82%
18%

Tumour volume
0-4 cm
≥4 cm
Unknown

99
238
38

29%
71%

Follow-up duration (years)
Median
Range

3

3.99
0.13-18.31

Abbreviation: FIGO, International Federation of Gynaecologists and Obstetricians.
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Supplemental Figure 1: DNA damage responses in cervical cancer cell lines A-C, HeLa cells were left untreated
or were irradiated with indicated doses of IR. Twenty-four hours after irradiation, cells were harvested, fixed
and stained using propidium iodide/RNAse. In panel A, the average amount of G1 cells (containing 2N DNA) is
indicated. In panel B, the average amounts of S-phase cells are indicated. Data represent averages and standard
deviations of three independent experiments. C, HeLa cells were fixed at one hour after irradiation (5 Gy). Cells
were permeabilised and stained for γ-H2AX-Alexa-568 and 53BP1-Alexa-488. Representative cells are indicated
and inlays represent magnified images of nuclear areas. D, C33A, CaSki, SiHa and HeLa cells were treated as for
panel C. Amounts of γ-H2AX and 53BP1 foci per nucleus were counted and averages and standard deviations of
at least 20 cells per condition are indicated. E. BJ foreskin fibroblasts were left untreated or treated with KU55933
for 30 minutes prior to irradiation (10 Gy). Twenty-four hours after irradiation. Representative images are indicated.
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Supplemental Figure 2: DNA damage responses after 53BP1-depletion. A. HeLa cells were infected with pRS
control virus, pRS-53BP1#1 or pRS-53BP1#2 shRNA virus. Whole cell lysates of puromycin-resistant polyclonal cells
were obtained and analysed with immunoblotting using indicated antibodies. B, HeLa-pRS, HeLa-pRS53BP1#1
and HeLa-pRS53BP1#2 were left untreated or were irradiated (5 Gy) and harvested after 24 hours. Cells were fixed,
stained with propidium iodide/RNAse. 1x10ˆ4 events were measured by ﬂow cytometry and representative DNA
plots are shown. C, Quantification of the results obtained for panel B. Amounts of G1 cells from three independent
experiments were quantified and averages and standard deviations are indicated.

61

508760-L-bw-Wieringa
Processed on: 14-3-2017

Supplemental Figure 3 Roossink et al.

A

4

HeLa

Growth index

3

2

1

0

Control
10µM KU55933
0

10 20 30 40 50 60 70 80
Time (h)

Supplemental Figure 3: A. HeLa cells were plated at 7000 cells per well in 96-wells plates in the presence
or absence of KU55933. After 24, 48 or 72 hours, cell growth was measured using MTT conversion. Shown
averages and standard deviations are from six replicates and growth was related to MTT conversion
levels at t=0h.
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Supplemental Figure 4 Roossink et al.
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Supplemental Figure 4: Validation of antibodies for immunohistochemistry. HeLa cells were left
untreated or were irradiated (5 Gy). Alternatively HeLa cells treated with KU55933 for 30 minutes prior to
irradiation. Thirty minutes after irradiation, cells were trypsinised and incorporated in solidifying agarose
to yield blocks containing HeLa cells. Agarose blocks were further processed for fixation in formalin and
embedded in paraﬃn blocks, using identical conductions as are used in diagnostic pathology. Paraﬃnembedded cells were sliced, de-paraﬃnised, stained for γ-H2AX, phospho-Ser-1981-ATM or phosphoSer25-53BP1, and counter-stained with hematoxylin.
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Abstract
The cytotoxic effects of radiation and chemotherapy-induced DNA damage in cancer cells
can be enhanced by inhibition of the ‘DNA damage response’ (DDR). Typically, DDR inhibitors
are investigated either as monotherapy or in combination with a single DNA damaging agent.
However, a number of solid tumors, including locally advanced cervical cancer (LACC), is treated
with concomitant platin-based chemoradiation. How therapeutic targeting of the DDR can
potentially be used in the context of chemoradiation is not clear.
In this study, we first explored the expression level and activation status of a panel of DDR kinases
(ATR, Chk1, Chk2, DNA-PK and MK2) in a historical cohort of patients with stage IB-IVA disease
treated either with primary radiotherapy (n=152) or chemoradiation (n=174). Immunohistochemical
analysis of pre-therapy tumor samples demonstrated ubiquitous expression of ATR, Chk1, Chk2
and DNA-PKcs. High expression of activated DDR kinases was only observed for ATR and MK2.
We also explored the relation between the expression and activation status of indicated DDR
components and response to therapy and survival in the same tumor samples. Exploratory
multivariate analyses showed that activated Chk1 was associated with a worse response-totherapy (HR: 17.001; 95% CI: 2.258-128.030; P=0.006) and disease-specific survival (HR: 2.268; 95%
CI: 1.058-4.860; P=0.035) in patients treated with chemoradiation.
We next investigated the chemoradiosensitizing potential of ATR/Chk1 inhibition. The
aforementioned DDR kinases were chemically inactivated in a panel of cervical cancer cell lines
(HeLa, SiHa, CSCC-7, CC-8, CC-11+ and CC-10B). Inhibition of DNA-PK, ATM or ATR sensitized
cervical cancer cells for radiotherapy in vitro, whereas ATR and Chk1/2 inhibition sensitized cells
for cisplatin treatment. ATR inhibition most effectively sensitized HeLa cervical cancer cells for
platin-based chemoradiation.
Taken together, our exploratory analyses of cervical cancer tissues suggest that treatment of
cervical cancer patients by chemoradiation may potentially be improved by additional inhibition
of the ATR/Chk1 signaling axis. Our in vitro results confirm that inhibition of ATR indeed is a
potentially effective way to sensitize cervical cancer cells for combined chemoradiotherapy.

66

508760-L-bw-Wieringa
Processed on: 14-3-2017

4. ATR inhibition sensitizes cervical cancer cells for platinum-based chemoradiation

Introduction
Radiotherapy combined with platinum-based chemotherapy is standard of care in locallyadvanced cervical cancer (LACC) [1,2]. Nonetheless, this mode of treatment results in a 5-year
overall survival rate of only 59.3% [3]. Development of novel agents to improve current standard
of care is therefore needed. The cytotoxic effects of platinum-based chemotherapy and ionizing
radiation are based on the induction of DNA damage. Ionizing radiation-induced cytotoxicity is
mainly caused by creating of replication-independent DNA double strand breaks (DSBs) [4,5].
Cisplatin on the other hand, inflicts its cytotoxic effects in a replication-dependent manner via
formation of inter- and intra-strand DNA crosslinks [6,7]. The beneficial effect of adding cisplatin to
radiotherapy in cervical cancer treatment is generally thought to be caused by radiosensitization
of tumor cells [6,10].
Modulation of the DNA damage response (DDR) machinery has been proposed to sensitize
cervical cancer cells for cytotoxic agents [11,12]. The evolutionary conservated DDR signaling
network detects and repairs (therapy-induced) DNA damage [13]. The DDR harbours a number
of clinically actionable enzymes, including the kinases ‘ataxia telangiectasia mutated’ (ATM), ‘ATM
and Rad3-related’ (ATR) and ‘DNA-dependent protein kinase’ (DNA-PK) [14-16]. Both ATM and
DNA-PK are involved in processing DSBs, whereas ATR responds to single stranded (ss)DNA [1417]. Activated ATM and ATR phosphorylate numerous substrates, including checkpoint kinase-2
(Chk2) and checkpoint kinase-1 (Chk1) [14,18]. In parallel, both ATM and ATR are involved in the
activation of a more general stress-response pathway, consisting of p38 and mitogen-activated
protein kinase-activated protein kinase-2 (MK2) [19]. Combined, activation of these DNA damageinduced pathways coordinates a cell cycle arrest with the initiation of DNA repair, and apoptosis
in case of unrepairable damage [20].
Cervical cancer cells have a partially defective DDR pathway, due to human papilloma virus
(HPV)-mediated inactivation of p53 and retinoblastoma 1 (RB1) [21,22]. As a result, these cells
increasingly depend on residual cell cycle checkpoints, in particular the G2/M checkpoint, for their
survival in case of genotoxic stress [23,24].
Several DDR kinase inhibitors have been developed and have been tested for their ability
to sensitize cancer cells either for ionizing radiation or for genotoxic chemotherapeutic agents
[25]. However, DDR inhibitors are typically only tested in the context of single chemotherapeutic
agents, or with ionizing radiation. Since chemoradiation is recommended for LACC patients,
we here investigated how DDR inhibition can be optimally used to potentiate platinum-based
chemoradiation in cervical cancer cells.
Results
Expression and activation status of DDR kinases in treatment-naïve cervical cancer tissue
To investigate the expression level and activation status of DDR kinases in LACC we
immunohistochemically analyzed ATR, DNA-PKcs, Chk1, Chk2 and MK2 in pre-treatment
tumor tissues. A historical cohort of patients with cervical cancer staged IB1 to IVA according
to the Federation of Gynecologists and Obstetricians (FIGO) was analyzed, of which patient
characteristics are described in Table 1. We analyzed nuclear expression of ATR, Chk1, Chk2, DNAPKcs and MK2 in treatment-naïve tumor samples of 326 cervical cancer patients. Optimization of

67

508760-L-bw-Wieringa
Processed on: 14-3-2017

4

immunohistochemical staining protocols is described in Supplemental Materials and Methods,
Supplemental Table 1 and Supplemental Figure 2. Representative examples of immunostainings
are shown in Figure 1B. Distributions of staining intensities are color-coded and show that all
analyzed DDR kinases are abundantly expressed (Figure 1A and B). In 100% of the cases an IRS
(immunoreactive score) of ≥ 5 was found for ATR and Chk1, while an IRS of ≥ 5 for DNA-PKcs and
Chk2 was found in respectively 97.7% (n=251) and 99.6% (n=266) of the cases. Only MK2 was not
abundantly expressed, with 24.1% of the tumors samples (n=60) showing low expression (IRS ≥
5).
To determine the activation status of the indicated DDR kinases in tumors of treatment-naïve
LACC patients, we analyzed phosphorylation status of kinases at residues that are known to
reflect kinase activity (i.e. Ser-2056 on DNA-PKcs, Ser-345 on Chk1, Thr-68 on Chk2 and Thr-334 on
MK2), or analyzed phosphorylation status of a substrate (i.e. Ser-33 on RPA32 as a read-out for ATR
activity) [26-30]. Analysis of γ-H2AX was included to assess pretreatment levels of DNA damage.
Representative immunohistochemical stainings of pRPA32, pDNA-PKcs, pChk2, pChk1 and pMK2
in 326 LACC patients are illustrated in Figure 1B. In treatment-naïve samples, only ATR and MK2
appeared to be active (IRS ≥5 in 76.1% and 92.2% of cases respectively). In contrast, DNA-PKcs,
Chk1 and Chk2 were found to be infrequently activated, as more than 95% of cases showed IRS
scores <5 (pDNA-PKcs: 95.2%, pChk1: 98.4% and pChk2: 96.9%) (Figure 1B). These findings likely
represent few DNA breaks prior to treatment, as is underscored by low staining intensities for
γ-H2AX, a marker of DNA DSBs (IRS <5 in 70.6% of cases, total n=175). As expected from kinasesubstrate interactions, expression patterns of the individual kinases and their phosphorylated
substrates were associated, as summarized, per treatment modality (Supplemental Table 4). Taken
together, these results demonstrate that the indicated DDR kinases are abundantly expressed in
LACC, which is a prerequisite for these kinases to serve as therapeutic targets.
Exploratory analysis of associations between DDR and disease-specific survival
We next performed an exploratory analysis to investigate the association between expression of
DDR components in cervical cancer and disease-specific survival (DSS). Since distinct DDR kinases
are involved in the cellular response to radiotherapy- and cisplatin-induced DNA damage, we
performed subgroup analysis in patients who were primarily treated with radiotherapy (n=152)
versus chemoradiation (n=174) (Table 2).
First, we assessed whether the abundance or phosphorylation status of indicated DDR
components was associated with characteristics of cervical cancer patients, per treatment
modality (for patient characteristics see Table 1). Baseline patient characteristics were similar for
the two treatment regimens, except that patients treated with radiotherapy were older compared
to the chemoradiation group (P<0.001). In the patient group primarily treated with radiotherapy
(n=152), 92 patients died (60.5%), which was in 67 cases disease-specific. In the patients treated
with chemoradiation (n=174), 76 (43.7%) patients died, of which 66 due to cervical cancer. MannWhitney U-test revealed less disease-specific deaths in the chemoradiation group compared to
the radiotherapy group (P=0.002).
Second, multivariate analysis in the radiotherapy group showed that high pDNA-PKcs
expression was independently associated with a worse disease-specific survival (DSS, HR
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6.062; 95% CI 1.685-21.810; P=0.006). In contrast, high levels of Chk1 were related to a better
DSS (HR 0.219; 95% CI 0.100-0.478; P<0.001) (Table 2). These results hypothesize for biological
relevance of increased DNA-PKcs kinase activity in cervical cancer cells treated with radiotherapy.
Multivariate analysis of the patient group treated with chemoradiation showed a different pattern
of associations between DDR expression and DSS. In this group, pChk1 staining was related with
a worse DSS (HR 2.268; 95% CI 1.058-4.860; P=0.035), whereas high MK2 expression (HR 0.439;
95% CI 0.249-0.772; P=0.004) was related with an improved DSS (Table 2). These results suggest
that, if indeed Chk1 activity is causally related to these observations, that inhibition of Chk1 or
its upstream activator ATR might be biologically relevant in cervical cancer cells treated with
chemoradiation.
Table 1: Patient characteristics of 326 available tumor specimens of cervical cancer patients
Table 1. Patient characteristics of 326 available tumor specimens of cervical cancer
treated
combined
radiotherapy
and chemoradiation.
patientswith
treated
with combined
radiotherapy
and chemoradiation.

Variable
Patients
Age at diagnosis (years)
Median
Range
FIGO stage
IB1
IB2
IIA
IIB
IIIA
IIIB
IVA
Histology
Squamous
Adenocarcinoma
Other
Tumor grade
Good/moderate
Poor
Missing
Lymphangio-invasion
No
Yes
Missing
Tumor diameter
0-4cm
≥4cm
Missing

Patients
All
N
326

%

Radiotherapy
%
N
152

54
21-92

Chemoradiation
%
N
174

65.6
27-92

47.4
21-82

4

37
32
48
149
7
44
9

11.3
9.8
14.7
45.7
2.1
13.5
2.8

20
9
31
67
3
16
6

13.2
5.9
20.4
44.1
2.0
10.5
3.9

17
23
17
82
4
28
3

9.8
13.2
9.8
47.1
2.3
16.1
1.7

267
40
19

81.9
12.3
5.8

124
20
8

81.6
13.2
5.3

143
20
163

82.2
11.5
6.3

183
121
22

56.1
37.1
6.7

89
50
13

58.6
32.9
8.6

94
71
9

54.0
40.8
5.2

209
52
65

64.1
16.0
19.9

98
18
36

64.5
11.8
23.7

111
34
29

63.8
19.5
16.7

87
216
23

26.7
66.3
7.1

46
91
15

30.3
59.9
9.9

41
125
8

23.6
71.8
4.6

n: number of patients; P: P-value; FIGO: International Federation of Gynecology and Obstetrics
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Figure 1
A
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Figure 1: Representative stainings and distribution of IRS for DDR components in cervical cancer
patients. (A) Color-coding for the immunoreactive score (IRS) used for each staining. IRS consisted of
percentage of positive stained tumor cells multiplied with the intensity of the staining. (B) Representative
positive and negative/low staining for γ-H2AX, ATR, pRPA32, DNA-PKcs, pDNA-PK, Chk2, pChk2, Chk1,
pChk1, MK2 and pMK2. Pie charts indicate IRS distribution for each staining. Numbers of patients
included for statistical analysis are indicated above each pie chart. Magnifications used: 40x/80x.

70

508760-L-bw-Wieringa
Processed on: 14-3-2017

4. ATR inhibition sensitizes cervical cancer cells for platinum-based chemoradiation

Table 2: Disease-speciﬁc survival analysis for γ-H2AX, ATR, pRPA32, DNA-PKcs, pDNA-PKcs, Chk1,
pChk1,
pChk2, MK2,
pMK2analysis
expression
cervical
cancer
specimens
of patients
treated
Table 2.Chk2,
Disease-specific
survival
for  levels
-H2AX,inATR,
pRPA32,
DNA-PK
pChk1,
cs, pDNA-PK
cs, Chk1,
Chk2,either
pChk2,primary
MK2, pMK2
expressionorlevels
in cervical
cancer specimens of patients treated with either
with
radiotherapy
primary
chemoradiotherapy
primary radiotherapy or primary chemoradiotherapy.

Age (continuous)
FIGO stage
<IIB
≥IIB
Histology
Squamous
Adenocarcinoma
Other
Tumor grade
Good/moderate
Poor
Lymphangioinvasion
No
Yes
Tumor diameter
0-4 cm
≥4 cm
DDR components
High -H2AX
High ATR
High pRPA32
High DNA-PKcs
High pDNA-PKcs
High Chk1
High pChk1
High Chk2
High pChk2
High MK2
High pMK2

HR

Radiotherapy
Univariate
Multivariate
95% CI
P
HR 95% CI
P
0.980-1.009

0.415

HR

Chemoradiotherapy
Univariate
Multivariate
95% CI
P
HR 95% CI
P
0.979-1.016

0.748

Ref.
2.301

1.326-3.994

0.003
0.250

Ref.
1.718

0.965-3.056

0.066
0.035

0.994

Ref.
1.457
1.867

0.776-2.736
0.744-4.684

0.242
0.184

Ref.
1.619

0.984-2.664

0.058

Ref.
1.415

0.684-2.927

4.066

1.837-8.997

0.001

0.997

Ref.
2.001
0.411

1.067-3.751
0.100-1.690

0.031
0.217

Ref.
1.262

0.778-2.047

0.345

0.350

Ref.
1.338

0.747-2.394

0.327

Ref.
1.583

0.860-2.914

0.140

1.639
1.306
1.206
4.571
1.062
1.198
2.710
1.347
0.898
0.480
1.418

0.700-3.839
0.519-3.286
0.436-3.336
1.113-18.780
0.423-2.670
0.671-2.139
1.325-5.545
0.755-2.404
0.520-1.550
0.279-0.824
0.791-2.540

0.255
0.571
0.718
0.035
0.898
0.541
0.006
0.313
0.698
0.008
0.241

Ref.
2.359

1.280-4.347

0.006

0.937
0.591
1.310
0.899
3.008
0.571
1.032
1.347
1.110
0.767
1.218

0.480-1.828
0.278-1.257
0.617-2.779
0.358-2.259
0.935-9.674
0.326-1.000
0.579-1.839
0.793-2.288
0.629-1.962
0.437-1.348
0.686-2.160

0.849
0.172
0.482
0.821
0.065
0.050
0.915
0.270
0.718
0.357
0.501

1.005

2.425

6.062
0.219

0.527-1.915

1.142-5.151

1.685-21.810
0.100-0.478

0.989

0.021

0.006
<0.001

1.978

1.014-3.860

Ref.
2.976
0.841

0.046
0.016

1.403-6.311
0.198-3.564

0.004
0.814

2.947

0.660-13.161

0.157

2.268

1.058-4.860

0.035

0.439

0.249-0.772

0.004

4

For multivariate analysis only variables were included with a P-value <0.010 in univariate analysis.
n: number; P: P-value; FIGO: International Federation of Gynecology and Obstetrics; HR: hazard ratio; 95% CI: 95% confidence interval.

Exploratory analysis of associations between DDR and response to therapy
To test whether inhibition of the ATR/Chk1-pathway could possibly be beneficial for the response
to chemoradiation in LACC patients, we performed an exploratory analysis for associations
between immunostainings and loco-regional disease-free survival, as a proxy for response-totherapy, as previously described [31,32]. This retrospective analysis is based on the locoregional
disease-free survival, which was defined as the time from diagnosis of disease until clinical
locoregional disease progression during therapy or locoregional recurrence after completion
of therapy [31,32]. Patients with an unknown location of recurrence were excluded for analysis
(n=10; 3.1%).
In the multivariate analysis for LACC patients who were primarily treated with radiotherapy
(Table 3), high expression levels of Chk2 were associated with an increased HR of 2.748 ( 95%
CI 1.077-7.016; P=0.035) for locoregional progression or recurrence of LACC (Table 3). In the
multivariate analysis for LACC patients treated with chemoradiation (Table 3), high expression
levels of pChk1 were related with a worse locoregional disease free survival (HR 17.001; 95% CI
2.258-128.030; P=0.006). In addition, high expression levels of pChk2 (HR 0.375; 95% CI 0.1680.839; P=0.017) or MK2 (HR 0.352; 95% CI 0.156-0.791; P=0.011) were related to an improved
locoregional disease free survival.
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These data may imply that different signaling axes within the DDR control the response
to radiotherapy versus chemoradiation, and that differential DDR targeting strategies may be
required to potentiate these different treatment modalities.
Table 3: Exploratory response to therapy analysis for γ-H2AX, ATR, pRPA32, DNA-PKcs, pDNA-PKcs,
Chk1, pChk1, Chk2, pChk2, MK2, pMK2 expression levels in cervical cancer specimens of patients
Table 3. Exploratory response to therapy analysis for -H2AX, ATR, pRPA32, DNA-PKcs, pDNA-PKcs, Chk1, pChk1,
treated
with either primary radiotherapy or primary chemoradiotherapy
Chk2, pChk2, MK2, pMK2 expression levels in cervical cancer specimens of patients treated with either primary
radiotherapy or primary chemoradiotherapy

Age (continuous)
FIGO stage
<IIB
≥IIB
Histology
Squamous
Adenocarcinoma
Other
Tumor grade
Good/moderate
Poor
Lymphangioinvasion
No
Yes
Tumor diameter
0-4 cm
≥4 cm
DDR components
High -H2AX
High ATR
High pRPA32
High DNA-PKcs
High pDNA-PKcs
High Chk1
High pChk1
High Chk2
High pChk2
High MK2
High pMK2

HR

1.011
Ref.
2.170

Radiotherapy
Univariate
Multivariate
95%CI
P
HR 95%CI
P

HR

Chemoradiotherapy
Univariate
Multivariate
95%CI
P
HR 95%CI
P
0.977-1.028

0.863

0.959-4.909

Ref.
1.343

0.621-2.904

0.454

Ref.
1.782
0.874

0.681-4.665
0.206-3.704

0.239
0.855

0.988-1.035

0.351
0.063
0.136

1.464
Ref.
1.340
8.486

0.563-3.806

0.434
0.010

1.002

Ref.
1.538
3.265

0.580-4.080
0.972-10.969

0.387
0.056

Ref.
1.503

0.710-3.180

0.287

Ref.
1.706

0.847-3.435

0.135

Ref.
1.016

0.299-3.452

0.979

Ref.
0.903

0.364-2.237

0.825

Ref.
2.074

0.884-4.865

0.093

Ref.
1.739

0.713-4.239

0.224

0.935
0.163
0.840
2.352
2.014
0.516
1.303
2.113
1.275
0.716
0.728

0.344-2.539
0.022-1.215
0.311-2.270
0.317-17.483
0.469-8.645
0.223-1.197
0.509-3.337
0.949-4.706
0.520-3.128
0.300-1.712
0.319-1.664

0.895
0.077
0.730
0.403
0.346
0.124
0.581
0.067
0.596
0.453
0.452

2.368
0.435
1.088
4.099
2.483
0.887
5.698
0.544
0.487
0.492
1.391

0.559-10.037
0.059-3.205
0.257-4.600
0.555-30.263
0.336-18.359
0.398-1.981
1.345-24.140
0.188-1.570
0.225-1.052
0.227-1.064
0.609-3.180

0.242
0.414
0.908
0.167
0.373
0.771
0.018
0.260
0.067
0.072
0.434

Ref.
1.415

0.455-3.949
2.120-33.971

0.497-4.028

0.596
0.003

0.516

0.146

0.019-1.127

0.065

2.748

1.077-7.016

0.035

17.001 2.258-128.030 0.006
0.375
0.352

0.168-0.839
0.156-0.791

0.017
0.011

For multivariate analysis only variables were included with a P-value <0.010 in univariate analysis.
n: number; P: P-value; FIGO: International Federation of Gynecology and Obstetrics; HR: hazard ratio; 95% CI: 95% confidence interval.

Cell cycle abrogation upon DDR inhibition
To test whether inhibition of various DDR kinases has differential effects on DNA damage
responses in cervical cancer cells, we assessed cell cycle progression in response to irradiation.
Asynchronous HeLa cells were analyzed at several time points after 5 Gy irradiation, and if
indicated, DDR kinase inhibitors were added 1 hour prior to irradiation (Figure 2A, B). Irradiation of
control-treated cells resulted in a clear G1/S and G2/M checkpoint arrest, as based on DNA content
analysis and phospho-Histone-H3 (p-HH3) staining to quantify mitotic cells (Figure 2A). Inhibition
of ATM or DNA-PK resulted in an override of the irradiation-induced G1/S checkpoint override and
lead to an accumulation of cells in the G2-phase (Figure 2A, B). In contrast, inhibition of ATR or
combined Chk1/2 inhibition resulted in a clear override of the G2/M checkpoint arrest, whereas
inhibition of MK2 did not result in obvious checkpoint malfunction after irradiation (Figure 2A, B).
So, the G1/S and G2/M checkpoints show differential requirements concerning DDR kinases after
ionizing radiation.
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To test whether loss of DDR function due to checkpoint kinase inhibition was accompanied
with elevated levels of apoptosis, we analyzed sub-G1 DNA content [33]. Interestingly, Chk1/2
inhibition, but not ATR inhibition, resulted in an increased sub-G1 fraction in irradiated cells (Figure
2C and Supplemental Figure 2B). So, in contrast to our observation that both Chk1/2 and ATR
inhibition result in a dysfunctional G2/M cell cycle checkpoint, only Chk1/2 inhibition resulted in
elevated levels of apoptosis.
Figure 2
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Figure 2: Eﬀects of speciﬁc DDR-inhibition on cell cycle checkpoints capacity and HR and NHEJ repair. (A-C)
HeLa cells were 1 hour prior to irradiation (5 Gy) treated with 10 μM KU55933 (ATMi), 10 μM NU6027 (ATRi), 0.1 μM
AZD7762 (Chk1/2i), 1 μM KU0060648 (DNA-PKi), 10 μM MK2 inhibitor III (MK2i). At indicated time points (0, 3, 6, 24
hours) cells were harvest, fixated and stained for PI/RNAse and p-HH3. At least 10,000 events were analyzed per
sample. Representative DNA plots 24 hours after irradiation (5 Gy) are shown in (A). In (B) cell cycle distribution
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of HeLa cells 0, 3, 6, and 24 hours after ionizing irradiation (IR). In (C) the fold change compared to the untreated
condition of HeLa cells in sub-G1 are shown for HeLa cells before treatment (t = 0h) and 24 hours after IR (5Gy).
Results are from one independent experiment. (D) Schematic representation of the homologous recombination
(HR) repair assay. The pDR-GFP reporter (top) was previously stably transfected into HeLa cells {36:2015ii}. In case
of HR repair, the GFP gene is repaired after the I-Sce1-induced DNA double-strand break in the GFP gene, resulting
in GFP+ cells. Subsequently, this was quantified by ﬂow cytometry (bottom). (E) Monoclonal HeLa-pDR-GFP cells
were 1 hour after transfection with I-Sce1 endonuclease treated with control treatments (DMSO = positive control;
Roscovitine = negative control) or two different concentrations of the indicated DDR inhibitors (ATMi, ATRi, Chk1/2i,
DNA-PKi, MK2i). After 48 hours, cells were analyzed for their GFP+ with ﬂow cytometry. At least 10,000 cells per
condition were counted. GFP+ was related to the DMSO control. Averages and standard deviation (SD) are the
result from three independent experiments. (F) Schematic representation of the non-homologues end-joining
(NHEJ) repair assay. The EJ5-GFP reporter (top) was kindly provided by Dr. Jeremy Stark. We stably transfected the
EJ5-GFP reporter into HeLa cells, selected cells in puromycin (1 μg/mL). The EJ5-GFP reporter consists of a GFP
gene in which the promotor and the GFP coding region are separated by a I-Sce1- ﬂanked puromycin cassette. A
DNA DSB is introduced by I-Sce1 and, in case of NHEJ repair, will lead to restoration of functional GFP gene (top).
Subsequently, this was quantified by ﬂow cytometry (bottom). (G) DMSO treatment 1 hour after transfection with
I-Sce1 endonuclease was used as positive control, whereas transfection with an I-Sce1-EV (empty vector) served
as negative control for the NHEJ repair assay. Monoclonal HeLa-EJ5-GFP cells were 1 hour after transfection with
I-Sce1 endonuclease treated with two different concentrations of DDR inhibitors (ATMi, ATRi, Chk1/2i, DNA-PKi,
MK2i). After 48 hours, cells were analyzed for their GFP+ with ﬂow cytometry. At least 10,000 cells per condition
were counted. GFP+ was related to the DMSO control. Averages and standard deviation (SD) are the result from
three independent experiments.
p-HH3 = phospho-Histone-H3, PI = propidium iodide, Rosc = roscovitine, *P <0.05, **P <0.01,

Eﬀects of DDR kinase inhibition on DNA repair
To study the effects of DDR kinase inhibition on the capacity to repair DNA double strand (DSB)
breaks, we utilized two fluorescence-based reported systems. The pDR-GFP reporter was used to
assess homologous recombination repair (HRR), whereas the EJ5-GFP reporter was used to assess
non-homologous end-joining (NHEJ) repair [34,35]. Upon induction of an I-Sce1-induced DSB
break in the pDR-GFP reporter, GFP expression is only induced after restoration of the GFP reading
frame by HRR (Figure 2D). As expected, treatment with the CDK inhibitor roscovitine precluded
GFP expression, as CDK activity is required for HRR (Figure 2E) [36]. Notably, a reduction in HRR was
observed upon inhibition of ATM, ATR, Chk1/2 or DNA-PK inhibition, when compared to DMSOtreated cells (Figure 2E).
To assess NHEJ efficiency, HeLa cells harboring the EJ5-GFP NHEJ reporter were treated with
indicated DDR inhibitors (Figure 2G). As expected, inhibition of DNA-PK reduced the percentage
of GFP-positive cells after I-Sce1 transfection. Whereas ATR and ATM inhibition did not notably
alter NHEJ, treatment with the Chk1/2 inhibitor surprisingly resulted in a significant (P<0.05)
reduction in NHEJ efficiency (Figure 2G).
ATR/Chk1/2 inhibition sensitizes cervical cancer cells to cisplatin
To determine which of the selected DDR kinase inhibitors most efficiently potentiated the
cytotoxic effects of cisplatin, we performed short-term survival assays in a panel of cervical cancer
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cell lines. HeLa and SiHa cells as well as early-passage cervical cancer cell lines CSCC-7, CC-8,
CC-11+ and CC-10B were treated with increasing concentrations of cisplatin, in combination
with indicated DDR-inhibitors. Treatment with the Chk1/2 inhibitor AZD7762 sensitized all
tested cervical cancer cell lines to cisplatin (Figure 3A, B, Supplemental Table 5). These effects
could be attributed to Chk1 inhibition, as a dedicated Chk2 inhibitor did not notably increase
cisplatin-induced cytotoxicity (data not shown). Inhibition of ATR with the compound NU6027
also sensitized the majority of the cell lines, except for the CC-11+ cell line (Figure 3A). In contrast,
increased cytotoxicity was not invariably observed when cisplatin was combined with inhibitors
of ATM, DNA-PK or MK2 (Figure 3A, B, Supplemental Table 5).
Figure 3
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Figure 3: Potentiation for cisplatin or ionizing radiation by DDR inhibitors in cervical cancer cells.To study
sensitization to cisplatin by DDR inhibitors we performed a short-term survival assay. For potentiation of ionizing
radiation a clonogenic survival assay was performed. (A) HeLa cells were treated with indicated concentrations
of cisplatin in combination with control (DMSO or H2O) or indicated DDR inhibitor treatment. After 4 days of
treatment, cells were incubated with MTT and cell viability was performed by colorimetric measurement. DDR
inhibitors included: 10 μM KU55933 (ATMi), 10 μM NU6027 (ATRi), 0.1 μM AZD7762 (Chk1/2i), 1 μM KU0060648
(DNA-PKi), 10 μM MK2 inhibitor III (MK2i). (B) Heat map illustrating P-values from the extra sum-of-square F-test to
test the difference in the MTT-curves between control and DDR inhibitor. Red indicates a significant sensitization
(survival curve) to cisplatin by the specific DDR inhibitor compared to its control treatment. VE821 was used as a
second specific ATR inhibitor to confirm the effects seen by NU6027 (ATRi) treatment. (C) HeLa cells were plated
in 6-wells plates, pretreated with control (DMSO or H2O) or indicated DDR inhibitor treatment for 1 hour and
irradiated with indicated doses (0-8 Gy). DDR inhibitors included: 10 μM KU55933 (ATMi), 10 μM NU6027 (ATRi),
0.1 μM AZD7762 (Chk1/2i), 1 μM KU0060648 (DNA-PKi), 10 μM MK2 inhibitor III (MK2i). After 10-12 days colonies
were fixed in methanol and subsequently stained using Coomassie Brilliant Blue. Numbers of colonies (>50 cells
per colony) were related to number of plated cells to calculate survival fractions. The surviving fractions of nonirradiated cells were used as a reference. Student’s T-test was used to test significant differences. In case of ATRi,
use of 10 μM NU6027 in combination with high doses of ionizing radiation resulted in no colony formation. To
demonstrate a gradual radiopotentiation of ATR inhibition, we evaluated three different concentrations of ATRi
(0.5, 1.0, 1.5 μM) in combination with lower doses of ionizing radiation (0-4Gy).
P-values <0.05 were considered as significant. *P <0.05, § P <0.05.

Radiosensitization through inhibition of ATM, ATR or DNA-PK
We subsequently analyzed whether the indicated DDR inhibitors induced radiosensitizing effects
in long-term clonogenic survival assays. In HeLa cells, inhibition of ATM, ATR or DNA-PK resulted
in a reduction in clonogenic survival at all tested doses of ionizing radiation (Figure 3C). Treatment
with the Chk1/2 inhibitor only decreased cell survival at a high dose ionizing radiation (8 Gy),
whereas inhibition of MK2 did not alter clonogenic survival (Figure 3C). Combined, our results
demonstrate a differential required for DDR kinases in the context of cellular survival after cisplatin
treatment versus radiation.
Sensitization to combined radiochemosensitivity
As potentiation of cisplatin versus radiotherapy required inactivation of different DDR kinases,
this poses a challenge when DDR kinase inactivation is considered as a strategy for improving
combined radio-chemotherapy. To assess which DDR kinase should be inactivated to most
potently increase the cytotoxic effects of combined treatment of cisplatin with radiotherapy, we
assessed clonogenic survival after combined treatment with cisplatin and irradiation. Twentyfour hours after plating, cells were treated with the indicated DDR-inhibitors, after which cisplatin
was added for 8 consecutive hours. After careful wash out of the cisplatin-containing medium,
cells were irradiated with indicated doses in the presence of DDR inhibitors. As the cytotoxicity
of combined treatment with cisplatin and irradiation was higher when compared to single
treatments, we used a lower radiation doses and lower concentrations of cisplatin (1 μM) in these
assays.
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In line with our earlier results, we did not observe potentiating effects towards combined
treatment with irradiation and cisplatin upon MK2 inhibition in HeLa cells (Figures 4A, 3A, C).
As observed earlier, inhibition of ATM or DNA-PK effectively sensitized to irradiation, but did not
cause additional sensitization in the presence of cisplatin (Figure 4A). Also Chk1/2 inhibition did
not significantly demonstrate additive chemo-radiosensitizing effects, whereas it did potentiate
cells to single cisplatin treatment (Figure 4A). In contrast, inhibition of ATR strongly potentiated
the combined cisplatin-based chemoradiation and completely prevented clonogenic survival
(Figure 4A). These data indicate that ATR inhibition may constitute a powerful therapeutic
approach to potentiate cisplatin-based chemoradiotherapy.
Figure 4
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Figure 4: Inhibition of ATR chemoradiosensitizes HeLa and CC-10B cervical cancer cells. (A) HeLa cells were
plated in 6-wells plates, pretreated with control (DMSO) or indicated DDR inhibitor treatment for 30 minutes,
incubated with cisplatin for 8 hours, and irradiated with indicated doses (0-8 Gy). DDR inhibitors included: 10
μM KU55933 (ATMi), 10 μM NU6027 (ATRi), 0.1 μM AZD7762 (Chk1/2i), 1 μM KU0060648 (DNA-PKi), 10 μM MK2
inhibitor III (MK2i). After 10-12 days colonies were fixed in methanol and subsequently stained using Coomassie
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Brilliant Blue. Numbers of colonies (>50 cells per colony) were related to number of plated cells to calculate survival
fractions. The surviving fractions of non-irradiated cells were used as a reference. One-way ANOVA test was used
to test significant differences. P-values <0.05 were considered as significant. *P <0.05. (B) Graphical illustration of
the importance to distinguish between targets that can be used to potentiate cervical cancer cells for radiotherapy
(left panel), cisplatin (left panel) or combined cisplatin and radiotherapy (right panel). Kinases in red are suitable
to cause potentiation in HeLa cells for the corresponding type of DNA damage. Grey indicates kinases that are not
demonstrated to result in potentiation upon inhibition in HeLa cells.

Discussion
In this report we have investigated the expression and activation status of key DDR components
in pre-treatment tumor tissue of stage IB to IVA cervical cancer patients. We showed that the
DDR components ATR, DNA-PKcs, Chk2 and Chk1 are abundantly expressed in the vast majority
of tumor tissues, whereas only MK2 demonstrated more variation in expression and was lowly
expressed in a subset of tumors. Concerning the activation status of indicated DDR components,
only ATR showed high levels of activity in pre-treatment tissues, judged by the phosphorylation
status of its substrate RPA32. Importantly, we found that in vitro only pharmacological inhibition
of ATR could sensitize cervical cancer to cisplatin-based chemoradiation.
Concerning the expression of DDR components in cervical cancer, the amount of data is
very limited. DNA-PKcs has shown to be up-regulated in early-stage cervical cancer patients,
while no associations between DNA-Pkcs expression levels and patient survival were found
[37]. This is in line with our observation of DNA-PKcs expression levels, in which high DNA-PKcs
expression was more frequently observed in an advanced stage (>IIB) cervical cancer (P=0.044)
and did not relate with DSS (Table 2). Analysis of the abundance of Chk1 and expression of
pChk1 was immunohistochemicaly analyzed in stage IB-IIA cervical cancer tissues (n=147) and
normal epithelial tissues (n=74) showed that both Chk1 and pChk1 were elevated in cervical
cancer, although predictive or prognostic impact of these findings were not reported [38]. Our
data showed abundant Chk1 expression, while ~30% of tumor tissues were negative for pChk1.
The only DDR components that showed activity in pre-treatment tissue were ATR and MK2.
Phosphorylation of the RPA complex, primarily results from phosphorylation on residue S33 of
subunit RPA32 by ATR, and likely reflects elevated levels of replication stress [39]. Concerning
MK2, this kinase functions in parallel to Chk1 and DNA damage, and was shown to function in
p53-deficient cancer cells as a checkpoint kinase for G1, S and G2/M cell cycle checkpoints [40].
Immunostaining of pMK2 was previously only reported for normal tissues and thyroid carcinomas
[41]. In these reports, pMK2 (and MK3) expression was mostly cytoplasmic and was elevated
in cancerous tissue compared to normal tissue [41]. In a previous study, we showed that high
levels of phosphorylated ATM on residue Ser-1981 were related with a worse DSS [31]. We realize
that the patient material that we analyzed in this study is from a historical cohort, rather than
a preferred prospective study [42]. However, despite the use of a single TMA of a retrospective
cohort analysis, this study adds to our knowledge of the abundance and activation status of DDR
components in pre-treatment cervical cancer tissue.
In literature, the DDR has been proposed to act as a barrier to prevent carcinogenesis in
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various cell types [43,44]. Key DDR pathways, including p53, ATM and Chk2 become activated
in pre-cancerous tissues to prevent progression to more malignant stages [43,44]. Partial (epi)
genetic inactivating of the DDR machinery is therefore thought to be essential for transformation
of human dysplastic cells to cancerous cells [43-45]. Mostly, mutational loss of TP53 facilitates this
step [43,44]. In cervical cancer p53 is already compromised by persistent HPV infection, which
could explain why key DDR components, including ATM, 53BP1 and Chk2, remain unaltered in
cervical cancer tissues. The observation that the indicated DDR components are almost invariably
expressed in cervical cancer is relevant in the context of therapeutic inactivation of the DDR, for
which target expression is required.
Based on our data, we propose inhibition of ATR as an interesting DDR target to potentiate
the current treatment modality of cisplatin treatment with radiation in locally advanced cervical
cancer. So far, most studies in which DDR-targeting compounds are studied assess their effects
only in combination with a single therapeutic agent, typically only cisplatin or ionizing radiation.
To mimic the clinical situation, we therefore tested DDR inhibitors in the context of combined
chemo-radiotherapy. The recent development of more selective and potent ATR inhibitors
has enabled the further exploration of the therapeutic potential of ATR inhibition. Notably, the
reversible ATR inhibitor ETP-46464 demonstrated a prominent radiosensitizing effect in breast
cancer cells [46], and the NU6027 ATR inhibitor showed potentiation of the cytotoxic effects of
ionizing radiation and cisplatin in breast and ovarian cancer cell lines [47]. Despite these studies, in
vivo results with ATR-targeting therapeutics are currently limited. This may be due to unfavorable
pharmacokinetics of the available compounds. Although results in cervical cancer models have
not been reported, the recent ATR inhibitors AZ20, VX-790 and AZD6738 are compatible with in
vivo use, and are currently tested in clinical trials (NCT02264678, NCT02223923, NCT01955668)
[48,49].
Interestingly, sensitizing effects of ATR inhibition towards chemoradiotherapy in vivo were
observed preferentially in p53-deficient tumors [49], underscoring the potential impact for cervical
cancer. Studies combining these novel compounds with cisplatin-based chemoradiotherapy in
cervical cancer using in vivo models and clinical studies are therefore warranted to explore ATR
inhibitors for improving cervical cancer treatment.

Materials and Methods
Patient group and immunohistochemistry
Treatment-naïve tumor tissue of cervical cancer patients (n=326), diagnosed between January
1980 and December 2006 in the University Medical Center Groningen (UMCG) and affiliated
hospitals, were processed for tissue microarray (TMA) assembly as decribed previously [31,32].
For patient flow chart and detailed information see Supplemental Figure 1 and Supplemental
Materials and Methods. All patients received primary radiotherapy or chemoradiation. The
difference in received treatment regimens of these patients was predominantly caused by a
change in treatment guidelines from standard radiotherapy to cisplatin-based chemoradiation
in 1999 [1]. Clinicopathologic data of this historical cohort of patients, used in this study are
summarized in table 1 [31,32].
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Immunohistochemistry was performed to analyze expression levels of phospho-Ser139H2AX (γ-H2AX), ATR, phospho-Ser33-RPA32 (pRPA32), DNA-PK catalytic subunit (DNA-PKcs),
phospho-Ser2056-DNA-PKcs (pDNA-PKcs), Chk2, phospho-Thr68-Chk2 (pChk2), Chk1, phosphoSer345-Chk1 (pChk1), MK2, phospho-Thr334-MK2 (pMK2). Detailed information on antibodies
and immunohistochemical (IHC) staining protocols are provided in Supplemental Table 1. To
validate IHC stainings, we used paraffin-embedded HeLa or CaSki cervical cancer cell lines treated
with or without DNA damaging agents (cisplatin, ionizing irradiation, ultra-violet radiation)
(Supplemental Figure 2). In order to validate antibodies for ATR, Chk1, Chk2, DNA-PKcs and MK2,
we engineered HeLa cells stably expressing short-hairpin RNAs (shRNAs) targeted indicated
proteins (Supplemental Figure 2 and Supplemental Table 2).
Each staining was semi-quantitatively scored, as previously described, by two independent
observers (H.W.W. and either M.E./K.K.K./M.A.J.B) who were blinded for clinical data [31]. An
immune reactivity score (IRS; 0-15) per sample was obtained by multiplying the score for the
percentage of positively stained tumor cells (0 = 0%; 1 = 0-5%; 2 = 5-25%; 3= 25-50%; 4 = 5075%; 5 = >75%) with the score for the staining intensity (0 = negative; 1 = weak; 2 = moderate;
3 = strong) (see Figure 1A). Cut-offs for γ-H2AX, Chk2 and pChk2 were based on literature, while
other stainings were dichotomized (low versus high) by arbitrary cut-offs (see Supplemental
Table 1) [50]. Cases with discordancy in IRS were re-evaluated to reach consensus. Patients were
included for statistical analysis when ≥ 2 cores were evaluable. In 18.1-27.0% of the cases, less
than 2 representative cores were available to determine an IRS.
Statistical analysis was performed with SPSS 22.0 for Windows. The use of specific statistical
tests is explained in Supplemental Materials and Methods. DSS was defined as the time between
diagnosis and death caused by cervical cancer or censored at last follow-up visit alive [31,32].
Cell lines and chemicals
The HPV-positive and p53 wild-type (wt) cervical cancer cell lines HeLa (HPV18), SiHa (HPV16) and
CaSki (HPV16) were cultured in DMEM:Ham’s F12 (1:1), supplemented with 10% of fetal calf serum
(FCS), 100 U/mL of penicillin and 100 μg/mL of streptomycin. The primarily cervical squamous cell
carcinoma cell line CSCC-7 and the cervical carcinoma cell lines CC-8, CC-11+ and CC10B were
kindly provided by Dr. G.J. Fleuren (Leiden University Medical Center, The Netherlands) [51]. CC-8
and CC-10B cells were cultured in DMEM supplemented with 10% FCS and 100 U/mL of penicillin
and 100 μg/mL of streptomycin. CSCC-7 and CC-11+ were cultured in DMEM supplemented
with 20% FCS and 100 U/mL of penicillin and 100 μg/mL of streptomycin. Upon infection with
shRNA virus, cells were continuously cultured in the presence of puromycin (1 μg/mL). Human
embryonic 293T kidney cells (HEK293T) were cultured in DMEM supplemented with 10% FCS and
100 U/mL of penicillin and 100 μg/mL of streptomycin. Authenticity of cell lines was verified by
DNA short-tandem repeat analysis (BaseClear, Leiden, The Netherlands).
If indicated, cells were irradiated using a CIS International/IBL 637 equipped with a Cesium137
source (0.010124 Gy/second), or treated with cisplatin (1 μM, Tocris Biosciences), ATM inhibitor
KU55993 (10 μM, Axon Medchem), ATR inhibitor NU6027 (10 μM, Sigma-Aldrich), DNA-PK inhibitor
KU0060648 (1 μM, Axon Medchem) or MK2 inhibitor III (10 μM, Merck), Chk1/2 inhibitor AZD7762
(0.1 μM, Axon Medchem).
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RNA interference
ShRNA sequences against human CHEK1 (5’-CAACTTGCTGTGAATAGAG-3’), ATR
(5’-GACGGTGTGCTCATGCGGC-3’), MAPKAPK2 (5’-CAAGAGGACCCAGGAGAAA-3’), and scrambled
negative control (5’-TTCTCCGAACGGTGCACGT-3’) were cloned into pRetrosuper (pRS) [52].
The pRS-Chk2 plasmid [50], and HeLa cells, stably depleted of ATM were previously described
[31]. ATM-GFP and SCR-GFP were provided by Dr. E.H. Blackburn (University of California, San
Francisco, CA) and pSM2c-DNA-PKcs and pSM2c-Scrambled plasmids were kindly provided by
Dr. A.S. Calkins (Dana Farber Cancer Institute, Boston, MA) and were previously described [53-54].
Retroviral particles were produced as described previously [55].
Western Blotting
Cell were lysed in Mammalian Protein Extraction Reagent (Thermo Scientific), supplemented
with protease inhibitor and phosphatases inhibitor cocktail (#78440, Thermo Scientific). Thirty
microgram of protein was used for SDS-PAGE. Separated proteins were transferred to
polyvinylidene fluoride (PVDF) membranes and blocked in either 5% milk in Tris-buffered
saline-0.01% Tween20 (TBS-T) or 3% bovine serum albumin (BSA) in TBS-T. Immunodetection
was done with antibodies directed against ATM (#1549-1, rabbit, Epitomics), ATR (#sc-1887,
goat, Santa Cruz Biotechnology), DNA-PKcs (#sc-9051, rabbit, Santa Cruz Biotechnology), MK2
(#3042, rabbit, Cell Signaling), Chk1 (#sc-56291, mouse, Santa Cruz Biotechnology), Chk2 (#sc56297, mouse, Santa Cruz Biotechnology), β-actin (#A5441, mouse, Sigma-Aldrich). Horseradish
peroxidase-conjugated antibodies (#P0448, #P0260, #P0449, DAKO) were used as secondary
antibodies. Visualization was performed using Enhanced Chemiluminescence (Lumilight, Roche
Diagnostics) and a Biorad Bioluminescence device, equipped with Quantity One/Chemidoc XRS
software (Bio-rad Laboratories).
DSB repair assays
HeLa cells were stable transfected with the EJ5-GFP reporter as described previously [34]. The EJ5GFP plasmid was a gift from Jeremy Stark (City of Hope, Duarte, CA, Addgene plasmid #44026)
[34]. Monoclonal HeLa cells harboring the DR-GFP reporter were a gift from dr. J. Parvin (Ohio
State University, Columbus, OH) and used as previously described [56]. Monoclonal HeLa-EJ5GFP or HeLa-DR-GFP were transiently transfecting with I-SceI endonuclease using Lipofectamine
2000 (Invitrogen, Life Technologies). If indicated, 1 hour before transfection, cells were incubated
with indicated concentrations of inhibitors. Forty-eight hours after transfection, GFP-positivity
was quantified using flow cytometry on a FACS-Calibur (Becton Dickinson). A minimum of 10,000
events was analyzed per sample, and data was analyzed using CellQuest (Becton Dickinson) and
Flowjo software.
MTT cytotoxicity assays
To measure short-term cytotoxicity 2,000 cells were plated in 96-well plates in the presence
of indicated concentrations of cisplatin or inhibitors. After 3 days of treatment, 20 μL of 5 mg/
mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added for 3 hours.
Subsequently, culture medium was removed, and cells were incubated in 100 μL dimethyl
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sulphoxide (DMSO) for 60 minutes. Absorbance was measured at 520 nm using an iMARK
micoplate reader (Biorad Laboratories). Cytotoxicity was measured by calculating relative
decreases in MTT conversion of treated versus untreated control cultures after subtraction of
background absorbance.
Clonogenic survival assay
Depending on the amount of irradiation and/or cisplatin, different amounts of HeLa cells were
plated in 6-well plates (Supplemental Table 3) and allowed to adhere for 24 hours. Subsequently,
cells were left untreated or irradiated with 1, 2 or 4 Gy. If indicated, cells were treated for 4 hours
with cisplatin prior to irradiation. DDR inhibitors were added 1 hour before radio- or chemotherapy.
After 10-12 days, when colonies reached an approximate minimum size of 50 cells, colonies were
fixed and stained as previously described [31].
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Supplementals
Supplemental materials and Methods
Patient group and immunohistochemistry
Between January 1980 and December 2006, 489 patients were diagnosed with cervical cancer
(International Federation of Gynecology and Obstetrics (FIGO) stage IB1 to IVA) and primarily
treated with radiotherapy or chemoradiation in the University Medical Center Groningen (UMCG)
and affiliated hospitals. Patients with stage IVB were excluded, as their management plan was
individualized (for patient flow chart see Supplemental Figure 1). In 375 cases, sufficient tumor
tissue was available to retrospectively construct a tissue microarray (TMA) construction, as
previously described [31,51]. Patient tissues were divided over 7 TMAs. One TMA (n = 49) was
excluded due to extensive core loss. Compared to this latter TMA, the remaining evaluable
patients (n = 326) were more recently diagnosed with cervical cancer (P <0.001, Spearman’s rho;
median: 1991 vs 1998) and were less frequently treated with primarily radiotherapy (P <0.001).
Treatment details were previously reported [51]. In short, standard radiotherapy regime
consisted of external beam radiotherapy (up to 45 Gy) combined with low-dose-rate
brachytherapy (twice 17.5 Gy). Before 1999, chemotherapy consisted of three cycles of carboplatin
and 5-fluorouacil, while after 1999 a weekly dose of 40mg/m2 cisplatin was intravenously
administered for 6 consecutive weeks. Tumor tissues were part of staging biopsies prior to
treatment. When acquired, tissue specimens were formalin-fixed, paraffin-embedded and stored
at room temperature. FIGO guidelines were used for staging. A gynaecological pathologist
determined tumor grade and classification. All patients provided informed consent for data
collection and tumor tissue storage. Data of clinical parameters and follow-up were prospectively
collected in a central database, which was solely accessible by two designated data managers.
For this retrospective analysis an anonymized dataset was retrieved from the central database.
Further institutional review board approval was not needed according to Dutch law.
When acquired, tissue specimens were formalin-fixed, paraffin-embedded and stored at room
temperature. Staging was classified according the International Federation of Gynecologists
and Obstetricians (FIGO) criteria. A gynaecological pathologist determined tumor grade and
classification. All patients provided informed consent for data collection and tumor tissue storage.
Data of clinical parameters and follow-up were prospectively collected in a central database,
which was solely accessible by two designated data managers. For this retrospective study an
anonymized dataset was retrieved from the central database. We could only include 326 patients
(FIGO IB1-IVA), as one TMA (n = 49) suffered from core loss and insufficient remaining tumor
tissues of these patients limited re-construction of the TMA. Treatment strategy was in 152 cases
primarily radiotherapy (46.6%), whereas in 174 cases (53.4%) primarily chemoradiotherapy was
given. Radiation regimes used were external beam radiotherapy (max. 45 Gy) and low-dose
rate brachytherapy. Before 1999, chemotherapy consisted of three cycles of carboplatin and
5-fluorouacil. After 1999, the chemotherapeutic regime consisted of a weekly dose of 40 mg/m2
cisplatin intravenously for 6 consecutive weeks concurrent with external pelvic and intracavitary
radiotherapy. Biopsy specimens taken 8 to 10 weeks after completion of radio-/chemotherapy or
material from hysterectomy were available in 250 out of 326 cases (76.7%) to evaluate response
to therapy.
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In short, for immunohistochemistry 3 μm TMA sections were mounted on amino-propylethoxy-silan-coated slides and deparaffinized using xylene. Slides were incubated for 30 minutes
in 0.3% hydrogen peroxidase to block endogeneous peroxidase. Visualization of staining was
done using 3,3-diaminobenzidine (DAB) and haematoxyline was used as counterstaining. More
details are summarized in Supplemental Table 1. To validate stainings for phosphorylated proteins
we used not only paraffin-embedded HeLa or CaSki cervical cancer cell lines, but also human
tissue slides of ovarian cancer, colon cancer, breast cancer and normal testis as positive controls
(Supplemental Figure 2). For validation of antibodies against ATR, Chk1, Chk2, DNA-PKcs and MK2,
we used human tissue of ovarian, colon and breast cancers as positive controls (Supplemental
Figure 2).
An overview of clinic-pathological data is summarized in Table 1. Median follow-up time
was 4.0 (range: 0.1-18.4) years for all 326 LACC patients. For patients primarily treated with
radiotherapy (n = 152) or chemoradiation (n = 174) follow-up was not significantly different
(median 3.1 vs. 4.9; P = 0.123). Patients treated with primarily chemoradiation were younger
compared to patients who received radiotherapy alone (median 47.4 vs. 65.6; P < 0.001). All other
baseline characteristics were not significantly different between both groups (data not shown).
The associations between treatment groups (radiotherapy and/or chemoradiation) with patient
characteristics were tested with Pearson’s chi-square test, Fisher’s exact test or logistic regression
when appropriate. Continuous variables (age and follow-up) were tested with a non-parametric
test, Spearman’s rho. Pearson’s chi-square test or Fisher’s exact test were used to test associations
between stainings. Survival analysis was performed using the Cox proportional hazard regression
model. For multivariate analyses, only variables with a P-value <0.10 were included. P-values of
<0.05 were considered statistically significant.
RNA interference
Retroviral particles were produced by transfecting HEK293T with either pRS or pSM2c plasmids
along with the packaging plasmids pMDG/P and pMDG in a 3:2:1 ratio using a calcium phosphate
protocol. Virus-containing supernatant culture medium filtered (0.22 μM; Millipore), mixed with
polybrene (4 μg/mL) and used for infection for single infection of the indicated target cells.
Twenty-four hours after the third infection, puromycin was added (1 μg/mL) for selection. For
production of lentiviral particles, a similar protocol was used except that the lentiviral packaging
plasmids pCMV-R8.2 and pCMV-VSGV were used, followed by GFP-based sorting of infected cells.

87

508760-L-bw-Wieringa
Processed on: 14-3-2017

4

Supplemental Figure 1: Patient selection for IHC analysis
Flow diagram indicating selection of patients included for retrospective
analysis.

Diagnosed
with
cervical
cancer between 1981-2006
(n = 489) and primarily treated
with
radiotherapy
or
chemoradiotherapy

Patients with enough tumor
material to construct TMA
(n = 375)

Eligible
patients
for
immunohistochemical analysis
(n = 326)

Patients primarily treated with
radiotherapy (n = 152)

Exclusion: FIGO stage IVB

Exclusion: 49 patients due to
insufficient tumor material on 1
TMA

Patients primarily treated with
chemoradiotherapy (n = 174)

Supplemental Figure1: Patient selection for IHC analysis Flow diagram indicating selection of
patients included for retrospective analysis.

Supplemental Figure 2: Overview of immunohistochemical control stainings on human tissue and
paraﬃn-embedded cervical cancer cell lines. (A) Positive controls for immunohistochemical stainings
on normal and selected human cancer tissues. (B) Representative immunohistochemical stainings of
paraﬃ99	
  
n-embedded
cervical cancer cell lines (HeLa and CaSki) used as positive and negative controls.
	
  
To validate stainings with indicated phospho-specific antibodies, cancer cell lines were treated with
or without DNA damaging agents (10 μM cisplatin, 5 Gy ionizing radiation, 50 J/m2 ultra-violet (UV)
radiation). To validate immunohistochemical stainings for ATR, DNA-PKcs and Chk1, HeLa cells stably
expressing indicated shRNAs were processed for immunoblotting. In parallel, cell lines were paraﬃnembedded, and processed for immunohistochemical staining.
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Supplemental Table 1: Details of antibodies used for immunohistochemical analysis and arbitrary
Supplemental
Table
1. Details
of antibodies used for immunohistochemical analysis and arbitrary
cut-oﬀ
s used for
statistical
analysis.
cut-offs used for statistical analysis
Target

Brand

H2AX
ATR
pRPA32
DNA-PKcs
pDNA-PKcs
Chk1
pChk1
Chk2
pChk2
MK2
pMK2

Millipore
Abcam
Bethyl
Santa Cruz
Abcam
Epitomics
Cell signaling
Santa Cruz
Cell signaling
Abcam
Cell signaling

Catalogue
No.
05-636
ab110883
A300-246A
sc9051
ab124918
1740-1
2348
sc56297
2197
ab63574
3041

Antigen retrieval

Dilution

Citrate (pH 6.0)
Citrate (pH 6.0)
TRIS/HCL (pH 9.0)
Citrate (pH 6.0)
TRIS/HCL (pH 9.0)
EDTA (pH 8.0)
TRIS/HCL (pH 9.0)
TRIS/EDTA (pH 9.0)
Citrate (pH 6.0)
Citrate (pH 6.0)
TRIS/HCL (pH 9.0)

1:300
1:50
1:1500
1:200
1:50
1:50
1:50
1:100
1:50
1:200
1:50

Incubation
time
60 minutes RT
60 minutes RT
60 minutes RT
60 minutes RT
60 minutes RT
60 minutes RT
o/n 4ºC
60 minutes RT
o/n 4ºC
60 minutes RT
o/n 4ºC

Detection
method
RAMpo- GARpo
GARpo- RAGpo
Avidin- biotin
GARpo- RAGpo
GARpo- RAGpo
GARpo- RAGpo
GARpo- RAGpo
RAMpo- GARpo
Avidin- biotin
GARpo- RAGpo
GARpo- RAGpo

IRS
cut-off
≥2
≥ 12
≥4
≥9
≥1
≥6
≥1
≥ 12
≥1
≥2
≥8

IRS = immunoreactive score; TRIS = tris(hydroxymethyl)aminomethane; HCL = hydrochloric acid; EDTA =
ethylenediaminetetraacetic acid; No. = number; RT = room temperature; RAMpo = Rabbit Anti-Mouse horseradish peroxidase;
GARpo = Goat Anti-Rabbit horseradish peroxidase; RAGpo = Rabbit Anti-Goat horseradish peroxidase; o/n = overnight.

Supplemental Table
Table 2:
2 shRNA
shRNAsequences
sequencesagainst
againsthuman
humanATR,
ATR,
DNA-PKcs,
Supplemental
DNA-PKcs
and CHEK1.
and CHEK1.
Target

shRNA sequence

Reference

ATR
DNA-PKcs
CHEK1
Scramble

5’-GACGGTGTGCTCATGCGGC-3’
5’-GATCG CACCTTACTCT GTT-3’
5’-CAACTTGCTGTGAATAGAG-3’
5’-TTCTCCGAACGGTGCACGT-3’

Krause1
Park2

1

Krause DR, Jonnalagadda JC, Gatei MH, Sillje HH, Zhou BB, Nigg EA, Khanna K. Suppression of
Tousled-like kinase activity after DNA damage or replication block requires ATM, NBS1 and Chk1.
Oncogene 2003: 4;22:5927-37.
2
Park SY, Yu X, Ip C, Mohler JL, Bogner PN, Park YM. Peroxiredoxin 1 interacts with androgen
receptor and enhances its transactivation. Cancer Res: 67:9294-303.
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Supplemental
Table 3: Density of cells plated per well for clonogenic survival assay.
Supplemental Table 3. Density of cells plated per well for clonogenic survival assay.
IR (Gy)
Compound
Untreated
DMSO
KU55933
NU6027
AZD7762
KU0060648
MK2-inhibitor III

0

1

100
100
100-1,000
100-1,000
100-1,000
100-1,000
100-1,000

2
No cisplatin
250
500
250
500
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000

4

0

1

500
500
1,000-5,000
1,000-5,000
1,000-5,000
1,000-5,000
1,000-5,000

100
100
100-1,000
100-1,000
100-1,000
100-1,000
100-1,000

2
Cisplatin
500
500
500
500
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000
500-5,000 1,000-5,000

4
500
500
1,000-5,000
1,000-5,000
1,000-5,000
1,000-5,000
1,000-5,000

IR: ionizing radiation; cisplatin (1 M); KU55993 (10 M); NU6027 (10 M); AZD7762 (0.1 M); KU0060648 (0.1 M); MK2 inhibitor III (10 M)

Supplemental Table
Associations
between
the expression
patternpattern
and activation
Supplemental
Table4. 4:
Association
between
the expression
and activation status of
status of -H2AX, ATR, pRPA2, DNA-PKcs, pDNA-PKcs, Chk1, pChk1, Chk2, pChk2, MK2
γ-H2AX,
ATR,
pRPA32,
DNA-PK
,
pDNA-PK
,
Chk1,
pChk1,
Chk2,
pChk2,
and pMk2 in cervical cancer patients
treated cswith primary radiotherapy (n=152)MK2,
or pMK2 in cervical
cs
primary chemoradiation
(n=174).
cancer
patients treated
with primary radiotherapy (n=152) or primary chemoradiotherapy
(n=174).
Primary radiotherapy
ATR pRPA2
-H2AX
ATR
pRPA32
DNA-PKcs
pDNA-PKcs
Chk1
pChk1
Chk2
pChk2
MK2

0.558

0.022
0.115

DNAPKcs
0.458
0.200
0.652

pDNAPKcs
0.003
0.293
0.060
0.134

Chk1 pChk1

Chk2 pChk2

0.004
<0.00
1
<0.00
1
0.086
0.009

0.100 <0.001 0.475 <0.001
0.447 0.028 0.465
0.002
0.791 0.001 0.310 <0.001
0.324 0.874 0.908
0.329
0.031 0.002 0.123
0.002
0.118 <0.001 0.231 <0.001
0.783 0.002 0.301 <0.001
<0.001 0.657
0.200
0.178
0.001
0.109

0.043
0.015
<0.00
1
0.769
<0.00
1
<0.00
1

MK2

pMK2

4

Primary chemoradiation

-H2AX
ATR
pRPA32
DNA-PKcs
pDNA-PKcs
Chk1
pChk1
Chk2
pChk2
MK2

ATR

pRPA2

0.627

0.126
0.597

DNA- pDNAPKcs PKcs
0.418
0.359
<0.001

0.045
0.896
0.007
<0.001

Chk1 pChk1

Chk2

pChk2 MK2

pMK2

0.024
0.325
0.520
0.143
0.171

0.576
0.290
0.726
0.949
0.035
0.749
0.553

0.064
0.485
0.180
0.134
0.041
0.129
0.130
0.016

0.033
0.326
0.052
0.055
0.111
0.127
0.001
0.325
0.006
0.001

0.002
0.287
<0.00
1
0.001
0.005
0.006

0.861
0.975
0.054
0.516
0.204
0.536
0.096
0.844
0.396

Values summarized in tables indicate the P-values
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Supplemental Table 5: Potentiation of cisplatin by speciﬁc DDR inhibitors in diﬀerent cervical
Supplemental
Table 5. Potentiation of cisplatin by specific DDR inhibitors in
cancer
cell lines.
different cervical cancer cell lines.
Target
ATMi
ATRi
DNA-PKi
Chk1/2i
MK2i
VE-821
Chk2i

HeLa
0.0960
<0.0001
0.5522
<0.0001
0.7822
n/a
0.3019

SiHa
0.2624
<0.0001
0.3882
<0.0001
n/a
n/a
0.1178

Primary cervical cancer cell lines
CSCC-7
CC-8
CC-10B
CC-11+
<0.0001
0.8905
<0.0001
<0.0001
0.0155
<0.0001
0.0002
0.3344
0.0001
0.5345
0.0014
0.0060
<0.0001
0.0202
<0.0001
<0.0001
0.6808
0.2502
<0.0001
0.0026
<0.0001
<0.0001
<0.0001
0.0596
n/a
n/a
n/a
n/a

Values demonstrated in the table are the P-values from the extra sum-of-square F-test in which the
difference of the curves between control and DDR inhibitor are tested. CSCC-7: cervical squamous cell
carcinoma 7: CC-8: cervical carcinoma 8; CC-10B: cervical carcinoma 10B; CC-11+: cervical carcinoma
11+; ATMi: KU-55933; ATRi: NU6027; DNA-PKi: KU0060648; Chk1/2i: AZD7762; MK2I: MK2 inhibitor III;
Chk2i: Chk2-inhibitor; n/a: not available.
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Abstract
Patients with advanced-stage cervical cancer are treated with chemoradiation, but 21- 34% of
these patients still die within 5 years. Novel treatment approaches for these patients are therefore
eagerly awaited.
Cervical cancer is almost invariably caused by the human papillomavirus (HPV), which
compromises G1/S cell cycle checkpoint function due to p53 inactivation by the HPV-E6
oncoprotein. Consequently, HPV- positive cancer cells rely on their G2/M checkpoint for cell
cycle control. We tested whether G2/M checkpoint abrogating through inhibition of Wee1 has
therapeutic potential in cervical cancer cells.
Immunohistochemical analysis of 204 advanced-stage cervical cancers showed Wee1 expression
in 99.5% of cases. Reanalysis of a panel of 522 human cancer cell lines revealed that cervical
cancer cell lines are very sensitive to Wee1 inhibition in vitro. Additionally, Wee1 inhibition in
a subset of cervical cancer cell lines sensitized to cisplatin treatment. This effect was due to
checkpoint abrogation, as judged by mitotic entry with 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. Insensitivity of these cells correlated with low HPV copy number
and residual p53 levels. Surprisingly, siRNA-mediated removal of Rb1, but not p53, conferred
sensitivity to Wee1 inhibition and resulted in cisplatin sensitization.
Combined, Wee1 is ubiquitously expressed in cervical cancers and Wee1 inhibition sensitized
for cisplatin by abrogating G2/M checkpoint function in cervical cancer cell lines. Importantly,
sensitivity to Wee1 inhibition not only depends on p53 loss-of- function, but also requires
inactivation of Rb1.
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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 [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,
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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 paraffinembedded 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). 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 Supplemental 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 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.
Figure 1.
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Figure1: 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.
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Figure 2
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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 [31] 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.
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 [31]. In this data set, MK1775 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 noncervical cancer cell lines (n=501) (IC50 of 0.56 nM versus 0.71 nM 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 nM versus 0.72 nM respectively,
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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 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 2.66 nM and 2.34 nM, respectively) when compared to the
SiHa cells (IC50 of 8.63 nM) (Figure 2C, left panel). Additionally, we assessed the cytotoxicity of an
independent chemical second Wee1 inhibitor, PD-166285 (Figure 2C, right panel) [32]. Again, we
observed that SiHa cells (IC50 of 3.49 nM) were less sensitive to Wee1 inhibition compared to HeLa
and C33A cells (IC50s of 2.71 nM and 2.24 nM, 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 insensitive 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.
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Figure 3.
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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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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.

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 MPM2Alexa-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 4.
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Combined inactivation of p53 and Rb1 determines the response to Wee1 inhibition.
Wee1 inhibition enhances the cytotoxic effects of chemotherapeutic agents mainly in p53deficient cell lines [33-35]. 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 higher expression levels of Wee1 in sensitive cell lines HeLa and
C33A compared to the insensitive SiHa cell line. Importantly, the level of Wee1 corresponded
with the phosphorylation status of its downstream target Cdc2, indicating that higher Wee1
expression goes along with increased 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
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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 [36]. 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 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.

Figure 5: Rb1 inactivation determines cytotoxicity after Wee1 inhibition
(A) HeLa, C33A and SiHa cell were irradiated (5 Gy) and harvested at 5 hours after irradiation.
Immunoblotting was performed with anti-p53 and anti-actin antibodies. For HeLa and SiHa p53
levels from the same long exposure are shown. For C33A, a short exposure is 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 (5Gy) 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 two independent siRNAs
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, stably infected with pRSScr (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. After 4 days of treatment, cells were
incubated with MTT and the viability of cells was determined by colorimetric measurement. DMSOtreated cultured were used as a reference. (F) SiHa cells, stably infected with pRS-Scr (green lines) or
pRS-p53 (red lines) were transiently transfected with Rb1 siRNA (#1, dashed lines) or control siRNA (solid
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.

102

508760-L-bw-Wieringa
Processed on: 14-3-2017

5. Wee1 as therapeutic target in cervical cancer

Figure 5.
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Discussion
In this study we investigated the expression of Wee1 in advanced-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.
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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/publicportal/) 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 [37] and 70% of metastatic melanomas [38].
In addition, substantial Wee1 overexpression compared to normal tissues was reported in 80% of
osteosarcomas [39] and 35 % of the luminal and HER2-positive breast cancers [40].
The small molecule Wee1 inhibitor MK-1775 has single agent activity in various p53-deficient
cancer cell lines, both in vitro and in vivo [33, 35, 41]. Also, treatment with MK-1775 sensitized
p53-deficient cancer cells for several chemotherapeutic agents [33, 35, 41]. In addition, Wee1
inhibition efficiently sensitized p53-deficient tumor cells for radiotherapy [34, 42]. 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 MK1775 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 [43]. 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 [35]. 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 advanced cervical cancer (stage IIB-IVA),
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primarily treated with radiotherapy or chemoradiation between March 1981 and December 2006
in the University Medical Center Groningen or affiliated hospitals [44]. International Federation of
Gynecologists and Obstetricians (FIGO) guidelines were used for staging. Clinico-pathological data
of patients analyzed in this study are summarized in Supplemental Table 1. A tissue microarray was
generated with tumor specimens as described previously [45]. 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, SC5285, 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 [37]. 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 (525%), 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 Supplemental 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.
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 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.
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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 μl 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 [31]. 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 [46]. 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).
For transient down-regulation of Rb1 and Wee1, SiHa cells were transfected with 133
nanomolar siRNAs targeting Rb1 (#1: HSS109090, #2: HSS109091; 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
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(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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Supplementals
Supplemental Table
1. S1:
Patient
tumor characteristics in the 204 patients with suﬃcient tumor
Supplemental
Table
Patientand
and tumor
characteristics in the 204 patients with
material
for Wee1
expression
measurement
sufficient available
tumor material
available
for Wee1
expression measurement

Age at diagnosis (in years)
Median
Range

FIGO stage
IIb
IIIa
IIIb
IVa

Histology

Squamous
Adenocarcinoma
Other

Tumor differentiation grade
Good/moderate
Poor
Unknown

n

(%)

56
25-88
151
6
36
11

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

171
26
11

(83.8)
(12.7)
(3.4)

124
68
12

(60.8)
(33.3)
(5.9)

130
29
45

(63.7)
(14.2)
(22.1)

34
142
28

(16.7)
(69.6)
(13.7)

Lymphangioinvasion
No
Yes
Unknown

Tumor diameter
0-4cm
≥4cm
Unknown

FIGO=International Federation of Gynecologists and
Obstetricians
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Supplemental ﬁgure S1 (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-D) Representative immunostainings using control IgG antibodies.
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Abstract
Introduction: Treatment modalities used in locally-advanced cervical cancer include platin-based
chemotherapy and radiotherapy. However, treatment resistance often develops. Novel treatment
approaches are therefore needed. Treatment outcome might be improved by sensitizing cervical
cancer cells for chemo-/radiotherapy using molecularly targeted agents. To efficiently screen drug
candidates, we aimed to investigate the chick embryo chorioallantoic membrane (CAM) assay as
an in vivo platform to identify chemo-radiotherapy sensitizing compounds using a 3-dimensional
(3D) in ovo cervical cancer model.
Methods: HeLa cervical cancer cells were inoculated on the CAM of fertilized Dekalb chicken eggs
at day 6 of embryonic development to establish cervical cancer tumors. Tumors were treated with
cisplatin and/or ionizing radiation: on day 10 of embryonic development. Hematoxylin and eosin
staining and immunohistochemical analysis of Ki-67, gamma-H2AX (γ-H2AX) and phosphorylated
replication protein A 32 (RPA32) were performed to evaluate tumor grafting and therapy delivery.
Results: Viable 3D cervical cancer tumors were established using the CAM-assay. Tumor reduction
was observed after a single dose of cisplatin (10 μg: P = 0.03; 50 μg: P = 0.05) or ionizing radiation
(4, 6 and 8 Gy; all P<0.01) as well as with combined treatment (1 μg cisplatin with either 2 or 4Gy:
P = 0.02 and P<0.01 respectively).
Conclusion: We have established a 3D-cervical cancer in vivo model by using the CAM assay where
single or combined treatment with cisplatin or radiation resulted in tumor reduction. Hereby
we provide a reliable, cost-effective and fast screening tool to evaluate chemoradiotherapysensitizing effects of novel therapeutic compounds using an in ovo cervical cancer xenograft
model.
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Introduction
Cervical cancer is a common female malignancy which accounts for approximately 8% of all the
cancer-related deaths of women worldwide [1]. When cervical cancer is locally-advanced, cure is
primarily achieved by use of platin-based chemoradiotherapy [2-4]. Nonetheless, therapy success
is not complete; even in stage IIB the 5 year overall survival is 65.8% [5].
In the last decades, multiple molecularly targeted therapies have been developed with the
aim to potentiate chemotherapeutics or radiotherapy. In the context of cervical cancer, many
of these compounds have thus far only been tested preclinically [6, 7]. Clinical translation of
candidate drugs requires careful choices given the large number of drug candidates as well as the
fact that the pharmacodynamic properties of many of these compounds preclude in vivo testing
[7]. In preclinical studies novel therapeutic modalities are typically only tested as monotherapy or
in combination with a single DNA damaging agent [7,8]. Notably, novel compounds are typically
not tested in the context of chemoradiotherapy, which is the current standard of care in locally
advanced cervical cancer. An easy and cost-effective platform to test novel compounds for their
chemo- and/or radiosensitizingproperties, is therefore warranted to make a pre-selection for
further in vivo testing.
Cell lines xenografted in immune-deficient mice are frequently used as an intermediate step
to validate in vitro observations into the in vivo situation. However, testing of series of compounds
in mice remains expensive, time consuming and goes at the expense of many animals [9]. An
interesting alternative to efficiently select the most promising agents for further testing is the use
of eggs to perform the chicken embryo chorioallantoic membrane (CAM) assay.
The CAM assay is an established model to study angiogenesis, which has been successfully
employed to investigate novel anti-angiogenetic drug in the context of tumor growth
and metastasis [10-13]. Many different cell lines, including cervical cancer cell lines, were
shown to engraft efficiently onto the CAM [14-17]. The extensive vascularization and natural
immunodeficiency probably contribute to the high grafting rate of the CAM model [18, 19].
This model provides important additional advantages compared to in vitro models. Specifically,
engrafted tumors grow 3-dimensionally and are vascularized with bloodvessels originating from
the CAM [15, 20, 21]. This enables drug delivery via a vascular system and with the CAM model
being a closed system, the required amounts of the tested agents are limited [22]. Another
advantage of the CAM assay versus a cell line model is the presence of a microenvironment
[22, 23]. During tumor inoculation, the ectoderm is mechanically damaged, which results in a
breached epithelial and basal membrane layer [24, 25]. Tumor cells therefore proliferate while
being surrounded by epithelial cells and extracellular matrix proteins, originating from the
mesoderm [23, 26]. Furthermore, the easy handling of the CAM assay and the low cost make it a
promising preclinical tool for efficient selection of drug candidates.
Although the characteristics of the chicken embryo CAM model have been previously
described extensively [12, 14, 15, 27, 28], the combined use of radiotherapy and chemotherapy in
this model has not been reported thus far. In this study, we have therefore tested the combined
treatment with cisplatin and ionizing radiation of HeLa cervical cancer cells engrafted on the
chicken CAM. Our data show that the chicken embryo CAM assay is an efficient model to study
the effects of radiotherapy and chemotherapy in cervical cancer cells. This allows the investigation
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and selection of novel molecularly targeted compounds in a combined chemoradiotherapy
setting in a fast, and cost-effective way.

Results
HeLa cells engraft in ovo and form viable 3D-tumors
To establish a 3-dimensional cervical cancer model for studying anti-cancer therapeutic
interventions, we first assessed whether HeLa cervical cancer cells can be engrafted on the chicken
embryo CAM [16, 17]. Our procedure is described in detail in the materials and methods paragraph
and graphically represented in Figure1A. In summary, 5x10ˆ6 HeLa cells were inoculated onto
the CAM on day 6, and the chicken embryos were terminated on day 17. Tumor morphology,
viability as well as proliferation were evaluated by H&E staining and Ki-67 immunostaining
respectively. As illustrated in Figure 1B, we observed that HeLa tumors consistently showed a
highly homogenous morphology and were extensively vascularized in ovo. These tumors were
viable, based on the observed gradual increase in tumor size and the high percentage of Ki-67positive cells throughout the entire tumor on day 17. Around 75% of the obtained eggs could
be used for inoculation, as the remaining part was not fertilized or showed idiopathic embryonic
mortality between day 0 and 4. Upon inoculation, 100% of chicken embryos survived until day
17. Notably, we did not observe macroscopic metastases of HeLa cells into the chicken embryo, a
Figure 1
phenomen
on that was observed using other tumor cell lines [11, 29, 30].
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Figure 1. HeLa cervical cancer cells in ovo. A. General experimental design of cervical cancer xenografts
in ovo. B. Immunohistochemical representation for H&E and Ki-67 staining in HeLa xenograft tumors.
Indicated with the black arrow is an example of intra-tumor blood vessel formation.
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Cisplatin treatment reduces growth of HeLa xenografts in ovo
Cisplatin is commonly administered as concomitant chemotherapy in advanced cervical cancer
patients [2]. To examine whether the effects of cisplatin treatment can be measured in ovo, we
first examined whether cisplatin was taken up by the CAM and subsequently delivered to the
tumor. Cervical cancer xenografts were established on the CAM and left untreated until day 10.
At this time point, we applied 5 μg cisplatin on the CAM and harvested the tumor 6 hours after
cisplatin administration. To measure effective cisplatin uptake, we assessed the phosphorylation
of replication protein A-32 (RPA32) on serine-33 (Ser-33), which is an established substrate of
the ATR kinase, which is activated upon cisplatin treatment (Fig. 2A). Immunohistochemical
analysis showed increased phosphorylation of RPA32 after treatment with cisplatin, indicating
that cisplatin systemically arrived in the HeLa xenograft (Fig. 2A). To subsequently assess whether
cisplatin treatment resulted in tumor weight reduction, we applied different concentrations
of cisplatin, as previously used in literature (1 μg, 10 μg, 50 μg and 100 μg) [31]. Per condition,
9-10 fertilized eggs were inoculated, but only 3-4 could be included for analysis per treatment
group due to lack of engraftment of the tumor cells in eggs, or excess (>25%) CAM tissue in the
harvested tumors. Significant tumor weight reduction was observed after treatment with a single
dose of 10 μg cisplatin (P=0.03) and 50 μg cisplatin (P=0.05) (Fig. 2B). Not unexpectedly, cisplatin
treatment
Figure 2 also affected viability of the embryo, and we observed a complete embryo mortality at
17 days after treatment initiation with 100 μg cisplatin [31, 32].

t = 6h after cisplatin

pRPA32 (S33)

0 μgr

5 μgr

Tumor weight (normalized)

B
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ns
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Figure 2. In ovo cisplatin delivery and tumor weight reduction. A. phospho-RPA32 (Ser-33) expression
in HeLa xenografts in ovo on day 10, at 6 hours after cisplatin (5 μg) administration. B. Tumor weight
reduction by single-dose treatment of cisplatin (0, 1, 10, 50 and 100 μg) measured on day 17; * P<0.03;
** P=0.05; § = embryonic lethal dose (100 μg).

Ionizing radiation reduces weight of HeLa xenografts in ovo
Ionizing radiation (IR) is the backbone modality in the treatment of advanced cervical cancer
[2, 33]. To study whether IR could be efficiently delivered in HeLa tumors in ovo, we performed
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whole egg irradiation (10 Gy) on day 10. At 6 hours after irradiation, tumors were harvested and
processed for immunohistochemical analysis of DNA breaks, using γH2AX staining. We observed
increased nuclear γH2AX expression after IR (10 Gy) throughout the tumor (Fig. 3A). Subsequently,
we tested whether IR treatment reduced tumor weight in ovo. We used increasing doses of IR (0,
1, 2, 4, 6 and 8 Gy; n=7-15 per condition). Compared to our non-irradiated controls, a significant
tumor weight reduction (P<0.05) was observed after treatment with 2, 4 and 6 Gy (Fig. 3B).
Treatment with a dose of 8 Gy resulted in 100% embryonic lethality on day 17, and precluded
Figure 3
analysis of the xenografted tumor cells (Fig. 3B).

t = 6h after ionizing radiation

γH2AX (S139)

0 Gy

10 Gy

Tumor weight (normalized)

B

A

*

ns

2.0
1.5
1.0
0.5
0.0

§
0

1

2

4

6

8

Irradiation dose (Gy/egg)

Figure 3. In ovo IR delivery and tumor weight reduction by IR. A. γH2AX (Ser-139) expression in HeLa
in ovo xenografts. Treatment with 5 Gy resulted in increased nuclear γH2AX expression throughout the
tumor. B. Tumor weight reduction by single-dose IR (0, 1, 2, 4, 6 and 8 Gy) treatment measured on day
17; * P<0.05; § = embryonic lethal dose (8 Gy).

Combined therapy with cisplatin and ionizing radiation reduces tumor weight in a HeLa in
ovo xenograft
Finally, we combined irradiation and cisplatin treatment, as this is the standard of care for advanced
stage cervical cancer patients, and novel therapeutics should ideally be tested in this context. To
this end, we measured whether a fixed dose of cisplatin (1 μg), either alone or in combination
with 2 or 4 Gy IR resulted in reduced tumorweight in ovo (n=15 per condition; Fig. 4A). As a result
of embryonic death before our endpoint on day 17, differences exist in the final numbers of
included replicates per condition, which are shown in Figure 4A. Importantly, a tumor weight
reduction was observed with cisplatin combined with either 2 Gy (P= 0.02) or 4 Gy (P<0.01) when
compared to the control-treated CAMs (Fig. 4A).
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Figure 4. In ovo tumor weight reduction by chemoradiotherapy and a model for potential
experimental set-ups A. Tumor weight reduction by combined chemoradiotherapy (* P=0.02; **
P<0.01) in a HeLa CAM xenograft measured on day 17. B. Model that illustrated potential opportunities
of the CAM model.

Discussion
To our knowledge, this is first report in which combined chemoradiotherapy is examined in
ovo. We showed that both irradiation and cisplatin effectively induce DNA damage in HeLa
cells in ovo. Treatment-induced DNA damage was assessed by immunohistochemical analysis of
phospho-RPA32 (phospho-Ser-33) and γH2AX(phospho-Ser-139) for cisplatin and radiotherapy
respectively. Importantly, both treatments individually as well as in combination resulted in a
reduction of tumor weight (Fig. 2B, 3B, 4A). We thus propose the CAM HeLa xenograft as a platform
to study novel therapeutics, such as small molecule DNA repair inhibitors, in combination with
chemoradiotherapy (Fig. 4B). This model not only allows studying effects on tumor growth, but
also other tumor properties, such as metabolic processes, metastasis and angiogenesis.
As in other models, use of chemicals in the CAM assay is restricted by dose-limiting embryonic
toxicities. Growth of the tumor xenograft will only be maintained when the chicken embryo
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is vital. Single intra-amniotic injection of cisplatin in a range of 0.3-15.0 μg on embryonic day
5 caused teratogenic or lethal effects in chicken embryos [32]. However, administration of
cisplatinin a later development stage causes less chicken embryo lethality [34]. In literature,
intravenous injection of 4.7 μg cisplatin on embryonic development day 9, caused 48h after
cisplatin administration no chicken embryo mortality [34]. We observed no chicken embryo
lethality with a single dose cisplatin of 1, 10 or 50 μg, when applied on to the CAM. However, it has
been shown that intravenous injection of 47 μg of cisplatin results in complete mortality 48h after
administration [34]. This discrepancy between our findings and the reported embryo lethality
at lower concentrations is likely related to the different route of administration. Specifically, our
route of cisplatin administration directly onto the CAM, likely results in lower cisplatin exposure to
the embryo, when compared to intravenous injection. Thus, our experiments show that a single
local administration of 1, 10 or 50 μg cisplatin onto the CAM can be used to study tumor growth
effects, without causing embryo lethality. Analogously, our findings suggest an embryonic
safe use of ionizing radiation administrated in a single dose of up to 6 Gy, with doses of 8 Gy
and higher causing embryo lethality. Importantly, not teratogenic effects nor additional loss of
embryo weight was observed when IR (2 Gy or 4 Gy) was used in combination with cisplatin.
Specific considerations should be made when using xenografted cell lines on the CAM.
Importantly, chicken embryo movement and hatching will affect the ability to accurately
measure tumor weight on the CAM. The embryo will increasingly occupy the intra-ovo cavity
during the early stages of embryonic development. Also embryonic movements occur with more
frequency in later stages of development. Both these factors may influence the position of the
tumor xenograft and influence tumor xenograft physiology and consequently may shorten the
time window when tumor growth can be reliably assessed. In addition, after approximately two
weeks, the chicken immune system starts to develop, with T and B cells being found around day
11 and 12 respectively [35]. So although the chicken embryo is considered immune-deficient,
chicken embryos eventually become immunocompetent on day 18, which may result in immune
responses directed against the xenografted tumor cells [36].
Not withstanding these limitations, the CAM model has numerous advantages. As the CAM
model is a closed system, only small amounts of candidate drugs are required. Together with the
low costs of fertilized eggs, and the ability to maintain fertilized eggs in atmospheric incubators,
results in low overall costs. Additionally, the relatively short duration of the CAM assay allows for
efficient screening of panels of drug candidates and combinations of such drugs with currently
used radiochemotherapy. Finally, this model has the potential to include the analysis of important
parameters, including hypoxia, and allows to study metastasis and angiogenesisin the context of
radiochemotherapy (Fig. 4B).

Materials and methods
Chemicals and cell culture
The HeLa cervical cancer cell line was cultured in Dulbecco’s modified Eagle’s medium (DMEM):
Ham’s F12 (1:1) culture media, supplemented with 10% fetal calf serum and antibiotics (100 U/ml
penicillin, 100 μg/mlstreptomycin). Short tandem repeats (STR)-profiling was used to confirm cell
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line identity (BaseClear, The Netherlands). Upon indicated treatment regimes, HeLa xenografts
were treated with cisplatin (Tocris Biosciences) and/or exposed to a cesium137 source (0.01083
Gy/s; CIS International/IBL 637).
CAM-assay procedure
Previously described protocols were adapted and optimized for our lab [13, 16, 18, 20, 22]. In
summary, fertilized Dekalb chicken eggs (from 26-50 weeks old chickens) were rinsed with
70% ethanol and incubated while rotating in a 37°C and 60% humidified atmosphere on day
1. On day 3, rotation was discontinued and an airpocket was created via puncture of the shell
with a 26 gauge needle, to allow the CAM to dissociate from the shell. The punctured hole was
covered with tape, and eggs were returned to the incubator. On day 6, embryo viability was
confirmed based on visual inspection of blood vessels establishment using a lamp. If vital, the
opening in the shell was widened to create a greater window. Subsequently, the CAM was
gently mechanically damaged to stimulate re-vascularization, and the CAM was then inoculated
with 5x10ˆ6 HeLa cells in 50 μl of ice-cold culture media mixed 1:1 with Matrigel (Corning,
#356230). The window was again covered with tape and returned to the incubator. Conform
literature, treatment intervention has started at 96 hours after inoculation (at day 10), when tumor
cells were engrafted and vascularized (see Figure1A for timeline) [21]. Treatment consisted of
cisplatin and radiotherapy. If indicated, 3 hours prior to cisplatin treatment, an elastic latex ring
(Dentsply International) was applied onto the CAM to ensure administration of cisplatin locally
at a distant site from the tumor, and to ensure that cisplatin uptake in the tumor was through
blood vessels. Ifindicated, whole egg irradiation was used with indicated doses (CIS International/
IBL 637, equipped with a cesium-137 source, 0.01083 Gy/s). Chicken embryos were terminated on
day 17 and tumors were excised from the CAM. Tumors were weighted prior to fixation in 4%
formaldehyde and were subsequently paraffin-embedded.
Immunohistochemistry
Tumors were sectioned into 4 μm slices and mounted on amino-propyl-ethoxy-silan-coated glass
slides. Before staining, xylene was used to deparaffinize tissue slides. Blocking of endogenous
peroxidase was performed by incubation for 30 minutes with 0.3% hydrogen peroxidase. Slides
were stained with hematoxylin and eosin (H&E) for histopathological analysis. On serial slides, DAB
staining was used to visualize antibody staining and hematoxylin was used for counterstaining.
Slides were either stained for phosphorylated replication protein A 32 (pRPA32) on serine-33
(ser-33), gamma-H2AX (γ-H2AX) on serine 139 (ser-139) or Ki-67. Further details of antigen
retrieval, primary antibodies and detection methods are summarized in Supplemental Table 1.
Representative control immunostainings of used antibodies are demonstrated in Supplemental
Figures 1 and 2.
Statistical analysis
Data were expressed as the means ± standard deviations (SD). The differences between two
groups were analyzed using the one-way Mann-Whitney U-test. Eggs were included for statistical
analysis when 1) tumor cells showed successful engraftment as judged by proliferation, tumor
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architecture and tumor integrity), and 2) >75% of the tissue with the H&E staining consisted of
tumor cells. Therapy effects were measured by tumor weight. Statistical analyses were performed
using GraphPad Prism version 6.00 for Windows (GraphPad software). Statistical differences were
considered significant if P<0.05.
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Supplementals
SupplementalTable1.
Table Details
1. Details
of antibodies
for immunohistochemical
analysis.
Supplemental
of antibodies
usedused
for immunohistochemical
analysis.
Target

Brand

Catalog no.

Antigen retrieval

Dilution

H2AX
pRPA32
Ki-67

Millipore
Bethyl
Abcam

05-636
A300-246A
Ab15580

Citrate (pH 6.0)
TRIS/HCL (pH 9.0)
Citrate (pH 6.0)

1:300
1:1500
1:500

Incubation
time
60 minutes RT
60 minutes RT
60 minutes RT

Detection
method
RAMpo- GARpo
Avidin- biotin
GARpo- RAGpo

TRIS = tris(hydroxymethyl)aminomethane; HCL = hydrochloric acid; No. = number; RT = room temperature; RAMpo =
Rabbit Anti-Mouse horseradish peroxidase; GARpo = Goat Anti-Rabbit horseradish peroxidase; RAGpo = Rabbit AntiGoat horseradish peroxidase; o/n = overnight.

Figure S1
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6
Supplemental Figure 1. A, H&E staining in HeLa xenograft tumor as used for Ki-67 staining in Figure 1
B. B, representative immunostainings using control PBS and IgG1 antibody in human colon tissue and
HeLa cells.
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Figure S2
IgG (pRPA32)

IgG1 (γH2AX)
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Supplemental Figure 2. A, representative immunostainings for IgG antibodies for phospho-RPA32
and γH2AX in para n embedded HeLa cell line pellets. Cells were 6 hours before harvesting treated with
5μM cisplatin. B, representative immunostainings for phospho-RPA32 (S33) and γH2AX (S139) in para
n embedded HeLa cell line pellets which were either untreated or treated with cisplatin 6 hours before
harvesting. C, representative immunostainings for phospho-RPA32 (S33) and γH2AX (S139) in in ovo
HeLa xenograft. Six hours after cisplatin or vehicle treatment, HeLa xenografts were harvested.
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Summary
First-line treatment strategy for locally-advanced cervical cancer (LACC) patients consists of
radiotherapy with concomitant platinum-based chemotherapy. However, 30-50% of the patients
show therapy resistance or develop recurrent disease [1]. Therefore, novel therapeutic strategies
are needed to further improve survival of cervical cancer patients, for instance by overcoming
therapy resistance. Therapeutic targeting of components of the DNA damage response (DDR)
might be an attractive option to achieve this goal, since this approach may increase the cellular
sensitivity for chemo- and/or radiotherapy.
The DDR orchestrates the cellular response to DNA damage in normal cells but also in malignant
cells. In cervical cancer cells, DDR function is partially impaired, since the DDR components p53
and Rb1 are inactivated due to persistent oncogenic human papilloma virus (HPV) E6 and E7
expression. Compared to normal cells, cervical cancer cells therefore have partially defective
DDR signaling, and consequently depend stronger on their residual DDR signaling factors.
Therefore, the inhibition of these residual DDR signaling axes may be exploited therapeutically
to achieve potentiation of chemo- and/or radiotherapy. In this thesis, we investigated the DDR as
therapeutic intervention target in cervical cancer and aimed to identify the potentiating effects
of DDR targeting on chemo- and/or radiotherapy in preclinical in vitro and in vivo cervical cancer
models.
The general introduction and subsequent chapters were outlined in Chapter 1.
Improving efficacy of genotoxic treatments, such as chemo- and radiotherapy, by therapeutic
targeting of the DDR is not straightforward, especially because the DDR consists of multiple
parallel signaling pathways, which display crosstalk at multiple levels. Therefore, it is currently
unclear which DDR component is most suitable as a therapeutic target, and which chemoand radio-therapeutic treatments this should preferably be combined with. To investigate the
current status of DDR targeting in cervical cancer, a literature review on preclinical and clinical
studies on DDR inhibition in cervical cancer is provided in Chapter 2. Drugs acting on kinases
upstream within the DDR pathway were our focus of interest, as they have been investigated
most extensively. We searched available literature on PubMed (including Medline), Embase and
the Cochrane database. Additionally, information about completed and ongoing clinical trials
were retrieved from www.clinicaltrials.gov. We specifically focused on current knowledge of
the chemo/radio-potentiating effects of ATM, ATR, DNA-PK, Chk1, Chk2 and MK2 inhibitors in
cervical cancer cells. Notably, we described a major gap in the current knowledge. The majority
of current literature assessed the use of DDR inhibitors either alone or in combination with
either radiation or a single chemotherapeutic agent. In clinical practice, however, most regimens
combine radiotherapy with genotoxic chemotherapy in the advanced-stage disease setting. In
addition, further improvement of the pharmacokinetics of DDR compounds is necessary to allow
translation of in vitro chemo-/radiotherapy potentiating drugs to the in vivo and clinical setting.
In the context of LACC treatment, both cisplatin and radiotherapy cause cytotoxicity by
inducing DNA double-strand breaks (DSBs). However, their cytotoxic effects are limited by
the activity of DDR kinases, including the ataxia telangiectasia mutated (ATM) kinase, which
is a central regulator in DSB signaling. We therefore investigated in Chapter 3 the therapeutic
potential of targeting ATM or its substrate 53BP1 (p53-binding protein-1) in cervical cancer.

129

508760-L-bw-Wieringa
Processed on: 14-3-2017

7

Firstly, we demonstrated that inactivation of either ATM or 53BP1 resulted in cell cycle defects
in response to ionizing radiation. However, clonogenic survival analysis revealed that only ATM
inhibition, and not 53BP1 inactivation, resulted in decreased survival in cervical cancer cell lines.
Notably, a high activation status of ATM prior to ionizing radiation coincided with increased
radioresistance. This notion was in line with immunohistochemical analysis of ATM and activated
(phospho)-ATM in cervical cancer specimens, which revealed that high levels of active ATM prior
to chemoradiation were related to increased radiotherapy resistance (HR 1.650; 95% CI 1.0762.528; P=0.022). Therefore, both our in vitro and in vivo data suggested a beneficial effect of ATM
inhibition along with chemoradiation to improve clinical outcome in cervical cancer.
In addition to ATM, multiple other DDR components are activated upon chemoradiation.
Therefore, in Chapter 4 we investigated the effects of chemical inhibition of other major
DDR kinases including ATR, DNA-PK, Chk1, Chk2 and MK2 in cervical cancer cell lines.
Immunohistochemical analysis revealed that all these DDR kinases are expressed prior to therapy
in LACC tumor samples. Of all analyzed DDR kinases, only MK2 and ATR appeared to be already
active prior to treatment, as revealed by the phosphorylation status of respectively threonine-334
on MK2 and serine-33 on the ATR substrate RPA32 in treatment-naïve cancer tissue. Concerning
the effects of chemical DDR kinase inhibition on cisplatin-induced cytotoxicity, only inhibition
of Chk1/2 and ATR caused chemosensitization. Conversely, increased radiosensitization was
observed upon inhibition of ATM, ATR and DNA-PK. However, as concomitant chemoradiation
is the standard treatment in LACC patients, we studied the clinically more relevant setting of
studying DDR inhibition in combination with combined cisplatin-based chemoradiation. This
analysis revealed a strong chemoradiosensitizing effect of ATR inhibition. From these studies, we
conclude that ATR inhibition is the most promising DDR target to potentiate chemoradiation in
cervical cancer cells. Furthermore, exploratory immunohistochemical analysis suggested that a
high activation of the ATR-Chk1 pathway, as assessed by high expression levels of activated Chk1,
might be related to a worse disease-specific survival in LACC patients who were primarily treated
with chemoradiation (HR 2.268; 95% CI: 1.058-4.860; P=0.035).
Cervical cancer is predominantly caused by persistent infection with the HPV types 16 and 18.
Expression of the HPV oncoproteins E6 and E7 results in inactivation of p53 and Rb1 respectively.
As a consequence, cervical cancers mainly rely on the G2/M cell cycle checkpoint for repairing
DNA lesions. Wee1 is a key controller of the G2/M cell cycle checkpoint. Previous reports showed
that chemical inhibition of Wee1, as expected, sensitize p53-mutant cervical cancer cell lines to
chemo- and radiotherapy. Therefore, the potentiating effects of Wee1 inhibition in cervical cancer
were investigated in Chapter 5. We found that 99.5% of the tumor specimens from LACC patients,
who were primarily treated with chemoradiation (n=204), showed abundant Wee1 expression.
In vitro, Wee1 inhibition alone demonstrated cytotoxicity in HPV-positive cervical cancer cells
and also sensitized cells for cisplatin. Surprisingly, not all HPV-positive cervical cancer cell lines
showed similar levels of sensitivity for Wee1 inhibition. Importantly, we found that in these cell
lines Rb1 depletion, but not p53 depletion, rescued Wee1 inhibitor sensitivity. In conclusion, the
results in Chapter 5 implicate that LACC patients could potentially benefit of Wee1 inhibition and
that sensitivity to Wee1 inhibition in cervical cancer cells is determined by both p53 and Rb1
inactivation.
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In vitro findings can be further evaluated in 3D models, to test potential value prior to
translation to the clinical situation. Unfortunately the availability of reliable models to translate
in vitro findings to in vivo models is limited. Therefore, in Chapter 6 we established the chicken
chorioallantoic membrane assay as platform for efficient testing of novel therapeutic interventions
in combination with concomitant chemoradiation in cervical cancer. We confirmed that cervical
in ovo tumors can be established from the HeLa cervical cancer cell line. Subsequently, we
observed tumor growth reduction with either single therapy with cisplatin or ionizing radiation.
We observed high levels of replication stress upon cisplatin treatment and high levels of γ-H2AX
in response to ionizing radiation, indicating that these therapy modalities were successfully
delivered to the tumor cells in ovo. Furthermore, also after concomitant treatment with cisplatin
and radiation,we were able to observe tumor growth reduction. Therefore, we here provide a
novel model, which may be useful to efficiently triage a variety of therapeutic compounds for use
as candidates in further (pre)clinical development.

Discussion and future perspectives
Treatment of cervical cancer
Addition of platinum-based chemotherapy to primary radiotherapy as treatment strategy in LACC
patients has resulted in a ~6% gain in overall survival [2-7]. However still 30-50% of the patients fail
to respond to therapy or develop recurrent disease [1]. Therefore, novel treatment strategies are
needed to improve therapy efficacy. Platinum-based chemotherapy and radiotherapy exert their
anti-cancer effects by inducing high levels of DNA lesions, including stalled-replication forks and
DNA DSBs. However, one of the mechanisms involved in the cytotoxicity of these DNA lesions
-and consequently therapy efficacy- is the ability of cancer cells to halt cell proliferation and repair
the DNA damage. The cellular mechanisms that coordinate the cellular response to genotoxic
stress are collectively called the DDR. Multiple studies have demonstrated that chemo- and/
or radiotherapy can be potentiated by targeting DDR pathways [8-13]. This potentiating effect
can either be achieved by deregulation of cell cycle checkpoints or by decreasing the ability of
cancer cells to repair treatment-induced DNA lesions. This approach may be especially relevant
for cervical cancers, since they already have an impaired DDR, due to p53 and Rb1 inactivation
by HPV oncoproteins. As a consequence, cervical cancer cells rely strongly on their residual DDR
pathways to cope with DNA damage, while normal cells still have an intact DDR function.
Taken together, targeting the -already compromised- DDR in cervical cancer may result in
potentiating chemo- and/or radiotherapy. Therefore, therapeutic targeting of residual DDR
pathways in cervical cancer cells appears to be a promising strategy to improve efficacy of
chemoradiation in cervical cancer.
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Therapeutic targeting of the DNA damage response in cervical cancer
The majority of the reported small molecule chemical inhibitors that are used to potentiate the
cytotoxic effects of genotoxic agents inhibit the enzymatic activity of DDR kinases. We showed
that ATM inhibition results in increased cervical cancer cell death upon irradiation-induced DNA
damage (Chapter 3). In addition, we showed that inhibition of ATR or Chk1 potentiates the
cytotoxic effects of platinum-containing drugs in cervical cancer cells (Chapter 4). Depending
on the type of DNA damage induced, the inactivation of specific DDR components is required
to achieve potentiating effects of either genotoxic agent. Taking this into account, it is not
unexpected that the majority of DDR inhibitors are tested as monotherapy or in combination
with either ionizing radiation or a single genotoxic agent [14]. However, standard of care for many
advanced-staged cancers consists of a multimodality approach, including cervical cancer. In
chapter 4 we demonstrated the importance of the nature of the induced DNA damage type in
relation with expected potentiating effects of DDR targeting. Therefore, it is essential for further
in vivo studies to enable proper target selection by testing DDR compounds together with
treatment modalities currently used in patients.
A second concern regarding the currently available DDR targeting agents is their specificity.
In vitro studies using chemical DDR agents as anti-cancer therapy often confirm phenotypes
obtained after knockdown of the specific DDR-gene. When results between pharmacological and
genetic inhibition are overlapping, the observed (chemical) phenotype is very likely associated
with the specific inhibition of the DDR-target in that particular experiment. However, other kinases
may still be (partially) inhibited and thereby influence other cellular processes. For example,
in a cell-based screen to identify novel ATR targeting compounds, NVP-BEZ235 was identified
as a highly potent ATR inhibitor [15]. Especially in p53-deficient cancers in combination with
replication-stress inducing agents, ATR inhibition is a promising anti-cancer therapeutic modality.
However, in literature NVP-BEZ235 was already described as an inhibitor of phosphatidylinositol3-kinase (PI3K) andmammalian target of rapamycin (mTOR) [16]. Inhibition of either PI3K or
mTOR results in a strong G1-arrest [17,18]. Consequently, the anti-proliferation property of mTOR
inhibition will limit the generation of stalled-replication forks, and thereby limit the cytotoxicity
induced by ATR inhibition. Consequently, the off-target effects of NVP-BEZ235 towards mTOR
(from the perspective as an ATR inhibitor) may nullify the anti-cancer effect of ATR inhibition [15].
In addition, the cross reactivity of certain DDR inhibitors is not unexpected as kinases from the
same kinase-family are structurally related. For example, DNA-PK, a member of the PI3K-related
kinase (PIKK) family, is structurally very similar to PI3K and many of the DNA-PK inhibitors also
target PI3K p110α [19].
Another important issue to address is the long-term effect of DDR inhibition in patients. In
normal cells, the DDR functions as an anti-cancer barrier thereby preventing carcinogenesis [20].
Exposure to DDR inhibiting agents might impair the protective DDR function in normal cells and
may have tumorigenesis-promoting effects upon long-term treatment. This is underscored by
the phenotypes of patients with, for example, the ataxia-telangiectasia (AT) disorder. AT is caused
by mutations in the ATM gene and is characterized by extreme sensitivity to ionizing radiation,
and a predisposition for malignancies [21-23]. Use of reversible DDR inhibitors might limit side
effects [15,24]. For example, ETP-46464 has been described to transiently block ATR activity in
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U2OS cells after ultra-violet induced DNA damage [25]. In the context of cervical cancer, ETP46464 was shown to potentiate HeLa and SiHa cancer cells for cisplatin and ionizing radiation
[26]. Ideally, proof-of-principle experiments in cervical cancer patient-derived xenograft (PDX)
models could be used to study the anti-cancer effects of reversible DDR inhibitors and hopefully
aid in bringing these drugs to the clinic.
The number of clinical trials in which DDR inhibitors are tested, specifically in cervical cancer,
is limited and mostly concern phase I trials. Furthermore, several clinical trials with DDR targeting
compounds were prematurely terminated. For example, the use of AZD7762, a Chk1 inhibitor,
was halted due to unexpected cardiac cytotoxicity [27,28]. Currently, only one clinical trial (phase
I) is ongoing which specifically evaluates a DDR inhibitor in cervical cancer patients, namely the
Wee1 inhibitor AZD-1775 (NTC10958658). In chapter 5 we observed differences in sensitivity
to Wee1 inhibition between various HPV-positive cell lines. We found that besides inactivation
of p53, also Rb1 inactivation is an important determinant in the response to Wee1 inhibition.
Therefore, it would be interesting to include analysis of expression and/or mutational status of
p53 and Rb1 in the current ongoing clinical trial with AZD-1775. If the status of these proteins
is indeed important for the cytotoxic responses to AZD-1775 in HPV-positive cervical cancer
cells, this might provide a tool to better select cervical cancer patients that may benefit of Wee1
inhibition.
Future challenges for the use of DDR inhibitors in cervical cancer
Compared to normal cells, cancer cells have distinct biological characteristics, which are
encapsulated in the hallmarks of cancer [29]. The aim of DDR inhibitors is to target some of
these cancer-specific properties to ultimately kill cancer cells and spare normal tissue. Gradually,
concepts from fundamental research are being translated into the clinical setting [14]. To
understand challenges ahead, a closer understanding of the DDR in relation to the hallmarks of
cancer is needed.
Uncontrolled cell proliferation triggers activation of the DDR to protect precancerous cells from
progressing into cancer cells [20,30,31]. When the DDR barrier is impaired, for example by mutation
of the tumor suppressor p53, tumorigenesis is thought to progress [31]. In cervical carcinogenesis
this barrier is predominantly breached after persistent infection with HPV16 or 18, which results
in p53 and Rb1 inactivation [32]. As a consequence of compromised DDR pathways, cancer cells
depend on their residual DDR capacity to cope with DNA damage [33,34]. This dependency
may constitute an ‘Achilles heel’ and a therapeutic opportunity to specifically kill cancer cells
and spare normal cells. In this context, the first DDR inhibitor, the poly(ADP-ribose) polymerase
(PARP) inhibitor Olaparib, has recently been approved in Europe and the USA for monotherapy
in advanced ovarian cancer patients, who harbor a germline BRCA mutation following at least
three lines of chemotherapy [35]. This combination of a cancer-specific mutation and cancer cell
death after inhibition of a specific (enzymatic) protein is based on the concept called synthetic
lethality [36]. Of note, only 13-15% of ovarian cancer patients harbor a BRCA1/2 mutation [37].
As a consequence, only a small proportion of ovarian cancer patients theoretically benefit from
olaparib, and (mutation-based) patient selection is required to identify those patients that are
expected to benefit from this treatment. The fact that BRCA1/2 mutant cancers are also more

133

508760-L-bw-Wieringa
Processed on: 14-3-2017

7

sensitive to multiple genotoxic agents has raised the question whether PARP inhibitor treatment
may be potentiated by addition of conventional DNA damaging therapies.
At this time, similar synthetic lethal combinations have not been identified in cervical cancers.
Although a recent shRNA screen demonstrated a lethal combination in HeLa cervical cancer
cells between loss of p53 and SGK2 (serum/glucocorticoid regulated kinase 2) or PAK3 (p21activated kinase 3), further fundamental research is needed to explorer the clinical relevance of
these interactions [38]. Probably due to its HPV-mediated carcinogenesis, only a limited amount
of somatic mutations are found in cervical cancers, which therefore might require combination
therapy [39].
So, how can we exploit the DDR to improve the susceptibility of cervical cancer cell for
chemoradiation? In order to cope with DNA damage, normal and cancer cells depend on
cell cycle checkpoints and DNA repair machineries [36]. We propose that DDR inhibition as a
therapeutic strategy in cervical cancer should aim for a maximization of the chemoradiotherapyinduced replication stress and DNA DSBs by either 1) impairment of DNA repair machineries and/
or 2) by impairment of the G2/M checkpoint.
In this thesis we showed that, out of several key DDR kinases, inhibition of ATR has the
greatest potential to chemoradiosensitize cervical cancer cells. One rational behind the increased
potentiation is probably related with an increase in DNA damage. When -in case of DNA damageATR activity is inhibited, both the mitotic cell cycle checkpoint is impaired and replication forks
collapse, which eventually lead to increased DNA damage [15]. In addition, we and others
demonstrated involvement of ATR in HR repair [40-42]. How and to which extent the impairment
of DNA repair by ATR contributes to the chemoradiosensitization needs further investigation.
Although several specific ATR inhibitors are available, none of these is specifically tested in clinical
trials in the context of advanced cervical cancer [43]. After further validation of proof-of-principle
in in vivo models, therapeutic targeting of ATR with small molecule inhibitors is of interest to be
tested in clinical studies for cervical cancer.
In cervical cancer, the consequence of HPV-mediated p53 inactivation is the loss of the G1/S
cell cycle checkpoint, which is required for proper DNA repair [32,44]. Therefore, cervical cancer
cells rely on residual cell cycle checkpoints, like the G2/M, in case of DNA damage [45]. This
provides a rational to target kinases involved in the G2/M checkpoint. An important downstream
regulator involved in this cell cycle checkpoint is the Wee1 kinase [46]. When Wee1 is inhibited,
CDK1 is activated which forces replicating and damaged cells to enter mitosis [47]. These events
ultimately lead to mitotic catastrophe and apoptosis [47,48]. Recent observation from our
laboratory as well as others, is that Wee1 is also involved in S-phase progression, and that Wee1
inhibition leads to excessive replication fork collapse and a defect in HR repair [49,50]. So again
–in analogy to ATR inhibitors– Wee1 inhibition induced both an increase of DNA damage, and
inactivation of cell cycle checkpoints.
Our results and reports in literature demonstrated chemo- or radiosensitizing effects in
p53-deficient tumors cells, including cervical cancer cells [51-53]. Currently, one phase I study
(NCT01958658) is underway addressing safety and tolerability issues of a specific Wee1 inhibitor,
MK-1775, when combined with chemoradiation in advanced cervical cancer patients. Results of
this study are eagerly awaited, but will not yet answer the therapeutic index of Wee1 inhibition
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in advanced cervical cancer patients. In p53-mutant ovarian cancer, Wee1 (Mk-1775) combined
with carboplatin demonstrated interesting anti-cancer effects and patient tolerability [54].
Clinical application of DDR agents is still in the early phase of development. More understanding
how to combine DDR agents with conventional cancer therapies, dosing schedules, patient
toxicities, is needed. Most studies focus on the use of DDR inhibitors as monotherapy, while
in most cancer therapies chemoradiation is standard care [43]. Understanding of molecular
responses will contribute to our understanding on how to most efficiently exploit DDR targeting.
Another aspect that obtained more awareness is the genetic background of cancers in patients.
In the near future more tumors will be genetically profiled prior to start of therapy to personalize
the therapeutic strategy.
Also modulation of other signaling pathways, like the immune pathway, might be interesting
to improve therapy outcome in cervical cancer patients. One of the mechanisms for tumors
to avoid immune responses is by blocking immune checkpoint receptors [55]. The recent
encouraging clinical results of monoclonal antibodies targeting receptors like CTLA-4 (cytotoxic
T-lymphocyte antigen-4) and PD-1 (programmed death-1), might also be of interest for cervical
cancer [55-57]. Specifically, flow cytometric analysis revealed increased expression of PD-1
and PD-L1 (programmed death ligand-1) on cervical T cells in high-risk HPV-related cervical
intraepithelial neoplasia (CIN) [58]. In addition, immunohistochemical analysis in stage IB and II
cervical cancer patients demonstrated only in 19% of the cases PD-L1 positivity, while more than
half of the cytotoxic T cells were positive for PD-1 [59]. These studies suggest that targeting of PD-1
might be an interesting target in cervical cancer. Although multiple clinical trials with immune
checkpoint antibodies are ongoing, only three studies were specifically orientated on cervical
cancer (NCT02635360, NCT02257528, NCT01693783). Two phase II clinical trials are investigating
an anti-PD-1 antibody (NCT02635360, NCT02257528), while one phase II study is investigating
intervention with an anti-CTLA-4 antibody (NCT01693783). In the context of targeting the DDR,
an interesting thought is that blocking DNA repair, inactiviation of cell cycle checkpoint or
promoting replication fork collapse will likely increase the mutational load of cancer cells. If these
additional mutations lead to the expression of neo-epitopes, this will likely further boost the
activity of immune checkpoint inhibitors. Unfortunately, both in vitro and in vivo results backing
this hypothesis are lacking.

Conclusion
In this thesis preclinical studies demonstrated the ability of specific DDR targeting agents to
potentiate chemo-/radiotherapy in cervical cancer. Since DNA damage inducing therapies
remain the main anti-cancer strategy, a better understanding of the differential functions of DDR
components and development of improved DDR targeting therapeutics are needed. Together
this will help to optimally exploit and implement DDR inhibition as novel strategy in cervical
cancer therapy to further improve patient outcome.
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Samenvatting
De standaard behandeling voor patienten met lokaal gevorderd baarmoederhalskanker bestaat
uit een combinatie van bestraling met chemotherapie. Echter, bij 30-50% van deze patiënten zal
ongevoeligheid voor deze behandeling optreden, hetgeen leidt tot het terugkeren van de ziekte.
Om de overleving van patiënten met lokaal gevorderd baarmoederhalskanker te verbeteren, is
het noodzakelijk om nieuwe behandelmethoden te ontwikkelen. Een nieuwe manier om dit te
doen is het medicamenteus beinvloeden van de zogenaamde ‘DNA schade respons’ (DSR), waarbij
geprobeerd wordt de gevoeligheid van de tumorcellen voor bestraling met chemotherapie te
verhogen.
De DSR is een ingewikkeld netwerk van eiwitten in (tumor)cellen, dat actief wordt wanneer het
DNA beschadigd wordt. Indien geactiveerd, zorgt de DSR voor een tijdelijke pauze in de celdeling,
waardoor cellen de gelegenheid krijgen DNA schade te repareren. De DSR reguleert niet alleen
in normale cellen maar ook in tumorcellen de respons op DNA schade. Omdat een effectieve
DSR tumorcellen in staat stelt de door bestraling en chemotherapie aangerichte DNA schade te
herstellen, draagt een heel actieve DSR bij aan ongevoeligheid voor deze behandelingen.
In veel types kanker, waaronder baarmoederhalskankercellen, zijn er fouten in de DSR aanwezig.
Bij baarmoederhalskanker wordt dit veroorzaakt door aanhoudende infecties met het humaan
papilloma virus (HPV). Dit leidt tot de aanwezigheid van onco-eiwitten E6 en E7, waardoor de
tumorsuppressor eiwitten p53 en Rb1 geinactiveerd worden. Inactivatie van deze eiwitten zorgt
ervoor dat in baarmoederhalskankercellen bepaalde signaleringsroutes van de DSR vaak verzwakt
functioneren bij DNA schade. Een ander gevolg is, dat de afhankelijkheid van de resterende DSR
signaleringsroutes in deze kankercellen toeneemt. Theoretisch zou therapeutische interventie (=
remmen van) op deze resterende signaleringsroutes baarmoederhalskankercellen extra gevoelig
moeten maken voor bestraling/chemotherapie. Normale cellen hebben geen DSR fouten en
in theorie zou remming van de DSR in normaal weefsel daardoor minder schadelijk zijn voor
deze cellen. In dit proefschrift wordt in verschillende tumormodellen van baarmoederhalskanker
bestudeerd of therapeutische interventie van de resterende DSR, baarmoederhalskankercellen
inderdaad gevoeliger maakt voor bestraling/chemotherapie.
Een algemene introductie en beschrijving van de verschillende hoofdstukken staan
beschreven in Hoofdstuk 1.
Het verbeteren van de effectiviteit van bestraling/chemotherapie door medicamenteuze
interventie op de DSR, wordt bemoeilijkt door de complexiteit van de signaleringsroutes binnen
deze DSR. Momenteel is het onduidelijk welke componenten binnen de DSR het meest geschikt
zijn als therapeutisch aangrijpingspunt, en met welke bestraling en/of chemotherapeutische
behandeling dit het beste te combineren is. Hoofdstuk 2 geeft een overzicht van de huidige
wetenschappelijke preklinische en klinische kennis van therapeutische interventie op de DSR. Met
name chemische remmers van DSR kinases zijn onderzocht die essentieel zijn in de initiële reactie
op DNA beschadigingen. Beschikbare literatuur werd gezocht in PubMed (inclusief Medline),
Embase, en de Cochrane database. Tevens werd informatie over lopende en afgeronde klinische
trials met deze DSR-remmers gezocht op www.clinicaltrials.gov. De focus lag specifiek op de
huidige kennis van de bestraling-/chemotherapie-bevorderende eigenschappen van remmers
van ATM (‘ataxia telangiectasia mutated’), ATR (‘ATM and Rad3-related protein’), DNA-PK (‘DNA-
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dependent protein kinase’), Chk1 (‘checkpoint kinase 1’), Chk2 (‘checkpoint kinase 2’) en MK2
(‘mitogen-activated protein kinase-activated protein kinase 2’) in baarmoederhalskankercellen.
De meeste onderzoeken richtten zich met name op een DSR remmer in combinatie met alleen
bestraling of een chemotherapeuticum. Dit staat in contrast met de klinische praktijk, waar de
behandeling van een vergevorderd stadium van kanker voornamelijk bestaat uit een combinatie
van bestraling met chemotherapie. Daarom is het belangrijk om de effecten van DSR remmers
ook te onderzoeken in de context van deze behandelcombinatie.
Bij de behandeling van baarmoederhalskanker veroorzaken cisplatine en bestraling
cytotoxiciteit (= beschadiging van cellen) door inductie van dubbelstrengs DNA (dsDNA) breuken.
Echter, deze cytotoxiciteit wordt beperkt door de activatie van DSR kinases, waaronder het ‘ataxia
telangiectasia mutated’ (ATM) kinase. Dit eiwit is een essentiële regulator in de respons op dsDNA
breuken. Daarom bestudeerden we in Hoofdstuk 3 de therapeutische potentie van ATM remming
of inactivatie van het ATM substraat 53BP1 (‘p53-binding protein-1’) in baarmoederhalskanker.
Allereerst toonden we aan dat inactivatie van ATM of 53BP1 resulteerde in celcyclus defecten
in reactie op ioniserende straling. Echter, alleen remming van ATM resulteerde in afgenomen
overleving van baarmoederhalskankercellijnen gemeten met de clonogene assay. Ook bleek een
verhoogde basale expressie van ATM in de deze baarmoederhalskanker cellijnen samen te gaan
met een toegenomen ongevoeligheid voor bestraling in een clonogene assay. Deze observatie
kwam overeen met de immunohistochemische analyse van ATM en geactiveerde (fosfo)-ATM in
tumorweefsel van patiënten met lokaal gevorderde baarmoederhalskanker. Hierbij bleken hoge
waardes van actief ATM voorafgaand aan chemoradiatie gerelateerd te zijn aan patiënten waarbij
de ziekte lokaal terugkeert of progressie vertoont (HR 1.650; 95%CI 1.076-2.528; P=0.022). Dit
hoofdstuk suggereert zowel in vitro als in vivo een potentieel gunstig effect van ATM-remming in
de behandeling van baarmoederhalskanker.
Ook andere DSR kinases worden geactiveerd door bestraling/chemotherapie. In Hoofdstuk
4, hebben we daarom de effecten van chemische remming van een aantal essentiële DSR
componenten onderzocht in baarmoederhalskankercellijnen, waaronder ATR, DNA-PK, Chk1,
Chk2 en MK2. Immunohistochemische analyse liet zien dat al deze DSR kinases tot expressie
komen in tumormateriaal van baarmoederhalskanker patiënten, zelfs voor behandeling. Echter,
alleen MK2 en ATR zijn voorafgaand aan bestraling/chemotherapie ook verhoogd actief, wat
werd geconcludeerd op basis van immunohistochemische analyse.
Vervolgens onderzochten we de effecten van DSR-remmers in vitro. Remming van Chk1/2
en ATR verhoogde in vitro de cytotoxiciteit van cisplatine. Gevoeligheid voor bestraling werd
verhoogd door remming van ATM, ATR en DNA-PK. Echter, patiënten met lokaal gevorderde
baarmoederhalskanker worden in de kliniek behandeld met gecombineerde chemoradiatie.
Daarom onderzochten we in vitro ook de effecten van DSR remming bij een combinatie van
bestraling/chemotherapie. Remming van ATR gaf een toegenomen cytotoxiciteit bij gecombineerd
behandeling van bestraling met chemotherapie (cisplatine) in baarmoederhalskankercellen. Een
‘verkennende’ immunohistochemische analyse in tumorweefsel van baarmoederhalskanker
patiënten suggereerde dat de activatie status van de ATR-Chk1 signaleringsroute mogelijk
gerelateerd is aan een afgenomen ziekte-specifieke overleving in baarmoederhalskanker
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patiënten, die primair behandeld werden met bestraling-/chemotherapie (HR 2.268; 95%CI 1.0584.860; P=0.035).
Baarmoederhalskanker wordt met name veroorzaakt door een persisterende infectie met
HPV16 of HPV18. De expressie van HPV onco-eiwitten E6 en E7 resulteert in inactivatie van
respectievelijk p53 en Rb1. Hierdoor zijn baarmoederhalskankercellen met name afhankelijk
van het G2/M celcyclus ‘checkpoint’. Wee1 is een essentiële regulator van dit checkpoint. In de
literatuur is beschreven dat chemische remming van Wee1, zoals verwacht, p53-gemuteerde
baarmoederhalskankercellen gevoeliger maakt voor bestraling en chemotherapie. In Hoofdstuk
5 hebben we de expressie van Wee1 in tumorweefsel van baarmoederhalskanker patiënten en
de effecten van Wee1 remming op baarmoederhalskankercellijnen bestudeerd. Met behulp
van immunohistochemische analyse vonden we in 99.5% van de tumoren van 204 patiënten
Wee1 expressie. in vitro Wee1 remming in HPV-positieve baarmoederhalskanker cellijnen was
cytotoxisch en maakte de cellen gevoeliger voor cisplatine. Echter, niet alle HPV-positieve
baarmoederhalskankercellen waren gevoelig voor Wee1 remming. Inactivering van Rb1, maar
niet p53, bleek nodig te zijn om deze cellijnen alsnog gevoelig voor Wee1 remming te maken.
Deze bevinding duidt op een rol voor Rb1 activiteit in de gevoeligheid voor Wee1 remming in
baarmoederhalskankercellen.
Om in vitro resultaten te kunnen vertalen naar de klinische setting kan gebruik gemaakt
worden van 3D modellen. Hiermee kunnen ook andere tumorgroei beïnvloedende factoren,
zoals bijvoorbeeld hypoxie, metastasering en angiogenese, bestudeerd worden. Echter, de
beschikbaarheid van betrouwbare modellen voor de translatie van in vitro data naar in vivo
modellen is beperkt. In Hoofdstuk 6 hebben wij de chorioallantoische membraan (CAM) van
een kuiken gebruikt als model om efficiënt nieuwe therapeutische interventies te testen in
combinatie met bestraling en chemotherapie in baarmoederhalskankercellen. Wij bevestigden
dat het CAM-model gebruikt kan worden om HeLa baarmoederhalskankercellen in ovo te laten
groeien. Vervolgens observeerden we reductie van tumorgroei na behandeling met cisplatine
of ioniserende straling. Bij behandeling met cisplatine werd verhoogde expressie van actief
RPA32 gezien, een marker voor replicatie stress. Bij bestraling werd verhoogde expressie van
gamma-H2AX gezien, een marker voor dsDNA breuken. Ook bij gecombineerde behandeling
van bestraling en chemotherapie observeerden we tumorgroei reductie. Het CAM-model zou
een mogelijke bijdrage kunnen leveren als efficiënt selectie platform voor nieuwe therapeutische
middelen voor verdere (pre)klinische ontwikkeling.

Conclusie
Dit proefschrift toont in (pre)klinische modellen de potentie aan van specifieke DSR remmers om
baarmoederhalskankercellen gevoeliger te maken voor bestraling/chemotherapie. DNA schadeinducerende therapieën vormen op dit moment de belangrijkste behandelstrategieën. Een
beter inzicht in de verscheidenheid aan functies van de DSR en de ontwikkeling van betere DSRinterveniërende therapeutica is nodig voor de ontwikkeling van nieuwe behandelstrategieën die
kunnen bijdragen aan een betere overleving en genezing van baarmoederhalskankerpatiënten.
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Dankwoord
Toen ik in 2010 begon aan een proefproject had ik nooit durven dromen dat dit zou leiden tot
een MD/PhD-traject. En zie hier, het is af! Dit is mede te danken aan de betrokkenheid en hulp van
vele mensen die hebben bijgedragen aan de uiteindelijke totstandkoming van dit proefschrift.
Hieronder wil ik een aantal mensen in het bijzonder bedanken.
Allereerst wil ik mijn promotoren bedanken.
Mijn eerste promotor, prof. dr. M.A.T.M. van Vugt. Beste Marcel, vanaf het begin waren je
enthousiasme, gedrevenheid en kwaliteit om in bijna elk experiment een positief resultaat te
zien bewonderingswaardig en zeer motiverend. Door jouw didactische skills begrijpt zelfs deze
dokter iets van celbiologie en de dubbele betekenis van je middle name ‘A.T.M.’. Bedankt voor je
vertrouwen en de vrijheid die je me tijdens het onderzoek hebt gegeven!
Prof. dr. E.G.E. de Vries. Beste Liesbeth, in 2009 stuurde ik je een mail om te informeren naar de
mogelijkheden om onderzoek te doen. Al snel had ik een reactie terug en zo bracht je me in contact
met Marcel. Hiervoor ben ik je eeuwig dankbaar. Je kennis, onnavolgbare snelheid van revisies en
kritische opmerkingen tijdens besprekingen en in manuscripten zijn bewonderenswaardig en
hebben altijd tot kwaliteitsverbetering geleid.
Prof. dr. A.G.J. van der Zee, beste Ate, bedankt voor je enthousiasme voor onderzoek, inspirerende
besprekingen en je inzicht om hoofd- en bijzaken snel te destilleren. Ook na je verhuizing naar
het ‘penthouse’ bleef je zeer betrokken bij het onderzoek. Helaas heb je het geheim hoe jij meer
dan 24 uur in 1 dag stopt, nooit onthuld…
Leden van de leescommissie, prof. dr. H.W. Nijman, prof. dr. R.P. Coppes en prof. dr. L.J.A Stalpers,
hartelijk dank voor het beoordelen van het manuscript.
Graag wil ik de organisatie van de Junior Scientific Masterclass (JSM) bedanken voor het mogelijk
maken van dit promotietraject.
De Van der Meer-Boerema Stichting wil ik graag bedanken voor hun financiële ondersteuning.
Hierdoor werd ik in staat gesteld meer experimenten uit te voeren.
De andere collega’s van de ‘DNA damage group’: Malgosia, Anne Margriet, Marieke, Rolf, Ines,
Pepijn, Esmee en Stephanie. De intensieve periode op het lab werd door jullie een stuk gezelliger!
Dank voor alle hulp en samenwerking op het lab en alle leuke activiteiten daarbuiten. Marieke,
zonder jouw hulp had ik nooit alle immunohistochemische kleuringen kunnen afronden! Dear
Malgosia, you were my guide on the lab in the first year. You taught me many lab skills. I wish
you a successful postdoc in Boston. Dank aan de studenten die ik heb mogen begeleiden tijdens
mijn onderzoek: Mark Bastiaansen en Katarzyna Krzywicka, jullie hebben een belangrijk aandeel
geleverd voor het afronden van mijn proefschrift.
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Beste Hetty en Coby, bedankt voor alle steun tijdens het promotietraject. Jullie deur stond altijd
open voor allerlei problemen!
De secretaresses Gretha Beuker (Medische Oncologie) en Anna Slotboom (Gynaecologische
Oncologie) dank voor alle administratieve regelzaken en persoonlijke betrokkenheid.
Alle (oud) collega’s van het Multidisciplinair Oncologisch Laboratorium (MOL): dank voor jullie
ondersteuning op het lab, input tijdens discussies en gezamenlijke uitjes buiten het lab. Met
name wil ik prof. dr. Steven de Jong en prof. dr. Frank Kruyt bedanken voor hun bijdragen hieraan.
Biergenootschap M.O.L., ik had geen idee waar San Luis Obispo lag, nu vergeet ik het nooit meer…
Dear Master Justin, I never saw a person with such dedication to science and preference to work
at night. Thanks for the discussions, advices and beer. Looking forward to meet in Bergen.
Beste maatschap Gynaecologie en Obstetrie van het Martini Ziekenhuis. Wat was ik blij dat ik
als ANIOS bij jullie aan de slag mocht! Bedankt voor de mogelijkheden die jullie mij hebben
geboden en de zeer prettige begeleiding bij mijn eerste stappen als dokter. Daarnaast wil ik ook
alle assistenten, verloskundigen en verpleegkundigen bedanken voor deze geweldige werkplek.
Beste Maarten en Marjolein ik kijk uit naar de vele mannenborrels in de toekomst!
Lieve Martijn en Nicole, het is geweldig fijn om aan de andere kant van de wereld een tweede
thuis te hebben. Dank voor de geweldige tijd in Sydney!
Lieve pap, mam, Inge, Wouter, Annemieke, Tirza, Martin, Gijs en aanhang, dank voor jullie luisterend
oor, adviezen, steun en afleiding tijdens mijn promotietraject.
Alle vrienden, collega’s en wielrenners wil ik bedanken voor alle ontspanning tijdens mijn
promotietraject. Beste Geert, hoewel mijn trainingsachterstand inmiddels een paar duizend
kilometer bedraagt, koester ik de gedachte om ooit sneller bergop te fietsen dan jij.
Beste paranimfen, wat ben ik blij dat jullie naast mij staan op deze dag. Beste Rolf, je bent niet
alleen collega maar ook een goede vriend geworden. Het was fijn dat wij als kamergenoten onze
onderzoeksperikelen konden delen. Dank voor je oprechtheid en gezelligheid! Wouter, mijn grote
broer zal je altijd blijven maar wetenschappelijk staan we nu eindelijk op gelijke trede.
Tot slot, lieve Judith en Noor, zonder jullie was dit alles nooit gelukt. Judith, dank voor je liefde en
onvoorwaardelijke steun. Je geduld werd meerdere malen op de proef gesteld als ik weer eens
naar het lab ging. Lieve Noor, wat een vrolijk geluk ben jij in ons leven.
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