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A B S T R A C T   

Objectives: In head and neck squamous cell carcinoma (HNSCC), tumors negative for Human Papillomavirus 
(HPV) remain a difficult to treat entity and the morbidity of current multimodal treatment is high. Radiotherapy 
in combination with molecular targeting could represent suitable, less toxic treatment options especially for 
cisplatin ineligible patients. Therefore, we tested dual targeting of PARP and the intra-S/G2 checkpoint through 
Wee1 inhibition for its radiosensitizing capacity in radioresistant HPV-negative HNSCC cells. 
Materials and methods: Three radioresistant HPV-negative cell lines (HSC4, SAS, UT-SCC-60a) were treated with 
olaparib, adavosertib and ionizing irradiation. The impact on cell cycle, G2 arrest and replication stress was 
assessed through flow cytometry after DAPI, phospho-histone H3 and γH2AX staining. Long term cell survival 
after treatment was determined through colony formation assay and DNA double-strand break (DSB) levels were 
assessed through quantification of nuclear 53BP1 foci in cell lines and patient-derived HPV± tumor slice 
cultures. 
Results: Wee1 and dual targeting induced replication stress but failed to effectively inhibit radiation-induced G2 
cell cycle arrest. Single as well as combined inhibition increased radiation sensitivity and residual DSB levels, 
with the largest effects induced through dual targeting. Dual targeting also enhanced residual DSB levels in 
patient-derived slice cultures from HPV-negative but not HPV+ HNSCC (5/7 vs. 1/6). 
Conclusion: We conclude that the combined inhibition of PARP and Wee1 results in enhanced residual DNA 
damage levels after irradiation and effectively sensitizes radioresistant HPV-negative HNSCC cells. Ex vivo tumor 
slice cultures may predict the response of individual patients with HPV-negative HNSCC to this dual targeting 
approach.   

1. Introduction 

Standard treatment of locally advanced head and neck squamous cell 
carcinoma (HNSCC) consists of either primary cisplatin-based chemo-
radiation or primary surgery followed by adjuvant (chemo)radiation. 
Treatment related morbidity is high due to early and late, partly irre-
versible, side effects, such as high grade mucositis, dysphagia, 

xerostomia, hearing loss or nephrotoxicity. For patients with human 
Papillomavirus-negative (HPV-) HNSCC cure rates are still unsatisfac-
tory due to frequent radio- and chemoresistance [1–3]. Molecular tar-
geting with the aim of tumor radiosensitization may present an 
alternative to concomitant chemotherapy. The anti-EGFR antibody 
cetuximab is approved in the curative setting but considerable doubts 
exist regarding its efficacy when combined with (chemo)radiation [4]. 
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Apart from targeting signal transduction pathways, direct inhibition 
of the DNA damage response and DNA double-strand break (DSB) repair 
are the most intensively studied approaches. A potential way to increase 
efficacy is the combined inhibition of two targets in order to either 
achieve a more complete pathway inhibition, block a potentially 
compensating pathway or target two distinct pathways to achieve syn-
thetic lethality or synergistic radiosensitization [5,6]. The combined 
inhibition of PARP (Poly(ADP-ribose) polymerase) and the intra-S/G2 
cell cycle checkpoints through targeting of the ATR/Chk1/Wee1 axis 
is a strategy that has proven to be effective in preclinical models of 
pancreatic, and non-small cell lung cancer as well as glioblastoma 
[7–11]. Poly(ADP-ribose) polymerization (PARylation) by PARP1/2 is 
an early event in single strand break repair and, through the backup 
repair pathway alternative end-joining (alt-EJ), in part also in DSB 
repair. In both cases PAR chains mark the lesion and recruit downstream 
DNA repair factors [12,13]. Interfering with single-strand break repair 
through PARP inhibition leads to enhanced collisions of single-strand 
lesions and replication forks during S phase and a functional homolo-
gous recombination (HR) machinery is required to resolve these struc-
tures. As alt-EJ requires DNA end resection, which occurs mainly in S- 
and G2-phase, its inhibition through PARP targeting will also mainly 
affect S as well as G2 phase cells. Importantly, PARP inhibition also traps 
PARP on the DNA, which generates an obstacle for replication and 
repair. Sole PARP inhibition is especially effective in tumors with HR 
deficiencies and is, amongst other settings, approved in breast, ovarian, 
prostate and pancreatic cancer with BRCA mutations [14]. With regard 
to the combination with radiation, PARP inhibition is a well-established 
approach for tumor radiosensitization but at present not approved in 
any tumor entity [15]. 

Cell cycle checkpoints represent another important player in the 
DNA damage response. They provide additional time for DNA repair 
before the cells have to enter the replicative S phase or pass through 
mitosis with the risk of mitotic cell death when still harboring unre-
paired DSBs. As the vast majority of HNSCC is deficient for p53 and, as a 
consequence, also for G1 cell cycle arrest, irradiated HNSCC cells mostly 
rely on the G2/M checkpoint to halt the cell cycle before passing through 
mitosis [16]. Targeting components of the ATR/Chk1/Wee1 axis can 
interfere with intra-S and G2 arrest, causes replication stress and was 
further reported to impair DSB repair through HR and all these effects 
have the potential to radiosensitize the affected cells [17]. With regard 
to the combination with (chemo)radiation in HNSCC, initial studies 
have been conducted for both, PARP and cell cycle checkpoint in-
hibitors. It has to be noted, that when combined with radiotherapy in 
HNSCC, both classes of agents and especially PARP inhibitors, require a 
profound dose reduction as compared to what can be applied in mon-
otherapy. So apparently, tolerability is an issue, especially when the 
inhibitors are added to chemoradiation [18–21]. Therefore, testing 
these approaches as an alternative to chemoradiation, e.g. for cisplatin- 
unfit patients, may be a more promising approach and attempts to 
further escalate current standard regimes should be considered with 
caution. 

We had recently demonstrated effective radiosensitization of HPV+
HNSCC cell lines through enhanced DNA damage caused by PARP in-
hibition in the S and G2 phase plus subsequent inhibition of the other-
wise long lasting radiation-induced G2 arrest by Wee1 inhibition forcing 
the cells to pass mitosis with unrepaired DNA DSBs [22]. Here, we 
assessed the potential of combined PARP and Wee1 inhibition through 
olaparib (AZD-2281) and adavosertib (AZD-1775) to radiosensitize 
radioresistant HPV- HNSCC cell lines. 

2. Material and methods 

2.1. Cells and cell culture 

All cell lines were grown in RPMI (Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (FBS) (Biochrom AG), 1% Penicillin/ 

Streptomycin (Sigma) at 37◦ C, 5% CO2 and 100% humidification. HPV- 
HNSCC cells HSC4, SAS and UT-SCC-60A were described previously 
[23]. Tumor cell line identity was validated by a short tandem repeat 
multiplex assay (Applied Biosystems). PARP inhibition was performed 
using 1 µM olaparib (MyBiosource), Wee1 inhibition was performed 
using 240 nM adavosertib (Selleckchem). 

2.2. Cell proliferation 

For cell proliferation analysis, cells were seeded into T25 cell culture 
flasks and after 4 h treated with inhibitors. The numbers of resulting 
cells were assessed after 5 days using a Coulter counter (Beckmann- 
Coulter). 

2.3. Cell cycle assessment 

Cells were harvested, fixed with 70% ethanol, briefly washed with 
PBS/0.5% BSA/0.1% Triton X-100 and subsequently incubated with 
PBS/1% BSA/0.2% Triton X-100/DAPI (4′,6-Diamidin-2-phenylindol, 1 
µg/ml) for 30 min at room temperature in the dark. Cells were washed 
once with PBS/0.5% BSA/0.1% Triton X-100 before flow cytometric 
analysis using a MACSQuant10 with MACSQuantify Software (Miltenyi 
Biotec). The proportion of cells in the respective cell cycle phases was 
calculated using ModFit LTTM software (Verity Software House, Inc.). 

2.4. X-irradiation 

Cells were irradiated at room temperature with 200 kV X-rays 
(Gulmay RS225, Gulmay Medical Ltd.; 200 kV, 15 mA, 0.8 mm Be + 0.5 
mm Cu filtering; dose rate of 1.2 Gy/min). 

2.5. Flow cytometric protein quantification 

Flow cytrometric measurement of relative protein staining intensity 
in relation to the cell cycle phase was performed on a MACSQuant10 
with MACSQuantify and Flowlogic Software (Miltenyi Biotec & Inivai) 
using DAPI as nuclear counter stain. In brief, cells were harvested, fixed 
with PBS/4% formaldehyde for 10 min and then permeabilized and 
blocked with PBS/1% BSA/0.2% Triton X-100 for a minimum of 30 min 
at room temperature or overnight at 4 ◦C. The cells were subsequently 
incubated (1 h; room temperature) with the primary antibody (rabbit 
anti-P-Histone3 (#06-570, Millipore); mouse-anti-γH2AX (clone 
JBW301, Millipore)) in blocking solution, washed three times with PBS/ 
0.5% BSA/0.1% Triton X-100 before incubation (1 h; room temperature) 
with the second antibody + DAPI in blocking solution and were then 
washed again three times. 

2.6. Colony formation assay 

Radiosensitization was determined using delayed plating colony 
formation assay. Exponentially growing cells were treated with inhibitor 
and irradiated after 2 h. Twenty-four hours post irradiation the cells 
were seeded in defined low numbers into 6-well cell culture wells 
(triplicates per condition) without addition of inhibitors. Incubation 
time until colony formation varied between cell lines from 10 to 14 days; 
irradiated samples were allowed to grow for an extended period of time, 
as colony formation was apparently delayed. The number of colonies 
containing more than 50 cells was assessed. 

2.7. Patient sample collection 

Fresh tumor tissue was obtained from OPSCC patients treated at the 
University Medical Center Hamburg-Eppendorf. HPV and p16 status of 
the tumors were assessed during routine clinical characterization by E6 
and E7 PCR (MY09/11 primer set) and subsequent sequencing of PCR 
products and by immunohistochemical staining for p16 (anti-p16 
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antibody; DCS-50.1/A7; Nordic-MUbio) respectively. Samples were 
collected during surgery using a gentle non-traction method of sharp 
cutting and were immediately transferred into sterile DMEM medium for 
transportation. Tissue preparation was initiated within 30 min from 
collection. Sample collection and processing was performed in accor-
dance with the World Medical Association Declaration of Helsinki and 
the guidelines for experimentation with humans by the Chambers of 
Physicians of the State of Hamburg. All patients gave written informed 
consent for their excised tissue to be used for research purposes. 
Collection of head and neck tumor tissue in the context of the ENT 
biobank was notified to the Hamburg Commissioner for Data Protection 
and Freedom of Information (HmbBfDI) in accordance with local laws 
(§12 HmbKHG) and the local ethics committee (Ethics commission 
Hamburg WF-049/09, WF- PV5119). Clinical data analysis was 
approved via patient consent and by local laws (§7, §8, §12 HmbKHG). 

2.8. Ex vivo tumor slice culture 

Cultivation of tumor slices was performed as described previously 
[24]. Fresh tumor samples were initially divided by a scalpel and then 
cut into 400 µm slices using a tissue chopper (McIllvine) or, in case the 
texture did not allow precise machine cutting, using a scalpel. Tissue 
slices were placed on Millicell® cell culture inserts (0.4 µm, 30 mm 
diameter, Merck) in 6-well dishes containing 1 ml Dulbecco’s modified 
Eagle medium (DMEM) (Gibco-Invitrogen) supplemented with 10% 
heat inactivated (65 ◦C; 30 min) fetal bovine serum (FBS) (Biochrome), 
1% Penicillin/Streptomycin and 1% Amphotericin B (both Gibco). Slice 
cultures were incubated at the air–liquid-interface at 37 ◦C, 5% CO2 and 
100% humidification over night for recovery and re-oxygenation. Me-
dium was exchanged after one day and slice cultures were supplemented 
with DMSO or inhibitors and irradiated with 0 or 3 Gy and incubated for 
24 h before fixation using PBS/4% formaldehyde for 1 h. 

2.9. Immunofluorescence 

Cells grown on glass cover slips were fixed with PBS/4% formalde-
hyde for 10 min and permeabilized/blocked for a minimum of 30 min at 
room temperature or overnight at 4 ◦C in PBS/1% BSA/0.2 %Triton X- 
100. The cells were subsequently incubated for 1 h at room temperature 
with the primary antibodies (rabbit anti-53BP1 (NB100-305, Novus 
Biologicals); mouse anti-γH2AX (clone JBW301, Merck)) in blocking 
solution, washed four times with PBS/0.5% BSA/0.1% Triton X-100 
before incubation with the secondary antibodies plus DAPI (1 h; room 
temperature) and were then washed again four times. 

For tumor slice cultures, fixed samples were washed twice with PBS/ 
20% sucrose for 1 h. Samples were frozen and stored at − 80 ◦C in Tis-
sueTek (Serva) until cryoslices (5 µm) were prepared using a CryoStar 
NX70 Microtome (Thermo Scientific). Cryoslices were short-term stored 
at − 20 ◦C. For immunofluorescent staining, cryoslices were subse-
quently incubated in aceton and PBS for 10 min each and afterwards in 
PBS/1% SDS for 1 h before blocking in PBS/3% BSA over night at 4 ◦C. 
The slices were subsequently incubated for 1 h at room temperature with 
the primary antibodies (rabbit anti-53BP1 (NB100-305, Novus Bi-
ologicals); mouse anti-p63 (clone 4A4, Abcam)) in blocking solution, 
washed three times with PBS/0.5% Tween20 before incubation with the 
secondary antibodies plus DAPI (1 h; room temperature) and were then 
washed again three times. 

Stained cells and slice cultures were mounted in Vectashield 
mounting medium (Vector Laboratories) and inspected using an Axi-
oObserver.Z1 fluorescence microscope with Apotome and Axiovision 
Software (Zeiss). 53BP1 foci per nucleus were manually counted using 
stack images in maximum intensity projection. Nuclei with ≥ 20 foci 
were scored as 20. 

In the case of slice cultures only nuclei positive for the SCC marker 
p63 were assessed and since nuclei in cryosections are randomly cut, the 
whole area of p63 co-stained nuclei was quantified through DAPI-based 

image masks using ImageJ to generate a value of foci/nuclear area. 
These values are finally presented as foci per nucleus after normalization 
to the average area of unruffled tumor nuclei as determined from mul-
tiple OPSCC specimens as previously described [24]. 

2.10. Data evaluation 

Data analysis was performed using Excel (Microsoft) and GraphPad 
Prism 6 (GraphPad Software). All experiments were performed at least 
three times, unless stated otherwise. Values presented are mean ± SD 
unless indicated otherwise. Single experiments always contained the full 
set of substances and radiation doses as indicated. 

3. Results 

Before combining PARP and Wee1 inhibition with radiation in HPV- 
HNSCC cell lines, we first assessed the influence of dual inhibition on 
cell proliferation, to estimate potentially relevant synergistic effects. 
PARP inhibition through 1 µM olaparib very moderately reduced the 
resulting cell counts after 5 days of incubation, whereas Wee1 inhibition 
through 240 nM adavosertib resulted in a profound and significant 
reduction in all strains. Dual inhibition demonstrated the overall biggest 
growth inhibition but the differences between dual and sole Wee1 in-
hibition did not reach significance (Fig. 1). Numerically, the cell 
numbers after dual inhibition in HSC4 and UT-SCC-60a reached only 
74.3% and 64.5% of the numbers calculated for a strictly additive 
growth inhibition and we cannot rule out that some synergy may exist. 
But as these data do not provide a clear hint for a general and prominent 
effect in HNSCC cells, in line with a recent report [25], this was not 
investigated in detail. 

3.1. Cell cycle arrest and replication stress 

Irrespective of their HPV-status HNSCC cells are mostly not capable 
of arresting in the G1 phase after DNA damage induction through 
ionizing irradiation due to functional p53 deficiency. This increases the 
dependency on the radiation-induced G2 arrest to avoid the potentially 
lethal passage through mitosis and nuclear division with unrepaired 
DSBs, which provides a rationale for G2 arrest inhibition through Wee1 
targeting. HPV- HNSCC cells mostly demonstrate a briefer and less 
pronounced G2 arrest compared to the more radiosensitive HPV+
HNSCC cells [26,27] but in the first couple of hours HPV- cells may also 
depend on halting the cell cycle to provide more time for DSB repair. 
Therefore we tested the fraction of cells reaching mitosis at 5 h and the 
cell cycle distribution at 12 and 24 h after irradiation. At 5 h the fraction 
of cells positive for the mitotic marker phospho-histone H3 was severely 
diminished after irradiation as well as after irradiation plus PARP- 
inhibition indicating effective G2 arrest (Fig. 2A,B). 

Wee1 inhibition moderately to slightly impaired the arrest in these 
HPV- HNSCC strains, and in HSC4 and SAS cells, this limited capacity 
was further reduced when combined with PARP inhibition. 

At a later time point of 12 h after irradiation (Fig. 2C, top) solvent 
treated cells demonstrated different degrees of radiation-induced G2 
arrest. At 24 h after irradiation (Fig. 2C, bottom), which is the peak time 
point for G2 arrest in HPV+ HNSCC cells [40], we observed a normal-
isation of the cell cycle distribution in HSC4 and UT60a indicative of 
effective DSB repair. A still profound G2 arrest was only observed in SAS 
cells after the higher radiation dose of 6 Gy. PARP inhibition in part 
resulted in a moderately increased amount of cells in the G2 phase at 
both time points in line with some capacity to induce higher levels of 
DNA damage. In contrast, Wee1 inhibition resulted in somewhat 
reduced numbers of cells in the G2 phase in HSC4 and UT60a cells at 12 
h after irradiation indicating some limited ability to interfere with 
radiation-induced G2 arrest. A similar, moderate effect was observed 
when comparing combined Wee1/PARP inhibition to sole PARP- 
Inhibition. Unexpectedly, at the later time point of 24 h after 
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irradiation, we observed an even enhanced number of G2 phase cells 
after sole and combined Wee1 inhibition as compared to the respective 
solvent controls. These results are in contrast to our previous observa-
tions in HPV+ HNSCC cells, where sole and combined Wee1 inhibition 
enhanced recovery of the cell cycle distribution [22]. The prolonged cell 
cycle disturbances observed here confirm the inability of sole and 
combined Wee1 inhibition to effectively inhibit the radiation-induced 

G2 arrest in HPV- HNSCC cells as observed after 5 h (Fig. 2B). 
Furthermore, the even increased fractions of G2 phase cells may suggest 
enhanced DNA damage levels at 24 h after irradiation that are still 
capable of triggering the cell cycle checkpoint response. 

Unrestrained CDK2 activity as a result of Wee1 inhibition was re-
ported to cause severe replication stress due to unscheduled firing of 
dormant origins, resulting in too many active replication forks and 

Fig. 1. Effect of PARP and Wee1 inhibition on cell proliferation. 12,500 cells were seeded and after 4 h treated with inhibitors as indicated. Five days later the 
respective numbers of cells were assessed. Significant changes are indicated with *, ** and *** indicating p < 0.05, p < 0.01 and p < 0.001, respectively (two-tailed 
Student’s t-test). ns: not significant. Results are based on 3 individual experiments per cell line. 

Fig. 2. Radiation-induced G2 arrest. (A,B) Fraction of mitotic cells. Exponentially growing cells were treated for 2 h with the inhibitors as indicated before 
irradiation with 0 or 6 Gy. Five hours after irradiation cells were fixed and stained for phospho-histone H3 to assess the number of mitotic cells. Significant changes 
are indicated with *, **, *** and **** indicating p < 0.05, p < 0.01, p < 0.001 and 0.0001, respectively (two-tailed Student’s t-test). ns: not significant. Results are 
based on 3 individual experiments per cell line. (A) Gating of phospho-histone H3 positive cells. (B) Quantification of the mitotic fraction. P–H3: Phospho-Histone H3 
(C) Cell cycle distribution at 12 and 24 h after irradiation. Cells were treated and irradiated as in A and B. At 12 and 24 h after irradiation the cells were fixed and the 
cell cycle distribution assessed by DAPI staining and flow cytometry. Results are based on 3 individual experiments per cell line. 
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nucleotide depletion [28,29]. Enhanced replication stress after Wee1 
and also combined PARP/Wee1 inhibition was previously described for 
hepatocellular carcinoma, NSCLC and HPV+ HNSCC cells [10,22,30]. 
Upon subsequent fork stalling, or separation of the helicases and the 
polymerase complexes, stretches of single-strand DNA (ssDNA) are 
generated and recognized through the ATR kinase, leading to the 
decoration of such areas by the DNA damage and replication stress 
marker γH2AX. Indeed, sole inhibition of Wee1 resulted in a clear in-
crease in γH2AX intensity in S- and partly G2 phase cells but not G1 
phase cells in all HPV- HNSCC strains. In HSC4 but not SAS or UT-SCC- 
60a cells, sole PARP inhibition also increased γH2AX intensity in S/G2 
phase cells but to a lesser extent that did not reach significance in our 
experiments (p = 0.063). Combined inhibition did not increase γH2AX 
intensity or the fraction of cells with enhanced γH2AX intensity as 
compared to sole Wee1 inhibition (Fig. 3A,B Supplementary Fig. 1). 
Additional irradiation further increased γH2AX signal intensity in G1 

and S/G2-phase cells but the impact varied between cell lines and 
treatments. In G1-phase cells, especially dual inhibition and the higher 
dose of 6 Gy induced a considerable increase in γH2AX signal intensity. 
For S/G2-phase cells, when considering also the cell cycle changes after 
sole or combined adavosertib treatment + irradiation (see Fig. 2C 
bottom), it becomes apparent that in all strains a large fraction of cells 
becomes arrested for prolonged times in S/G2 phase under stressed 
conditions. 

3.2. DSB repair, cell survival and prediction 

For the quantification of residual DSBs after irradiation, we per-
formed co-staining of the DSB surrogate markers γH2AX and 53BP1. As 
expected from the flow cytometric assessment, Wee1 inhibition resulted 
in a considerable amount of cells demonstrating pan-nuclear γH2AX 
staining in fluorescence microscopy with and without irradiation with 2 

Fig. 3. Effect of PARP and Wee1 inhibition on γH2AX staining intensity. Cells were treated with inhibitors as indicated for 2 h before irradiation and were then 
fixed 24 h later followed by staining and flow cytometric assessment of γH2AX intensity. (A) Examples of the flow cytometric measurement of HSC4 cells and 
depiction of the gating strategy for cells in the G1 phase, in S/G2 and cells in S/G2 demonstrating enhanced γH2AX levels (“S/G2 high”, see Suppl. Fig. 1). (B) 
Relative staining intensity of G1 and S/G2 phase cells. Bars depict the mean of the median values of the individual experiments. Staining intensity was normalized to 
the values of the non-irradiated, DMSO treated G1 phase cells of each experiment, also indicated by the dotted lines. G1 phase cells only demonstrated few significant 
differences, which are all indicated within the individual irradiation dose groups (except for 0 Gy/DMSO based combinations because of normalized values). Sig-
nificant changes are indicated with *, **, *** and **** indicating p < 0.05, p < 0.01, p < 0.001 and 0.0001, respectively (two-tailed Student’s t-test). ns: not 
significant. Results are based on 3 individual experiments per cell line. 
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Gy (Fig. 4A,B). Quantification of residual DSBs was therefore performed 
using 53BP1, which is far less responsive towards replication stress. 
While we had previously not observed a general increase in radiation- 
induced 53BP1 foci at 24 h after 2 Gy irradiation upon combined 
PARP/Wee1 inhibition in HPV+ HNSCC cells [22], we observed clearly 
and significantly enhanced foci levels in all three HPV- strains as 
compared to DMSO treatment (Fig. 4C, Supplementary Fig. 2A). 
Regarding single inhibition, we observed a stronger increase after Wee1 
as compared to PARP inhibition in HSC4 and UT-SCC-60a and a stronger 
effect of PARP than Wee1 inhibition in SAS cells, with effects partly not 
reaching significance. Dual inhibition most effectively increased the 
fraction of heavily damaged cells with at least 20 foci per nucleus at 24 h 
after 2 Gy irradiation, in line with the highest fraction of cells arrested in 
the G2 phase at this time point after a comparable dose of 3 Gy (Fig. 2C, 
Fig. 4D). Importantly, the fraction of cells with especially low numbers 
of residual radiation-induced DSBs, which are the ones most likely to 
survive treatment, was decreased upon all treatments and to the largest 
extent upon dual inhibition (Fig. 4E, Supplementary Fig. 2B). Excluding 
cells with pan-nuclear γH2AX signals from the analyses yielded highly 
similar results (Supplementary Fig. 2C-E), suggesting that severe repli-
cation stress in a subfraction of S phase cells is not an essential 
contributor to the observed effects. 

In line with the most severe increase in residual DSBs, we also 
observed the most profound radiosensitization upon combined treat-
ment in delayed plating colony formation assays (Fig. 5A). Single inhi-
bition also induced radiosensitization but to a varying and overall lesser 
extent. Cell survival after irradiation ± molecular targeting was signif-
icantly associated with residual DSBs, as well as with the fractions of 
cells showing especially high and low DSB numbers after irradiation 
(Supplementary Fig. 3A). The survival of cells under sole Wee1 or 

combined inhibition without irradiation was far less affected in the 
colony formation assays with overall 26 h of inhibitor treatment as 
compared to the profound effects on proliferation depicted in Fig. 1. This 
indicates a cytostatic rather than a cytotoxic effect at the used concen-
tration of 240 nM adavosertib (Supplementary Fig. 3B). 

To test whether residual DSB repair foci could potentially serve as a 
predictive marker for the response towards combined PARP/Wee1 in-
hibition, we further assessed residual DSB repair foci levels after irra-
diation in ex vivo cultivated tumor slice cultures derived from patients 
with HPV- and also HPV+ disease (Supplementary Table 1). Without 
inhibition, HPV+ tumors – compared to HPV- ones – demonstrated more 
variable and on average enhanced residual 53BP1 foci numbers at 24 h 
after irradiation. In line with the previously described cell line data of 
HPV+ HNSCC [22], only 1 in 6 HPV+ tumor slice cultures demonstrated 
a moderately enhanced foci number when PARP/Wee1 inhibitors were 
added prior to irradiation, while in HPV- slice cultures 5 in 7 samples 
demonstrated a mostly clear (Fig. 5B, left) and on average significant 
(Fig. 5B, right) increase, corresponding well to the also clearly 
increased foci level in the three radioresistant HNSCC cell lines (see 
Fig. 4C). 

4. Discussion 

Locally advanced HPV- HNSCC have remained a tough to treat tumor 
entity with currently still unsatisfactory cure rates and an exceptionally 
high treatment related morbidity from current multimodal regimes. The 
anti-EGFR antibody cetuximab was believed to be a less toxic and 
effective alternative to concurrent cisplatin-based chemotherapy but 
various recent studies in HPV+ and HPV- HNSCC have raised serious 
concerns regarding both its efficacy and toxicity when combined with 

Fig. 4. Effect of PARP and Wee1 targeting on DSB repair. Cells were treated with inhibitors and after 2 h irradiated with 2 Gy as indicated. After 24 h cells were 
fixed, stained for γH2AX, 53BP1 and DAPI and the level of residual DSB repair foci was assessed through fluorescence microscopy. (A) Example of immunofluo-
rescence co-staining. (B) Quantification of cells with pan-nuclear γH2AX staining. (C) Mean number of radiation-induced nuclear 53BP1 foci after 2 Gy (0 Gy values 
subtracted). (D) Fraction of cells with ≥ 20 53BP1 nuclear foci after 2 Gy. (E) Fraction of cells with especially low numbers of 53BP1 nuclear foci after 2 Gy using a 
threshold of ≤ 3. Significant changes are indicated with *, **, *** and **** indicating p < 0.05, p < 0.01, p < 0.001 and 0.0001, respectively (two-tailed Student’s t- 
test). ns: not significant. Results are based on 4 individual experiments per cell line. 
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radiation [4,31]. Large efforts are currently being made to advance 
immune checkpoint inhibition (ICI) into the curative setting in HNSCC 
but also here the presently available results of phase III studies of con-
current treatment with ICI and (chemo)radiation have failed to prove 
efficacy [32–34]. Overall, novel approaches for the curative treatment of 
HPV- HNSCC are still required and a concurrently applied radio-
sensitizer may still enable neoadjuvant or subsequent ICI, where it may 
be more potent. In this regard the dual targeting approach described 
here may represent a possible option, especially as an alternative for 
patients unfit for cisplatin-based concurrent chemotherapy. 

Ex vivo testing of the patients‘ biopsy material for enhanced 
radiation-induced residual DSBs could potentially enable personalized 
prediction of efficacy with results obtainable within 3 days after biopsy. 
In previous work using DSB repair foci analyses in ex vivo slice cultures, 
the DSB repair capacity of ex vivo irradiated experimental HNSCC 
xenograft samples correlated well with the results after in vivo irradia-
tion [35]. Furthermore, DSB repair in patient-derived ex vivo slice cul-
tures from different tumor entities resembled their clinical radiation 
sensitivity and DSB repair capacity in HPV+ OPSCC slice cultures was 
associated with pack years of smoking [24,36]. With regard to molecular 
targeting, the presence or lack of an increase in residual DSB levels in 
prostate cancer cell lines matched well between the established in vitro 
setting and slice cultures derived from xenograft tumors after PARP 
inhibition and after antiandrogen therapy [37,38]. Furthermore, we had 
recently observed a differential effect of ATM inhibition on residual DSB 
repair foci in HPV- and HPV+ patient-derived HNSCC slice cultures, 
which also corresponded well to the effects observed in HPV- and HPV+
HNSCC cell lines [24,39]. Together, these data clearly speak in favor of 
the robustness of the ex vivo approach and warrant further research into 
its utilization for predicting individual tumor responsiveness towards 
radiation and towards specific radiosensitization approaches. 

Mechanistically, radiosensitization through combined PARP and S/ 
G2 checkpoint inhibition in previous work was mostly attributed to DNA 
repair defects through PARP inhibition including PARP trapping and 
induction of replication stress plus inhibition of subsequent G2 arrest 
through ATR/Chk1 or Wee1 inhibition [8–10]. Regarding the latter, our 

results in radiosensitive HPV+ HNSCC cells did not point towards a 
prominent role of replication stress under combined PARP and Wee1 
inhibition plus irradiation. Instead, it highlighted a role for the inhibi-
tion of the – in these cells especially profound – G2 arrest, since we did 
not observe overall increased residual DSB repair foci but instead a 
transition of DSB-carrying cells from the G2 to the G1 cell cycle phase 
and a normalization of the cell cycle distribution at 24 h after irradiation 
[22]. In contrast, in all three radioresistant HPV- HNSCC strains used 
here, dual inhibition had only very moderate effects on G2 arrest at 5 
and 12 h after irradiation while at 24 h dual as well as sole Wee1 in-
hibition even resulted in a clear increase of G2 and a corresponding 
decrease of G1 phase cells. These cell cycle disturbances were accom-
panied and presumably caused by an increase in non-repaired DSBs at 
that time point. This phenotype indicates a prominent role of enhanced 
DNA damage for the observed radiosensitization, likely due to impaired 
DSB repair processes. So while both, HPV+ and HPV- HNSCC cells were 
effectively radiosensitized through the dual targeting approach, the 
mechanisms differ, which was also reflected in the comparison of 
patient-derived tumor slice cultures, where residual DSBs were only 
slightly increased in 1/6 HPV-positive patient-derived OPSCC specimens 
but profoundly in 4/7 HPV-negative ones. Overall, our preclinical data 
presented here suggest that combined PARP/Wee1 inhibition could 
represent an effective approach for the radiosensitization of HPV- 
negative HNSCC and an estimation of the susceptibility of individual 
tumors through predictive ex vivo testing may be more suitable for HPV- 
than HPV+ tumors. 
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Fig. 5. Radiosensitization in colony for-
mation assays and DSB repair analysis in 
patient-derived tumor slice cultures. (A) 
Radiosensitization. Exponentially growing 
cells were seeded and on the next day treated 
with inhibitors and irradiated 2 h thereafter 
as indicated; 24 h later, irradiated cells were 
seeded in low, defined numbers for colony 
formation. Significance was assessed for sol-
vent control vs. targeting. In case of a sta-
tistically significant difference the respective 
dose points were marked with asterisks with 
* and **, indicating p ≤ 0.05 and p ≤ 0.01, 
respectively (two-tailed Student‘s t-test). Re-
sults are based on 4 individual experiments 
per cell line. (B) Patient-derived tumor slice 
cultures. After 24 h of ex vivo culture, tumor 
slices were treated with or without inhibitors 
for 2 h before irradiation as indicated. After 
another 24 h, cultures were fixed and pro-
cessed for 53BP1 staining. Bars represent the 
mean 53BP1 foci numbers per DAPI area 
normalized to the average DAPI area of un-
ruffled tumor nuclei. 0 and 3 Gy values were 
in part presented previously [24]. Left: Sin-
gle measurements of individual samples. 
Right: Average values per group. Significant 
changes are indicated with *, ** and ***, 
indicating p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, 
respectively (two-tailed Student‘s t-test). ns: 
not significant.   
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