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Simple Summary: Head and neck cancers (HNSCCs), especially in the advanced stages, are pre-
dominantly treated by radiochemotherapy, including cisplatin. The cure rates are clearly higher for
HPV-positive HNSCCs when compared to HPV-negative HNSCCs. For both entities, this treatment
is accompanied by serious adverse reactions, mainly due to cisplatin administration. We reported
earlier that for both HPV-positive and negative HNSCC cells, the effect of radiotherapy was strongly
enhanced when pretreated using the dual PI3K/mTOR inhibitor NVP-BEZ235 (BEZ235). The cur-
rent study shows that for HPV-positive cells, BEZ235 will strongly enhance the effect of cisplatin
alone. More important, preincubation with BEZ235 was found to alter the purely additive effect
normally seen when cisplatin is combined with radiation into a strong synergistic enhancement. This
tri-modal combination might allow for the enhancement of the effect of radiochemotherapy, even
with reduced cisplatin.

Abstract: The standard of care for advanced head and neck cancers (HNSCCs) is radiochemotherapy,
including cisplatin. This treatment results in a cure rate of approximately 85% for oropharyngeal
HPV-positive HNSCCs, in contrast to only 50% for HPV-negative HNSCCs, and is accompanied
by severe side effects for both entities. Therefore, innovative treatment modalities are required,
resulting in a better outcome for HPV-negative HNSCCs, and lowering the adverse effects for both
entities. The effect of the dual PI3K/mTOR inhibitor NVP-BEZ235 on a combined treatment with
cisplatin and radiation was studied in six HPV-negative and six HPV-positive HNSCC cell lines.
Cisplatin alone was slightly more effective in HPV-positive cells. This could be attributed to a
defect in homologous recombination, as demonstrated by depleting RAD51. Solely for HPV-positive
cells, pretreatment with BEZ235 resulted in enhanced cisplatin sensitivity. For the combination of
cisplatin and radiation, additive effects were observed. However, when pretreated with BEZ235,
this combination changed into a synergistic interaction, with a slightly stronger enhancement for
HPV-positive cells. This increase could be attributed to a diminished degree of DSB repair in G1,
as visualized via the detection of γH2AX/53BP1 foci. BEZ235 can be used to enhance the effect of
combined treatment with cisplatin and radiation in both HPV-negative and -positive HNSCCs.

Keywords: HNSCC; HPV; NVP-BEZ235; irradiation; cisplatin; clonogenic survival; radiosensitization

1. Introduction

Advanced HNSCCs are mainly treated with radiotherapy, combined with concurrent
cisplatin-based chemotherapy [1,2]. For HPV-positive (HPV pos.) oropharyngeal HNSCCs,
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this therapy modality leads to a 5-year-survival rate of approximately 85%, in contrast to
only 50% for HPV-negative (HPV neg.) HNSCCs [3,4].

The combination of cisplatin and radiation was established at the beginning of this
century by several large trials showing that the overall survival of HNSCC patients was
enhanced by 8 to 11% when compared to radiation alone [5–7]. Further enhancement was
achieved by radiochemotherapy (RCT) when cisplatin was combined with docetaxel and
5-Fluorouracil [8].

Cisplatin is a planar molecule that needs to be activated within the cell, which is then
able to bind to the DNA, causing a variety of DNA crosslinks leading either to intra-strand
(90%) or inter-strand crosslinks (ICLs, 3–5%) [9]. These lesions are repaired by using almost
all major DNA repair pathways, including nucleotide excision repair (NER), homologous
recombination (HR), and non-homologous end-joining (NHEJ) [9–12]. While intra-strand
crosslinks are primarily processed by NER, inter-strand crosslinks are mostly repaired by
NHEJ and HR. Cisplatin is considered to be especially effective in S phase cells, when
crosslinks may interfere with replication, and therefore, cisplatin is seen as an optimal tool
to kill proliferating tumor cells, which are generally more radioresistant [13,14].

However, it was noted that RCT with cisplatin is accompanied by severe side effects [5,6].
Therefore, there has always been great interest in establishing new treatment modalities,
which would result in a better outcome for HPV neg. HNSCC, but most of all, in less side
effects. Unfortunately, clinical studies with EGFR inhibitors combined with RCT failed
for HPV neg. HNSCC [15–18], and also, for patients with HPV pos. HNSCC, treatment
with EGFR inhibitors in combination with radiotherapy alone did not result in a better
outcome when compared to RCT with cisplatin [19–21]. Therefore, cisplatin-based RCT is
still considered to be the standard of care for both HPV neg. and pos. HNSCC [22].

It is generally assumed that therapy might be improved for HNSCC when using
molecular targeting. In this respect, the PI3K/Akt/mTOR pathway is regarded as being
an optimal target, since it is often mutated in HPV pos. and HPV neg. HNSCCs [23–27],
and the mutations are correlated with a bad prognosis, and resistance to both radio- and
chemotherapy [28,29].

The dual inhibitor NVP-BEZ235 (BEZ235, Dactolisib) can obtain a strong suppression
of the dual PI3K/mTOR pathway [30]. When combined with radiation, BEZ235 was
also found to result in strongly enhanced radiosensitivity [31–36]. In contrast, for other
PI3K-inhibitors such as BKM120 and GDC0980, no such enhancement was obtained [37].

It was recently reported by us [38] that BEZ235 can also be used to increase the
radiosensitivity of both HPV neg. and pos. HNSCC cells. This effect was not due to
enhanced apoptosis, but resulted from suppressed double strand break (DSB) repair by
non-homologous end-joining (NHEJ), which is the DSB pathway that is mainly active in G1
phase cells [39]. In contrast, no effect was seen for DSB repair by homologous recombination
(HR), which was previously found to be defective in HPV pos. HNSCC cells [40].

It was tested for HPV neg. and pos. HNSCC cells whether BEZ235 could also be used
to enhance the effect of cisplatin alone, but most of all, the effect of the combined treatment
with cisplatin and radiation. These experiments were performed with six HPV neg., as well
as six HPV pos. HNSCC cell lines, to cover the huge molecular heterogeneity generally
seen for this entity [41]. It was found that BEZ235 can be used to enhance the effect of
cisplatin alone, but solely for HPV pos. cells, and that this is due to their defective HR.
Most notably, BEZ235 was found to enhance the combined effects of cisplatin and radiation
in both, HPV neg. and pos. HNSCC cells, thereby converting the mostly additive effect
seen for this combination into a synergistic interaction.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

Experiments were performed with six HPV neg. (FaDu, UM-SCC-3, UM-SCC-6, UM-
SCC-11b, UT-SCC-33, and Cal-33) and six HPV pos. (UD-SCC-2, UM-SCC-47, UM-SCC-104,
93VU-147T, UPCI:SCC-152, and UPCI:SCC-154) HNSCC cell lines, and OKF6 a normal
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human oral keratinocyte. The authentication of all cell lines was verified using Short
Tandem Repeats (STR) analysis at the Helmholtz Center Munich using the GenePrint 10 kit
(Promega, Mannheim, Germany) and GeneMapper 5.0 software. The resulting data were
compared with the Expasy and DSMZ databases [42]. HNSCC cells were maintained in
RPMI-1640 medium (Sigma Aldrich, Munich, Germany) or DMEM (Life Technologies,
Darmstadt, Germany) supplemented with 10% FBS (Biochrom, Berlin, Germany), 2 mM
L-glutamine (Capricorn Scientific GmbH, Ebsdorfergrund, Germany), and 1% non-essential
amino acids (PAA Laboratories GmbH, Pasching, Austria). OKF6 cells were cultivated in a
2:1:1 mix of keratinocyte SFM:DMEM:F12 medium containing 40 µg/mL BPE, 0.03 ng/mL
hurEGF, 25 U/mL penicillin, 25 µg/mL streptomycin, and 155 µM CaCl2 (all from Life
Technologies, Darmstadt, Germany). Cultures were maintained at 37 ◦C in a humidified
5% CO2 atmosphere and routinely tested for mycoplasma contamination [43].

2.2. BEZ235 and Cisplatin Treatment and Radiation

If not stated otherwise, NVP-BEZ235 (Selleckchem, Munich, Germany; [44]) was
applied in a final concentration of 50 nM in DMSO (Dimethylsulfoxid; AppliChem GmbH,
Darmstadt, Germany) 2 h prior to cisplatin treatment and/or irradiation, and removed 26 h
later by a medium change.

Stock solutions of cisplatin (0.33 mg/mL, Teva GmbH, Ulm, Germany) were prepared
by the Center for Cytostatics Preparation, University Hospital Giessen and Marburg,
Marburg, Germany, and diluted in medium to generate indicated concentrations. In the case
of combined treatments, cisplatin was added to the medium before irradiation. Cisplatin
was removed by a medium change 24 h afterwards.

Cells were irradiated with X-rays using a Precision X-RAD 320ix (Precision X-ray,
North Branford, CT, USA) at 320 kV and 8 mA, a dose rate of 1.1 Gy/min, and a Thoräus
filter of 0.5 mm Cu + 0.5 mm Al. Absolute dose measurements confirmed the applied doses.

2.3. Specific Targeting of RAD51 by siRNA Transfection

Transfection was carried out as described previously [45] using Lipofectamine
2000 transfection reagent (Life Technologies, Carlsbad, CA, USA) according to the manu-
facturer’s instructions, with RAD51-specific siRNA oligonucleotides (J-003530-09: UAU-
CAUCGCCCAUGCAUCA, J-003530-10: CUAAUCAGGUGGUAGCUCA, J-003530-11:
GCAGUGAUGUCCUGGAUAA, J-003530-12: CCAACGAUGUGAAGAAAUU) or non-
targeting siRNA (D-001810-01: UGGUUUACAUGUCGACUAA, D-001810-02: UGGU-
UUACAUGUUUUCUGA, D-001810-03: UGGUUUACAUGUUGUGUGA, D-001810-04:
UGGUUUACAUGUUUUCCUA) purchased from Dharmacon (ON-Targetplus, SMART-
pool; Horizon Discovery Group, Cambridge, UK). A total of 1–1.5 × 105 cells were seeded
to the wells of six-well plates and left overnight for adherence. For transfection, cells were
incubated 4 h with a mix of 20–50 nM siRNA and 2–5 µL lipofectamine 2000 in OPTI-MEM
(Life Technologies, Carlsbad, CA, USA). Cells were used for further experiments 1 day
after transfection.

2.4. Colony Formation Assay

Cells were seeded in triplicate in 6-well plates in various cell numbers, depending on
the cell line. In the case of BEZ235, cells were treated 2 h before cisplatin and/or irradiation.
All inhibitors were washed out 24 h after irradiation by a medium change. Cells were left
to grow until the colonies of the treatment arm had reached equal colony size to the control
arm (approximately 10–28 days), and then they were then fixed and stained for colony
counting (≥50 cells). Clonogenicity was analyzed by colony formation assay, as described
previously [46]. The surviving fractions (SF) of the samples were normalized to the plating
efficiency of the respective control.
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2.5. Western Blot Analysis

Following treatment, cells were lysed in ice cold RIPA buffer supplemented with
protease inhibitor cocktail and PMSF (AppliChem, Darmstadt, Germany). Lysates were
boiled in 1× SDS-PAGE sample buffer (25 mM Tris-HCl, pH 6.8; 10% glycerol, 2% SDS, 2.5%
β-mercaptoethanol, and 0.005% bromophenol blue) and equivalent amounts of protein
were electrophoresed on SDS-PAGE gels. PVDF membranes were blotted with antibodies
that recognize Rad51 (#ab133534, 1:10,000, Abcam, Cambridge, UK), β-actin (clone AC-15,
#A5441, 1:5000, Sigma-Aldrich, St. Louis, MI, USA), and α-tubulin (#sc-5286, 1:2000, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and subsequently incubated with anti-
rabbit/anti-mouse IgG HRP (horseradish peroxidase)-linked antibodies (1:5000, Millipore,
Darmstadt, Germany). For the cell line UD-SCC-2, β-actin was used as loading control,
because this cell line did not express α-tubulin. Proteins were visualized using an ECL
chemiluminescence detection system (Amersham, Munich, Germany).

2.6. Immunofluorescent Microscopy

Immunofluorescence analysis was performed as previously described [47]. Briefly,
cells were grown on glass coverslips 24 h before treatment, and 24 h later, cells were
washed with PBS and fixed with 4% paraformaldehyde for 10 min. Fixed cells were
permeabilized with 0.2% Triton X-100 on ice for 5 min. The cells were incubated with
primary antibodies: anti-γ-H2AX (Millipore, Darmstadt, Germany), and permeabilized
with 0.1% Triton X-100, 1.5% BSA/PBS, for 10 min, and blocked in 3% BSA/PBS at 4 ◦C
overnight. Primary antibody incubation was performed for 1 h at room temperature
using the following antibodies: mouse monoclonal anti-phospho-S139-H2AX antibody
(1:500, clone: JBW301, Millipore, Darmstadt, Germany) and rabbit polyclonal anti-53BP1
antibody (1:500, #NB100-305, Novus Biologicals, Centennial, CO, USA). After washing
three times with 0.5% Tween20/PBS for 10 min, the cells were incubated for 1 h with
secondary goat-anti-mouse Alexa-Fluor647 IgG (1:1000, Invitrogen, Waltham, MA, USA)
and donkey-anti-rabbit Alexa-Fluor488 (1:1000, Invitrogen). Cells were again washed three
times and mounted in ProLong Gold antifade reagent (Invitrogen, Karlsruhe, Germany),
including DAPI, for the staining of nuclei. Immunofluorescence was analyzed using the
DM5500 B microscope (objective: 63x, Leica, Wetzlar, Germany) and LAS AF and LAS X
Software (Leica, Wetzlar, Germany). For analysis, z-stacked images were taken from each
sample and the foci were counted manually. The number of foci in irradiated samples was
calculated by background subtraction from non-irradiated controls. All experiments were
performed at least twice in duplicates, and at least 100 nuclei were counted, which is in
line with actual recommendations [https://radbiolab.shinyapps.io/terrific; accessed on 21
June 2022].

2.7. Statistical Analysis

If not stated otherwise, all experiments were performed in triplicates and repeated
at least three times. Data are presented as the mean values ± standard error of the mean
(SEM). A Student’s t-test was used to check for statistical significance, with a significance
level p < 0.05. All statistical analysis and graphics were made using GraphPad Prism
version 9.0 (GraphPad Software Inc., La Jolla, CA, USA).

3. Results
3.1. Cisplatin Sensitivity Is Slightly Higher for HPV Pos. HNSCC Cell Lines

Figure 1 shows the effect of cisplatin on HPV neg. and pos. HNSCC cell lines. Cells
were incubated for 24 h, with cisplatin concentrations of up to 2.0 µM, followed by a
colony formation assay (Figure 1). As shown for one HPV neg. and one HPV pos. cell
line, survival decreases with an increasing concentration of cisplatin (Figure 1a,b). These
data sets were used to determine the half-maximal inhibitory concentration (IC50), and
accordingly, for the other five HPV pos. and five HPV neg. HNSCC cell lines, as well
(Supplementary Figure S1; Figure 1c). Except for the UD-SCC-2 cells, HPV pos. cell lines
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were, on average, slightly more sensitive than HPV neg. cell lines, with respective mean
values of 0.17 ± 0.06 µM and 0.35 ± 0.10 µM, and with a p value of p = 0.119 and p = 0.037
when UD-SCC-2 was excluded.
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Figure 1. Cisplatin sensitivity of HPV neg. and HPV pos. HNSCC cell lines. (a) Cells were treated
with cisplatin (CDDP) for 24 h, with concentrations of up to 2.0 µM, and survival was measured by a
colony formation assay. (b) Cell survival for Cal-33 and UM-SCC-47 cells. (c) IC50 determined for
cisplatin for six HPV pos. and six HPV neg. HNSCC cell lines using the respective survival curves.
A Mann–Whitney test was used for statistical analysis. Data are presented as mean values ± SEM,
n ≥ 3, n.s.: non significant.

3.2. Knockdown of RAD51 Increases Cisplatin Sensitivity of HPV Neg. but Not of HPV Pos. Cells

HPV pos. cells are defective in DSB repair performed by HR, as demonstrated by
the lack of formation of RAD51 foci after X-irradiation [40]. In order to test whether this
defect might also explain the different degrees of cisplatin sensitivity described above,
RAD51 was knocked-down (KD) in both HPV neg. and pos. cell lines using specific siRNA
(Figure 2a, Supplementary Figure S2C). This experiment was especially performed with cell
lines showing high IC50 values. There was no difference in the basal expression of RAD51
between these two groups (Supplementary Figure S2A). For the HPV neg. HNSCC cell line
Cal-33, the KD was found to enhance cisplatin sensitivity significantly. This, however, was
not seen for the HPV pos. cell line, UM-SCC-47 (Figure 2b,c). Similar results were obtained
for two other HPV neg. and one pos. cell lines (Supplementary Figure S2B). The finding
that KD of RAD51 led to a reduced IC50 solely for HPV neg. cells but not for HPV pos. cell
lines (Figure 2d) demonstrated that the higher cisplatin sensitivity of the HPV pos. cells
seems to be linked to their defect in HR.
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Figure 2. Effect of RAD51 KD on cisplatin sensitivity in HPV neg. and HPV pos. HNSCC cell lines.
(a) RAD51 level 24 h after transfection with siRAD51 or siNT (non-target control) or native (ctr) cells;
α-tubulin and β-actin were used as loading controls. (b,c) Cisplatin sensitivity of Cal-33 and UM-
SCC-47 cells, with or without the knock-down of RAD51. Cells were treated with cisplatin (CDDP),
as described in Figure 1. (d) Impact of RAD51 knock-down on IC50 of cisplatin, as determined for
three HPV neg. and two HPV pos. HNSCC cell lines. Data are presented as mean values ± SEM,
n ≥ 3, ** p = 0.001; *** p = 0.0001, n.s.: non significant.

3.3. BEZ235 Enhances Cisplatin Sensitivity of HPV Pos. but Not of HPV Neg. Cells

It was recently shown by us that a pretreatment with BEZ235, which is a potent
dual inhibitor of the PI3K/mTOR signaling pathway, resulted in an enhanced degree of
radiosensitivity for both HPV neg. and pos. HNSCC cells, and that this was due to an
inhibited NHEJ [38]. It was now tested whether BEZ235 might also have an impact on
cisplatin sensitivity. BEZ235 was given 2 h prior to cisplatin, followed by further incubation
for 24 h, before the medium was changed for the colony formation assay (Figure 3). The
time interval of 2 h prior to cisplatin treatment was chosen because of the strongest effect
measured for this combination (Supplementary Figure S3). BEZ alone was found to have
almost no effect on the survival of HPV neg. cells, and only a very modest effect on HPV
pos. cells, with the only exception of UM-SCC-47 cells (Figure 3a). For the HPV neg. cell
line, Cal-33 pretreatment with BEZ235 was found to have no effect on cisplatin sensitivity,
in contrast to the clear enhancement seen for the HPV pos. UM-SCC-47 cells (Figure 3b).
In Figure 3c, the effect of BEZ235 on cisplatin sensitivity is presented for all 12 HPV neg.
and pos. cell lines, whereby for cisplatin, IC50 was always used, as taken from Figure 1.
Except for the UM-SCC-11b cells no increase in cisplatin sensitivity was seen for HPV neg.
cell lines when pretreated with BEZ235, in contrast to the strong enhancement obtained
for all HPV pos. cell lines (Figure 3c). These data demonstrate that the impact of BEZ on
cisplatin sensitivity does not depend on its lethal effect, and it is qualitatively different
for HPV neg. and pos. cell lines. When normalized to the effect of cisplatin alone, the
enhancement caused by BEZ235 was significantly different between the HPV neg. and pos.
cells (Figure 3d, p = 0.001).
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Figure 3. Effect of BEZ235 on the cisplatin sensitivity of both HPV neg. and HPV pos. HNSCC. Cells
were pretreated with 50 nM BEZ235 (BEZ) for 2 h before incubation with cisplatin (CDDP) for 24 h.
(a) Effect of BEZ235 alone. (b) Effect of pretreatment with BEZ on the cisplatin sensitivity of Cal-33
and UM-SCC-47 cells, respectively. (c) Effect of cisplatin alone or after pretreatment with BEZ235, as
determined for all six HPV neg. and pos. cell lines. For cisplatin, the respective IC50 doses were used
as taken from Figure 1. (d) Relative reduction in cell survival as achieved for HPV neg. or pos. cell
lines by the combined treatment of BEZ235 and CDDP after normalization to the effect of cisplatin
alone. (e) Effect of RAD51 KD (siRAD51) compared to non-target control (siNT) on the combination
of BEZ235 and cisplatin for HPV neg. HNSCC cell lines using the IC50 concentrations as shown in
Figure 2d. (b,c,e) Cell survival is always normalized to cells non-treated by CDDP. Data presented as
mean values ± SEM, n ≥ 3, * p = 0.05; ** p = 0.001, n.s.: non significant.

The clear enhancement of cisplatin seen for HPV pos. cells after pretreatment with
BEZ235 suggests that this might also result from defective HR. This assumption was tested
by suppressing HR in three HPV neg. cells using, again, KD of RAD51. Figure 3e shows,
that for two HPV neg. cell lines (Cal-33 and UM-SCC-3) the KD led to a significant enhanced
effect of the combined treatment by cisplatin and BEZ235—similar that which has been
previously observed for HPV pos. cells. Surprisingly, for UM-SCC-11b, which was the only
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HPV neg. cell line where the combined treatment sensitized the cells, KD of RAD51 was
found to reverse this effect, indicating that this cell line is not defective in HR, but appears
to have another DSB repair defect (Figure 3e).

3.4. BEZ235 Leads to a Synergistic Effect of Cisplatin and Radiation for Both HPV Neg. and HPV
Pos. Cells

It was of special interest to test whether BEZ235 can also be used to enhance the
combined effect of cisplatin and radiation. Figure 4a,b shows the data obtained for the
HPV neg. cell line Cal-33, as well as the HPV pos. cell line, UD-SCC-2. For cisplatin, the
respective IC50 was always used. Note that cell survival was always normalized to the non-
irradiated cells. For Cal-33 cells, cisplatin was found to result in a slight radiosensitization,
which, however, was significant only at 4 Gy. In contrast, for UD-SCC-2, cisplatin was
measured to result in a modest degree of radioresistance, which was already apparent at
2 Gy (Figure 4a,b, open vs. grey circles). For both cell lines, pretreatment with BEZ235 was
found to result in a strong radiosensitization, which is in line with previous results [38].
Most surprisingly, when pretreatment with BEZ235 was added to the combination of
radiation and cisplatin, a further increase in radiosensitivity was seen for both cell lines
(Figure 4a,b, grey and black squares). These data demonstrate that for UD-SCC-2 cells,
pretreatment with BEZ235 was even found to convert the negative effect of cisplatin on
radiosensitivity into a positive effect by causing clear radiosensitization.
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Figure 4. Effect of BEZ235 on the combined treatment of HPV neg. and HPV pos. HNSCC cell lines
with cisplatin and radiation. Cells were pretreated with 50 nM BEZ235 (BEZ) for 2 h before irradiation
(X) and incubation with cisplatin (CDDP) using the respective IC50, followed by a medium change
after 24 h for colony formation. (a) Effect on the HPV neg. cell line Cal-33, and (b) on the HPV pos.
cell line UD-SCC-2. (c) Effect of cisplatin on cell survival at 2 Gy without and (d) with pretreatment
by BEZ235. Survival was normalized to the non-irradiated cells. (e) Relative effect of cisplatin on
survival at 2 Gy obtained by normalizing to respective survival after 2 Gy alone, without or with
pretreatment with BEZ235. Data are presented as mean values ± SEM, n ≥ 3, * p = 0.05; ** p = 0.001,
*** p = 0.0001, n.s.: non significant.
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Figure 4c,d show the effect of cisplatin on survival at 2 Gy without (Figure 4c) and
with (Figure 4d) pretreatment with BEZ235 for four HPV neg. and five HPV pos. cell lines,
respectively. Except for UM- SCC-11b, cisplatin was found to have no significant effect on
survival at 2 Gy. Pretreatment by BEZ235 always resulted in a strong further reduction in
cell survival at 2 Gy. However, more important, when pretreated with BEZ235, cisplatin
was found always to result in a further significant decrease in survival when combined
with 2 Gy. These data demonstrate that independent of the HPV status and the cell line
used, pretreatment by BEZ235 was always able to convert the additive effect of cisplatin
into a clear radiosensitization.

Figure 4e shows the relative effect of survival at 2 Gy achieved by cisplatin, as obtained
after normalization to the survival after 2 Gy alone, without or with pretreatment with
BEZ235. The plot demonstrates that after pretreatment with BEZ235, the relative effect of
cisplatin was even stronger for HPV pos. cells when compared to HPV neg. cells (HPV
pos.: p = 0.0001 vs. HPV neg. p = 0.03).

3.5. Radiosensitization Caused by Cisplatin after Pretreatment with BEZ235 Can Be Attributed to
Reduced DSB Repair in G1

As demonstrated previously, the increase in cell killing achieved when BEZ235 was
added prior to irradiation could be attributed to an enhanced number of residual DSBs,
as detected by the co-staining of γH2AX/53BP1 foci [38]. This association, however, was
only seen for G1 cells, leading to the conclusion that BEZ235 primarily affects NHEJ, which
is the main DSB repair pathway that is active in G1 [48]. The specific effect on NHEJ was
confirmed by using a specific DSB repair assay [38].

Figure 5a shows the images of co-stained γH2AX/53BP1 foci obtained for UM-SCC-47
cells after the different treatments used. In non-treated cells, only few foci are present
(Figure 5a, first row). After treatment with cisplatin alone, some more 53BP1 foci are
visible, but most of all, an almost pan-nuclear signal with phosphorylated γH2AX was
apparent in many cells (Figure 5a, 2nd row; hyper-phosphorylation, hp). This signal,
which was solely observed for larger nuclei in contrast to small G1 nuclei, is considered
to reflect the replication stress in S phase cells resulting from cisplatin-induced DNA
damage [49,50]. The percentage of cells with strong γH2AX-phosphorylation (defined as
nuclei with >30 γH2AX foci) are depicted in Figure 5b for the HPV pos. cell line UM-SCC-
47 and the HPV neg. cell line UM-SCC-3. For both cell lines, these numbers are very low
when not treated by cisplatin. After the administration of cisplatin alone, the fraction of
nuclei with a hp-signal increased to 47 ± 7% for UM-SCC-3 cells, and even to 69 ± 12%
for UM-SCC-47 cells. The fractions slightly decreased when cisplatin was combined with
irradiation and/or BEZ235. This is because after combined treatment with BEZ235 or
irradiation, some cells will be blocked in G1 or G2, respectively, thereby reducing the
fraction of S phase cells [38].

In nuclei with hp-signals, the co-localization of γH2AX and 53BP1 foci was less than
20% (Figure 5d). In contrast, for G1 cells, which were identified by a diameter < 10 µM
(see scale bar in Figure 5a), co-localization was seen for almost 90% of the foci. As a
consequence, foci counting had to be restricted to G1 cells. The respective numbers are
shown in Figure 5c. Irradiation with 2 Gy alone led to a slight increase in the number of
foci. There was, however, a strong rise, when cells were pretreated with BEZ235 prior to
irradiation. This effect was shown to result from a depressed rate of DSB repair in G1 [38].

Cisplatin alone only resulted in a moderate increase in the number of foci counted in
G1 cells (Figure 5c, first two columns of the second block). These numbers slightly increased
when cisplatin was combined with irradiation. However, a very strong enhancement was
seen when cells were additionally pretreated by BEZ235. The resulting numbers were
even higher when compared to the respective numbers obtained without cisplatin, with
a significance for the HPV neg. but not for the HPV pos. cell line (Figure 5c). These data
suggest that the effect of BEZ235 appears to be even stronger when added to the combined
treatment of radiation and cisplatin when compared to the effect on radiation alone.
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Figure 5. Effect of BEZ235 and the combined treatment with cisplatin (CDDP), and irradiation (X)
on γH2AX/53BP1 foci in UM-SCC-3 and UM-SCC-47 cells. Cells were treated with/without 50 nM
BEZ235 (BEZ) 2 h before irradiation with 2 Gy and cisplatin (CDDP, IC50) treatment. (a) Images as
taken for UM-SCC-47 cells; G1 cells, identified by a small nuclear size; hp, hyper-phosphorylation of
γH2AX with >30 foci. Enlarged images are presented in Supplementary Figure S4. (b) Percentage
of nuclei with hp-γH2AX. (c) Number of residual γH2AX/53BP1 foci counted for G1 cells, as
identified via a diameter of less than 10 µM (see scale bar in Figure 5a). (d) Percentage of co-localized
γH2AX/53BP1 foci as measured for G1 cells and hp nuclei, respectively. (e) Association between
residual number of γH2AX/53BP1 foci after background subtraction and respective cell survival,
taken from Figure 4. Data were analyzed by a log-linear regression analysis. Data are presented as
mean values ± SEM, n ≥ 2, per value at least 100 cells are counted; * p = 0.05; n.s.: non significant.
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Figure 5e shows that for both cell lines, the numbers of co-localized foci, as detected
for G1 cells after the different treatments, and after correction for the respective background,
are well-correlated with the respective cell survival rate taken from Figure 4. That is, for
either cell line, an increase in the number of foci detected in G1 always corresponds to
a respective decrease in survival. This effect appears to be slightly stronger for the HPV
pos. cell line. A similar finding was previously already made for the HPV neg. and pos.
HNSCC cells when BEZ235 was given prior to irradiation alone [38]. It is now found here
that this strong association between an increased number of residual foci, as measured in
G1, and a reduction in cell survival also holds when BEZ235 is added to the combination of
both radiation and cisplatin.

4. Discussion

Head and neck cancers (HNSCCs), especially in the advanced stage, are treated by
radiochemotherapy, including cisplatin, but with a poor outcome for HPV neg. HNSCCs.
Moreover, this treatment is often accompanied by severe side effects primarily resulting
from cisplatin administration. Therefore, the aim of this study was to test whether BEZ235,
which is an effective dual inhibitor of the PI3K/mTOR signaling pathway, can be used to
enhance the effect of cisplatin alone, but especially when combined with radiation.

The study was performed with six HPV neg. and six HPV pos. HNSCC cell lines to
cover the molecular heterogeneity that is well-known for this entity [41]. The cell lines
used were previously shown to reflect the clinical response to both radiation as well as
cisplatin [40,46,51,52].

Overall, cisplatin sensitivity was characterized by a huge degree of variation, with
HPV pos. cells being slightly more sensitive when compared to HPV neg. cells, albeit
without reaching significance. However, when the data was analyzed together with data
from other reports using a similar protocol [53,54], an overall trend of a higher cisplatin
sensitivity was found for HPV pos. cells. This finding demonstrates, that similar to that
found for radiation, a difference in cisplatin sensitivity is seen between HPV pos. and neg.
HNSCC cells lines only when a great number of cell lines is analyzed. This reflects the huge
heterogeneity of both entities [41,46,52,55]. In contrast, when using viability tests for both
radiation as well as cisplatin, a lower degree of sensitivity was measured for HPV pos. cells
when compared to HPV neg. cell lines [56,57]. This finding indicates that this test does not
measure the actual cellular sensitivity, probably because it also depends on proliferation.

It is shown here for the first time that the higher cisplatin sensitivity of HPV pos. cells
might in part result from their defective HR. This defect was recently verified for HPV
pos. cells via a lack of formation of RAD51 foci after irradiation [40], which is a key step of
HR [58]. Both entities show similar degrees of expression of RAD51, but for HPV pos. cells,
the KD of RAD51 was found to have no effect on cisplatin sensitivity, while a clear increase
was observed for HPV neg. cells.

HR is involved in the repair of cisplatin-induced DSBs [9–12] and cells that are defec-
tive in HR are characterized by a higher degree of cisplatin sensitivity [59–61]. In line with
this, for HeLa cells, KD of RAD51 was found to result in an increased degree of cisplatin
sensitivity [62], and for NSCLC cells, impaired RAD51 foci formation was associated with
enhanced cisplatin sensitivity [59].

Concerning the heterogeneous cisplatin sensitivity, there is great interest in establishing
robust markers for prediction [63,64]. So far, only a few markers are known, such as the
expression of ERCC1 [65] and the FA/BRCA pathway [66]. It is now shown here for
HNSCC that HPV positivity might also be a useful marker.

We also found that cisplatin sensitivity is strongly enhanced in HPV pos. but not HPV
neg. cells, when pretreated with BEZ235. This difference in enhancement could likewise
be attributed to the defect of HR in HPV pos. cells. When HR was also depressed in HPV
neg. cells via KD of RAD51, a similar degree of enhancement of cisplatin by BEZ235 was
obtained, as for HPV pos. cells.
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It was recently shown by us that at a concentration of 50 nM, BEZ235 NHEJ is sup-
pressed in HNSCC cells, while HR is not affected [38]. NHEJ is also known to be involved
in the repair of DSBs resulting from cisplatin-induced intra-strand crosslinks [11,67]. When
NHEJ is depressed, more cisplatin-induced DNA damage will collapse with replication,
which will require repair via HR. As a consequence, more cell killing is induced in the HR
deficient HPV pos. cell lines. In contrast, HPV neg. cells are still able to cope with this
additional damage, except that HR is suppressed by KD of RAD51.

The enhancement of cisplatin sensitivity seen for the HPV neg. cell line UM-SCC-11b
when pretreated with BEZ235 does not result from a defective HR. It was previously shown
that HR is functional in UM-SCC-11b, as demonstrated by an active formation of RAD51
foci after irradiation, and by its response to the CDK inhibitor roscovitine [40]. Surprisingly,
in these cells, the enhancement of cisplatin sensitivity by BEZ235 was completely abolished
when HR was suppressed via KD of RAD51. These data suggest that UM-SCC-11b may
shift to another pathway when HR is depressed, and thereby is able to rescue from the
BEZ235 effect. Probably, DSB repair is regulated in these cells due the downregulation of
ATM, Mre11, and H2AX as measured for UM-SCC-11b [68].

The most important observation made here is that BEZ235 can be used to enhance the
combined effect of cisplatin and radiation in HNSCC cells. In contrast, no such enhancement
was seen for HNSCC cells, when cisplatin and radiation were combined with the multi-
kinase inhibitor sorafenib [69]. For HNSCC cells, only additive effects were generally
seen when cisplatin was combined with radiation, and for some cells, even a decrease in
radiosensitivity was measured [53,54,70]. The strong effect of this combination seen in
clinical studies [5,6,71] might result from the complementary action of these two, with
cisplatin being especially effective in proliferating cells [13,72], which, on the other hand,
are known to be rather radioresistant [14].

The enhanced cell killing effect of the combined treatment with cisplatin and radiation
when using a pretreatment with BEZ235 was seen for both HPV neg. and pos. cells, with
a slightly stronger effect for the latter. This enhancement is considered partly to result
from a diminished degree of DSB repair in G1, as demonstrated for two cell lines by the
correlation between the decrease in survival and the increase in residual DSBs, as detected
in G1 cells by co-staining with γH2AX and 53BP1. Since BEZ235 inhibits NHEJ and also
induces a G1-arrest, as shown previously [38], more cisplatin-induced DSBs will remain
unrepaired in G1 when cells are pretreated with BEZ235. Consequently, there is a higher
chance for a lethal interaction, with radiation-induced damage leading to a higher level of
residual DSBs, and with that, to more cell killing, as observed when cells are pretreated
with BEZ235 prior to the combination of cisplatin and radiation. However, some of the
unrepaired cisplatin-radiation adducts will also interfere with replication, therefore causing
more cell killing in HR-deficient HPV pos. cells. This explains why the enhancement of
the combined treatment with radiation and cisplatin by BEZ235 was stronger for HPV
pos. cells.

5. Conclusions

Overall, our data indicate that BEZ235 might be used as an excellent tool to enhance
the combined effect of cisplatin and radiation. This enhancement might even allow for a
reduction in the amount of cisplatin given to the patient, thereby reducing the side effects,
but still reaching an excellent response. Unfortunately, BEZ235 has slipped from focus
because of the negative results obtained when it is given as monotherapy (NCT01856101).
This is a big drawback, because other PI3K inhibitors such as BKM120 and GDC0980
appear to be less efficient [37]. For the combination of BKM120 and RT, a clinical study
with HNSCC was just completed, and the respective results will be expected in the near
future (NCT02113878). The results presented here might help to initiate new interest in the
potent inhibitor BEZ235, in order to enhance the combined effect of cisplatin and radiation
when starting a new clinical trial with HNSCC.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14133160/s1, Figure S1: Cell survival after cisplatin (CDDP)
of HPV neg. (left) and HPV pos. (right) HNSCC cell lines; Figure S2: RAD51 protein expression
in HNSCC cell lines and cell survival after RAD51 knock-down and cisplatin; Figure S3: Effect of
BEZ235 on UD-SCC-2 cells given at various time intervals (∆t) before or after starting with cisplatin
(CDDP) incubation; Figure S4: Effect of BEZ235 and the combined treatment with cisplatin (CDDP)
and irradiation on γH2AX/53BP1 foci in UM-SCC-47 cells.

Author Contributions: Conceptualization, F.S.B.S., E.D. and U.S.; data curation, F.S.B.S., E.D. and
U.S.; formal analysis, F.S.B.S., E.D. and U.S.; funding acquisition, U.S. and R.E.-C.; investigation,
C.G., N.R., F.E., S.K. and A.C.P.; methodology, A.A., A.C.P., E.D., F.S.B.S. and U.S.; supervision,
R.E.-C.; visualization, F.S.B.S., E.D. and U.S.; writing—original draft preparation, F.S.B.S. and E.D.;
writing—review and editing, U.S., E.D., F.S.B.S. and A.C.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by grants from the Anneliese Pohl Stiftung, Marburg. Open
Access funding was provided by the Open Acess Publication Fund of Philipps-Universität Marburg
with support of the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the assistance of the Bioimaging and of the Irradiation Core
Facility of the Philipps-University Marburg, supported in part by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation), and Stefanie Preising and Leoni Piepke for their general
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ang, K.K.; Harris, J.; Wheeler, R.; Weber, R.; Rosenthal, D.I.; Nguyen-Tan, P.F.; Westra, W.H.; Chung, C.H.; Jordan, R.C.; Lu,

C.; et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N. Engl. J. Med. 2010, 363, 24–35. [CrossRef]
[PubMed]

2. O′Sullivan, B.; Huang, S.H.; Siu, L.L.; Waldron, J.; Zhao, H.; Perez-Ordonez, B.; Weinreb, I.; Kim, J.; Ringash, J.; Bayley, A.; et al.
Deintensification candidate subgroups in human papillomavirus-related oropharyngeal cancer according to minimal risk of
distant metastasis. J. Clin. Oncol. 2013, 31, 543–550. [CrossRef] [PubMed]

3. Linge, A.; Schotz, U.; Lock, S.; Lohaus, F.; Von Neubeck, C.; Gudziol, V.; Nowak, A.; Tinhofer, I.; Budach, V.; Sak, A.; et al.
Comparison of detection methods for HPV status as a prognostic marker for loco-regional control after radiochemotherapy in
patients with HNSCC. Radiother. Oncol. 2018, 127, 27–35. [CrossRef] [PubMed]

4. Lohaus, F.; Linge, A.; Tinhofer, I.; Budach, V.; Gkika, E.; Stuschke, M.; Balermpas, P.; Rodel, C.; Avlar, M.; Grosu, A.L.; et al.
HPV16 DNA status is a strong prognosticator of loco-regional control after postoperative radiochemotherapy of locally advanced
oropharyngeal carcinoma: Results from a multicentre explorative study of the German Cancer Consortium Radiation Oncology
Group (DKTK-ROG). Radiother. Oncol. 2014, 113, 317–323. [CrossRef] [PubMed]

5. Cooper, J.S.; Pajak, T.F.; Forastiere, A.A.; Jacobs, J.; Campbell, B.H.; Saxman, S.B.; Kish, J.A.; Kim, H.E.; Cmelak, A.J.; Rotman,
M.; et al. Postoperative concurrent radiotherapy and chemotherapy for high-risk squamous-cell carcinoma of the head and neck.
N. Engl. J. Med. 2004, 350, 1937–1944. [CrossRef]

6. Bernier, J.; Domenge, C.; Ozsahin, M.; Matuszewska, K.; Lefebvre, J.L.; Greiner, R.H.; Giralt, J.; Maingon, P.; Rolland, F.; Bolla,
M.; et al. Postoperative irradiation with or without concomitant chemotherapy for locally advanced head and neck cancer.
N. Engl. J. Med. 2004, 350, 1945–1952. [CrossRef]

7. Ang, K.K.; Harris, J.; Garden, A.S.; Trotti, A.; Jones, C.U.; Carrascosa, L.; Cheng, J.D.; Spencer, S.S.; Forastiere, A.; Weber, R.S.
Concomitant boost radiation plus concurrent cisplatin for advanced head and neck carcinomas: Radiation therapy oncology
group phase II trial 99-14. J. Clin. Oncol. 2005, 23, 3008–3015. [CrossRef]

8. Budach, W.; Bolke, E.; Kammers, K.; Gerber, P.A.; Orth, K.; Gripp, S.; Matuschek, C. Induction chemotherapy followed by
concurrent radio-chemotherapy versus concurrent radio-chemotherapy alone as treatment of locally advanced squamous cell
carcinoma of the head and neck (HNSCC): A meta-analysis of randomized trials. Radiother. Oncol. 2016, 118, 238–243. [CrossRef]

9. Rocha, C.R.R.; Silva, M.M.; Quinet, A.; Cabral-Neto, J.B.; Menck, C.F.M. DNA repair pathways and cisplatin resistance: An inti-
mate relationship. Clinics 2018, 73, e478s. [CrossRef]

10. Chen, P.; Li, J.; Chen, Y.C.; Qian, H.; Chen, Y.J.; Su, J.Y.; Wu, M.; Lan, T. The functional status of DNA repair pathways determines
the sensitization effect to cisplatin in non-small cell lung cancer cells. Cell Oncol. 2016, 39, 511–522. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers14133160/s1
https://www.mdpi.com/article/10.3390/cancers14133160/s1
http://doi.org/10.1056/NEJMoa0912217
http://www.ncbi.nlm.nih.gov/pubmed/20530316
http://doi.org/10.1200/JCO.2012.44.0164
http://www.ncbi.nlm.nih.gov/pubmed/23295795
http://doi.org/10.1016/j.radonc.2017.12.007
http://www.ncbi.nlm.nih.gov/pubmed/29295747
http://doi.org/10.1016/j.radonc.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25480095
http://doi.org/10.1056/NEJMoa032646
http://doi.org/10.1056/NEJMoa032641
http://doi.org/10.1200/JCO.2005.12.060
http://doi.org/10.1016/j.radonc.2015.10.014
http://doi.org/10.6061/clinics/2018/e478s
http://doi.org/10.1007/s13402-016-0291-7


Cancers 2022, 14, 3160 14 of 16

11. Damia, G.; Broggini, M. Platinum resistance in ovarian cancer: Role of DNA repair. Cancers 2019, 11, 119. [CrossRef] [PubMed]
12. Rodriguez, A.; D’Andrea, A. Fanconi anemia pathway. Curr. Biol. 2017, 27, R986–R988. [CrossRef] [PubMed]
13. Chen, K.B.; Yang, W.; Xuan, Y.; Lin, A.J. miR-526b-3p inhibits lung cancer cisplatin-resistance and metastasis by inhibiting

STAT3-promoted PD-L1. Cell Death Dis. 2021, 12, 748. [CrossRef] [PubMed]
14. Pawlik, T.M.; Keyomarsi, K. Role of cell cycle in mediating sensitivity to radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 2004, 59,

928–942. [CrossRef] [PubMed]
15. Dietz, A.; Wichmann, G.; Kuhnt, T.; Pfreundner, L.; Hagen, R.; Scheich, M.; Kolbl, O.; Hautmann, M.G.; Strutz, J.; Schreiber,

F.; et al. Induction chemotherapy (IC) followed by radiotherapy (RT) versus cetuximab plus IC and RT in advanced laryn-
geal/hypopharyngeal cancer resectable only by total laryngectomy-final results of the larynx organ preservation trial DeLOS-II.
Ann. Oncol. 2018, 29, 2105–2114. [CrossRef] [PubMed]

16. Giralt, J.; Trigo, J.; Nuyts, S.; Ozsahin, M.; Skladowski, K.; Hatoum, G.; Daisne, J.F.; Yunes Ancona, A.C.; Cmelak, A.; Mesia,
R.; et al. Panitumumab plus radiotherapy versus chemoradiotherapy in patients with unresected, locally advanced squamous-cell
carcinoma of the head and neck (CONCERT-2): A randomised, controlled, open-label phase 2 trial. Lancet Oncol. 2015, 16, 221–232.
[CrossRef]

17. Martins, R.G.; Parvathaneni, U.; Bauman, J.E.; Sharma, A.K.; Raez, L.E.; Papagikos, M.A.; Yunus, F.; Kurland, B.F.; Eaton, K.D.;
Liao, J.J.; et al. Cisplatin and radiotherapy with or without erlotinib in locally advanced squamous cell carcinoma of the head and
neck: A randomized phase II trial. J. Clin. Oncol. 2013, 31, 1415–1421. [CrossRef]

18. Mesia, R.; Henke, M.; Fortin, A.; Minn, H.; Yunes Ancona, A.C.; Cmelak, A.; Markowitz, A.B.; Hotte, S.J.; Singh, S.; Chan,
A.T.; et al. Chemoradiotherapy with or without panitumumab in patients with unresected, locally advanced squamous-cell
carcinoma of the head and neck (CONCERT-1): A randomised, controlled, open-label phase 2 trial. Lancet Oncol. 2015, 16, 208–220.
[CrossRef]

19. Ang, K.K.; Zhang, Q.; Rosenthal, D.I.; Nguyen-Tan, P.F.; Sherman, E.J.; Weber, R.S.; Galvin, J.M.; Bonner, J.A.; Harris, J.; El-Naggar,
A.K.; et al. Randomized phase III trial of concurrent accelerated radiation plus cisplatin with or without cetuximab for stage III to
IV head and neck carcinoma: RTOG 0522. J. Clin. Oncol. 2014, 32, 2940–2950. [CrossRef]

20. Gillison, M.L.; Trotti, A.M.; Harris, J.; Eisbruch, A.; Harari, P.M.; Adelstein, D.J.; Jordan, R.C.K.; Zhao, W.; Sturgis, E.M.; Burtness,
B.; et al. Radiotherapy plus cetuximab or cisplatin in human papillomavirus-positive oropharyngeal cancer (NRG Oncology
RTOG 1016): A randomised, multicentre, non-inferiority trial. Lancet 2019, 393, 40–50. [CrossRef]

21. Mehanna, H.; Robinson, M.; Hartley, A.; Kong, A.; Foran, B.; Fulton-Lieuw, T.; Dalby, M.; Mistry, P.; Sen, M.; O’Toole, L.; et al.
Radiotherapy plus cisplatin or cetuximab in low-risk human papillomavirus-positive oropharyngeal cancer (De-ESCALaTE
HPV): An open-label randomised controlled phase 3 trial. Lancet 2019, 393, 51–60. [CrossRef]

22. Ruhle, A.; Grosu, A.L.; Nicolay, N.H. De-Escalation strategies of (Chemo)radiation for head-and-neck squamous cell cancers-HPV
and beyond. Cancers 2021, 13, 2204. [CrossRef] [PubMed]

23. Iglesias-Bartolome, R.; Martin, D.; Gutkind, J.S. Exploiting the head and neck cancer oncogenome: Widespread PI3K-mTOR
pathway alterations and novel molecular targets. Cancer Discov. 2013, 3, 722–725. [CrossRef] [PubMed]

24. Lui, V.W.; Hedberg, M.L.; Li, H.; Vangara, B.S.; Pendleton, K.; Zeng, Y.; Lu, Y.; Zhang, Q.; Du, Y.; Gilbert, B.R.; et al. Frequent
mutation of the PI3K pathway in head and neck cancer defines predictive biomarkers. Cancer Discov. 2013, 3, 761–769. [CrossRef]
[PubMed]

25. Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.; Lawrence, M.S.; Sougnez, C.;
McKenna, A.; et al. The mutational landscape of head and neck squamous cell carcinoma. Science 2011, 333, 1157–1160. [CrossRef]

26. Fernandez-Mateos, J.; Perez-Garcia, J.; Seijas-Tamayo, R.; Mesia, R.; Rubio-Casadevall, J.; Garcia-Giron, C.; Iglesias, L.; Carral
Maseda, A.; Adansa Klain, J.C.; Taberna, M.; et al. Oncogenic driver mutations predict outcome in a cohort of head and neck
squamous cell carcinoma (HNSCC) patients within a clinical trial. Sci Rep. 2020, 10, 16634. [CrossRef]

27. Saintigny, P.; Mitani, Y.; Pytynia, K.B.; Ferrarotto, R.; Roberts, D.B.; Weber, R.S.; Kies, M.S.; Maity, S.N.; Lin, S.H.; El-Naggar, A.K.
Frequent PTEN loss and differential HER2/PI3K signaling pathway alterations in salivary duct carcinoma: Implications for
targeted therapy. Cancer 2018, 124, 3693–3705. [CrossRef]

28. Iida, M.; Harari, P.M.; Wheeler, D.L.; Toulany, M. Targeting AKT/PKB to improve treatment outcomes for solid tumors. Mutat.
Res. 2020, 819, 111690. [CrossRef]

29. Toulany, M.; Rodemann, H.P. Phosphatidylinositol 3-kinase/Akt signaling as a key mediator of tumor cell responsiveness to
radiation. Semin. Cancer Biol. 2015, 35, 180–190. [CrossRef]

30. Maira, S.M.; Stauffer, F.; Brueggen, J.; Furet, P.; Schnell, C.; Fritsch, C.; Brachmann, S.; Chene, P.; De Pover, A.; Schoemaker, K.; et al.
Identification and characterization of NVP-BEZ235, a new orally available dual phosphatidylinositol 3-kinase/mammalian target
of rapamycin inhibitor with potent in vivo antitumor activity. Mol. Cancer Ther. 2008, 7, 1851–1863. [CrossRef]

31. Chen, J.; Shao, R.; Li, F.; Monteiro, M.; Liu, J.P.; Xu, Z.P.; Gu, W. PI3K/Akt/mTOR pathway dual inhibitor BEZ235 suppresses the
stemness of colon cancer stem cells. Clin. Exp. Pharmacol. Physiol. 2015, 42, 1317–1326. [CrossRef]

32. Fokas, E.; Im, J.H.; Hill, S.; Yameen, S.; Stratford, M.; Beech, J.; Hackl, W.; Maira, S.M.; Bernhard, E.J.; McKenna, W.G.; et al. Dual
inhibition of the PI3K/mTOR pathway increases tumor radiosensitivity by normalizing tumor vasculature. Cancer Res. 2012, 72,
239–248. [CrossRef]

http://doi.org/10.3390/cancers11010119
http://www.ncbi.nlm.nih.gov/pubmed/30669514
http://doi.org/10.1016/j.cub.2017.07.043
http://www.ncbi.nlm.nih.gov/pubmed/28950089
http://doi.org/10.1038/s41419-021-04033-8
http://www.ncbi.nlm.nih.gov/pubmed/34321456
http://doi.org/10.1016/j.ijrobp.2004.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15234026
http://doi.org/10.1093/annonc/mdy332
http://www.ncbi.nlm.nih.gov/pubmed/30412221
http://doi.org/10.1016/S1470-2045(14)71200-8
http://doi.org/10.1200/JCO.2012.46.3299
http://doi.org/10.1016/S1470-2045(14)71198-2
http://doi.org/10.1200/JCO.2013.53.5633
http://doi.org/10.1016/S0140-6736(18)32779-X
http://doi.org/10.1016/S0140-6736(18)32752-1
http://doi.org/10.3390/cancers13092204
http://www.ncbi.nlm.nih.gov/pubmed/34064321
http://doi.org/10.1158/2159-8290.CD-13-0239
http://www.ncbi.nlm.nih.gov/pubmed/23847349
http://doi.org/10.1158/2159-8290.CD-13-0103
http://www.ncbi.nlm.nih.gov/pubmed/23619167
http://doi.org/10.1126/science.1208130
http://doi.org/10.1038/s41598-020-72927-2
http://doi.org/10.1002/cncr.31600
http://doi.org/10.1016/j.mrfmmm.2020.111690
http://doi.org/10.1016/j.semcancer.2015.07.003
http://doi.org/10.1158/1535-7163.MCT-08-0017
http://doi.org/10.1111/1440-1681.12493
http://doi.org/10.1158/0008-5472.CAN-11-2263


Cancers 2022, 14, 3160 15 of 16

33. Gil del Alcazar, C.R.; Hardebeck, M.C.; Mukherjee, B.; Tomimatsu, N.; Gao, X.; Yan, J.; Xie, X.J.; Bachoo, R.; Li, L.; Habib, A.A.; et al.
Inhibition of DNA double-strand break repair by the dual PI3K/mTOR inhibitor NVP-BEZ235 as a strategy for radiosensitization
of glioblastoma. Clin. Cancer Res. 2014, 20, 1235–1248. [CrossRef] [PubMed]

34. Kuger, S.; Graus, D.; Brendtke, R.; Gunther, N.; Katzer, A.; Lutyj, P.; Polat, B.; Chatterjee, M.; Sukhorukov, V.L.; Flentje, M.; et al.
Radiosensitization of glioblastoma cell lines by the dual PI3K and mTOR inhibitor NVP-BEZ235 depends on drug-irradiation
schedule. Transl. Oncol. 2013, 6, 169–179. [CrossRef] [PubMed]

35. Mukherjee, B.; Tomimatsu, N.; Amancherla, K.; Camacho, C.V.; Pichamoorthy, N.; Burma, S. The dual PI3K/mTOR inhibitor NVP-
BEZ235 is a potent inhibitor of ATM- and DNA-PKCs-mediated DNA damage responses. Neoplasia 2012, 14, 34–43. [CrossRef]
[PubMed]

36. Yu, C.C.; Hung, S.K.; Lin, H.Y.; Chiou, W.Y.; Lee, M.S.; Liao, H.F.; Huang, H.B.; Ho, H.C.; Su, Y.C. Targeting the PI3K/AKT/mTOR
signaling pathway as an effectively radiosensitizing strategy for treating human oral squamous cell carcinoma in vitro and
in vivo. Oncotarget 2017, 8, 68641–68653. [CrossRef] [PubMed]

37. Glorieux, M.; Dok, R.; Nuyts, S. The influence of PI3K inhibition on the radiotherapy response of head and neck cancer cells. Sci
Rep. 2020, 10, 16208. [CrossRef]

38. Schotz, U.; Balzer, V.; Brandt, F.W.; Ziemann, F.; Subtil, F.S.B.; Rieckmann, T.; Kocher, S.; Engenhart-Cabillic, R.; Dikomey, E.;
Wittig, A.; et al. Dual PI3K/mTOR inhibitor NVP-BEZ235 enhances radiosensitivity of head and neck squamous cell carcinoma
(HNSCC) cell lines due to suppressed double-strand break (DSB) repair by non-homologous end joining. Cancers 2020, 12, 467.
[CrossRef]

39. Helleday, T.; Lo, J.; van Gent, D.C.; Engelward, B.P. DNA double-strand break repair: From mechanistic understanding to cancer
treatment. DNA Repair 2007, 6, 923–935. [CrossRef]

40. Ziemann, F.; Seltzsam, S.; Dreffke, K.; Preising, S.; Arenz, A.; Subtil, F.S.B.; Rieckmann, T.; Engenhart-Cabillic, R.; Dikomey, E.;
Wittig, A. Roscovitine strongly enhances the effect of olaparib on radiosensitivity for HPV neg. but not for HPV pos. HNSCC cell
lines. Oncotarget 2017, 8, 105170–105183. [CrossRef]

41. Kasten-Pisula, U.; Saker, J.; Eicheler, W.; Krause, M.; Yaromina, A.; Meyer-Staeckling, S.; Scherkl, B.; Kriegs, M.; Brandt, B.;
Grenman, R.; et al. Cellular and tumor radiosensitivity is correlated to epidermal growth factor receptor protein expression level
in tumors without EGFR amplification. Int. J. Radiat. Oncol. Biol. Phys. 2011, 80, 1181–1188. [CrossRef] [PubMed]

42. Dirks, W.G.; MacLeod, R.A.; Nakamura, Y.; Kohara, A.; Reid, Y.; Milch, H.; Drexler, H.G.; Mizusawa, H. Cell line cross-
contamination initiative: An interactive reference database of STR profiles covering common cancer cell lines. Int. J. Cancer 2010,
126, 303–304. [CrossRef] [PubMed]

43. Uphoff, C.C.; Drexler, H.G. Comparative PCR analysis for detection of mycoplasma infections in continuous cell lines. In Vitro
Cell. Dev. Biol. Anim. 2002, 38, 79–85. [CrossRef]

44. Torki, S.; Soltani, A.; Shirzad, H.; Esmaeil, N.; Ghatrehsamani, M. Synergistic antitumor effect of NVP-BEZ235 and CAPE on
MDA-MB-231 breast cancer cells. Biomed. Pharmacother. 2017, 92, 39–45. [CrossRef] [PubMed]

45. Orth, M.; Unger, K.; Schoetz, U.; Belka, C.; Lauber, K. Taxane-mediated radiosensitization derives from chromosomal missegrega-
tion on tripolar mitotic spindles orchestrated by AURKA and TPX2. Oncogene 2018, 37, 52–62. [CrossRef]

46. Arenz, A.; Ziemann, F.; Mayer, C.; Wittig, A.; Dreffke, K.; Preising, S.; Wagner, S.; Klussmann, J.P.; Engenhart-Cabillic, R.;
Wittekindt, C. Increased radiosensitivity of HPV-positive head and neck cancer cell lines due to cell cycle dysregulation and
induction of apoptosis. Strahlenther Onkol. 2014, 190, 839–846. [CrossRef]

47. Kocher, S.; Rieckmann, T.; Rohaly, G.; Mansour, W.Y.; Dikomey, E.; Dornreiter, I.; Dahm-Daphi, J. Radiation-induced double-strand
breaks require ATM but not Artemis for homologous recombination during S-phase. Nucleic Acids Res. 2012, 40, 8336–8347.
[CrossRef]

48. Mao, Z.; Bozzella, M.; Seluanov, A.; Gorbunova, V. DNA repair by nonhomologous end joining and homologous recombination
during cell cycle in human cells. Cell Cycle 2008, 7, 2902–2906. [CrossRef]

49. Gagou, M.E.; Zuazua-Villar, P.; Meuth, M. Enhanced H2AX phosphorylation, DNA replication fork arrest, and cell death in the
absence of Chk1. Mol. Biol Cell 2010, 21, 739–752. [CrossRef]

50. Moeglin, E.; Desplancq, D.; Stoessel, A.; Massute, C.; Ranniger, J.; McEwen, A.G.; Zeder-Lutz, G.; Oulad-Abdelghani, M.; Chiper,
M.; Lafaye, P.; et al. A Novel Nanobody Precisely Visualizes Phosphorylated Histone H2AX in Living Cancer Cells under
Drug-Induced Replication Stress. Cancers 2021, 13, 3317. [CrossRef]

51. Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.; Nickel, K.P.; Klingelhutz,
A.J.; et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res. 2013, 73, 4791–4800. [CrossRef]
[PubMed]

52. Rieckmann, T.; Tribius, S.; Grob, T.J.; Meyer, F.; Busch, C.J.; Petersen, C.; Dikomey, E.; Kriegs, M. HNSCC cell lines positive for
HPV and p16 possess higher cellular radiosensitivity due to an impaired DSB repair capacity. Radiother. Oncol. 2013, 107, 242–246.
[CrossRef] [PubMed]

53. Busch, C.J.; Becker, B.; Kriegs, M.; Gatzemeier, F.; Kruger, K.; Mockelmann, N.; Fritz, G.; Petersen, C.; Knecht, R.; Rothkamm,
K.; et al. Similar cisplatin sensitivity of HPV-positive and -negative HNSCC cell lines. Oncotarget 2016, 7, 35832–35842. [CrossRef]
[PubMed]

http://doi.org/10.1158/1078-0432.CCR-13-1607
http://www.ncbi.nlm.nih.gov/pubmed/24366691
http://doi.org/10.1593/tlo.12364
http://www.ncbi.nlm.nih.gov/pubmed/23544169
http://doi.org/10.1593/neo.111512
http://www.ncbi.nlm.nih.gov/pubmed/22355272
http://doi.org/10.18632/oncotarget.19817
http://www.ncbi.nlm.nih.gov/pubmed/28978144
http://doi.org/10.1038/s41598-020-73249-z
http://doi.org/10.3390/cancers12020467
http://doi.org/10.1016/j.dnarep.2007.02.006
http://doi.org/10.18632/oncotarget.22005
http://doi.org/10.1016/j.ijrobp.2011.02.043
http://www.ncbi.nlm.nih.gov/pubmed/21514063
http://doi.org/10.1002/ijc.24999
http://www.ncbi.nlm.nih.gov/pubmed/19859913
http://doi.org/10.1290/1071-2690(2002)038&lt;0079:CPAFDO&gt;2.0.CO;2
http://doi.org/10.1016/j.biopha.2017.05.051
http://www.ncbi.nlm.nih.gov/pubmed/28528184
http://doi.org/10.1038/onc.2017.304
http://doi.org/10.1007/s00066-014-0605-5
http://doi.org/10.1093/nar/gks604
http://doi.org/10.4161/cc.7.18.6679
http://doi.org/10.1091/mbc.e09-07-0618
http://doi.org/10.3390/cancers13133317
http://doi.org/10.1158/0008-5472.CAN-13-0587
http://www.ncbi.nlm.nih.gov/pubmed/23749640
http://doi.org/10.1016/j.radonc.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23602369
http://doi.org/10.18632/oncotarget.9028
http://www.ncbi.nlm.nih.gov/pubmed/27127883


Cancers 2022, 14, 3160 16 of 16

54. Ziemann, F.; Arenz, A.; Preising, S.; Wittekindt, C.; Klussmann, J.P.; Engenhart-Cabillic, R.; Wittig, A. Increased sensitivity of
HPV-positive head and neck cancer cell lines to x-irradiation +/− Cisplatin due to decreased expression of E6 and E7 oncoproteins
and enhanced apoptosis. Am. J. Cancer Res. 2015, 5, 1017–1031.

55. Lerch, S.; Berthold, S.; Ziemann, F.; Dreffke, K.; Subtil, F.S.B.; Senger, Y.; Jensen, A.; Engenhart-Cabillic, R.; Dikomey, E.; Wittig,
A.; et al. HPV-positive HNSCC cell lines show strongly enhanced radiosensitivity after photon but not after carbon ion irradiation.
Radiother. Oncol. 2020, 151, 134–140. [CrossRef]

56. Nagel, R.; Martens-de Kemp, S.R.; Buijze, M.; Jacobs, G.; Braakhuis, B.J.; Brakenhoff, R.H. Treatment response of HPV-positive
and HPV-negative head and neck squamous cell carcinoma cell lines. Oral. Oncol. 2013, 49, 560–566. [CrossRef]

57. Leonard, B.C.; Lee, E.D.; Bhola, N.E.; Li, H.; Sogaard, K.K.; Bakkenist, C.J.; Grandis, J.R.; Johnson, D.E. ATR inhibition sensitizes
HPV(-) and HPV(+) head and neck squamous cell carcinoma to cisplatin. Oral. Oncol. 2019, 95, 35–42. [CrossRef]

58. Goodarzi, A.A.; Jeggo, P.A. The repair and signaling responses to DNA double-strand breaks. Adv. Genet. 2013, 82, 1–45.
[CrossRef]

59. Birkelbach, M.; Ferraiolo, N.; Gheorghiu, L.; Pfaffle, H.N.; Daly, B.; Ebright, M.I.; Spencer, C.; O′Hara, C.; Whetstine, J.R.; Benes,
C.H.; et al. Detection of impaired homologous recombination repair in NSCLC cells and tissues. J. Thorac. Oncol. 2013, 8, 279–286.
[CrossRef]

60. Huang, J.W.; Wang, Y.; Dhillon, K.K.; Calses, P.; Villegas, E.; Mitchell, P.S.; Tewari, M.; Kemp, C.J.; Taniguchi, T. Systematic screen
identifies miRNAs that target RAD51 and RAD51D to enhance chemosensitivity. Mol. Cancer Res. 2013, 11, 1564–1573. [CrossRef]

61. Tavecchio, M.; Simone, M.; Erba, E.; Chiolo, I.; Liberi, G.; Foiani, M.; D′Incalci, M.; Damia, G. Role of homologous recombination
in trabectedin-induced DNA damage. Eur. J. Cancer 2008, 44, 609–618. [CrossRef] [PubMed]

62. Ito, M.; Yamamoto, S.; Nimura, K.; Hiraoka, K.; Tamai, K.; Kaneda, Y. Rad51 siRNA delivered by HVJ envelope vector enhances
the anti-cancer effect of cisplatin. J. Gene Med. 2005, 7, 1044–1052. [CrossRef] [PubMed]

63. Galluzzi, L.; Vitale, I.; Michels, J.; Brenner, C.; Szabadkai, G.; Harel-Bellan, A.; Castedo, M.; Kroemer, G. Systems biology of
cisplatin resistance: Past, present and future. Cell Death Dis. 2014, 5, e1257. [CrossRef]

64. Griso, A.B.; Acero-Riaguas, L.; Castelo, B.; Cebrian-Carretero, J.L.; Sastre-Perona, A. Mechanisms of cisplatin resistance in HPV
negative head and neck squamous cell carcinomas. Cells 2022, 11, 561. [CrossRef]

65. Bauman, J.E.; Austin, M.C.; Schmidt, R.; Kurland, B.F.; Vaezi, A.; Hayes, D.N.; Mendez, E.; Parvathaneni, U.; Chai, X.; Sampath,
S.; et al. ERCC1 is a prognostic biomarker in locally advanced head and neck cancer: Results from a randomised, phase II trial. Br.
J. Cancer 2013, 109, 2096–2105. [CrossRef] [PubMed]

66. Martens-de Kemp, S.R.; Brink, A.; Van der Meulen, I.H.; De Menezes, R.X.; Te Beest, D.E.; Leemans, C.R.; Van Beusechem, V.W.;
Braakhuis, B.J.; Brakenhoff, R.H. The FA/BRCA pathway identified as the major predictor of cisplatin response in head and neck
cancer by functional genomics. Mol. Cancer Ther. 2017, 16, 540–550. [CrossRef]

67. Pastwa, E.; Poplawski, T.; Lewandowska, U.; Somiari, S.B.; Blasiak, J.; Somiari, R.I. Wortmannin potentiates the combined effect
of etoposide and cisplatin in human glioma cells. Int. J. Biochem. Cell Biol. 2014, 53, 423–431. [CrossRef]

68. Wang, L.; Mosel, A.J.; Oakley, G.G.; Peng, A. Deficient DNA damage signaling leads to chemoresistance to cisplatin in oral cancer.
Mol. Cancer Ther. 2012, 11, 2401–2409. [CrossRef]

69. Mockelmann, N.; Rieckmann, T.; Busch, C.J.; Becker, B.; Gleissner, L.; Hoffer, K.; Omniczynski, M.; Steinmeister, L.; Laban, S.;
Grenman, R.; et al. Effect of sorafenib on cisplatin-based chemoradiation in head and neck cancer cells. Oncotarget 2016, 7,
23542–23551. [CrossRef]

70. Zeng, L.; Nikolaev, A.; Xing, C.; Della Manna, D.L.; Yang, E.S. CHK1/2 Inhibitor Prexasertib Suppresses NOTCH Signaling
and Enhances Cytotoxicity of Cisplatin and Radiation in Head and Neck Squamous Cell Carcinoma. Mol. Cancer Ther. 2020, 19,
1279–1288. [CrossRef]

71. Szturz, P.; Cristina, V.; Herrera Gomez, R.G.; Bourhis, J.; Simon, C.; Vermorken, J.B. Cisplatin Eligibility Issues and Alternative
Regimens in Locoregionally Advanced Head and Neck Cancer: Recommendations for Clinical Practice. Front. Oncol. 2019, 9, 464.
[CrossRef] [PubMed]

72. Dimanche-Boitrel, M.T.; Pelletier, H.; Genne, P.; Petit, J.M.; Le Grimellec, C.; Canal, P.; Ardiet, C.; Bastian, G.; Chauffert, B.
Confluence-dependent resistance in human colon cancer cells: Role of reduced drug accumulation and low intrinsic chemosensi-
tivity of resting cells. Int. J. Cancer 1992, 50, 677–682. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2020.07.032
http://doi.org/10.1016/j.oraloncology.2013.03.446
http://doi.org/10.1016/j.oraloncology.2019.05.028
http://doi.org/10.1016/B978-0-12-407676-1.00001-9
http://doi.org/10.1097/JTO.0b013e31827ecf83
http://doi.org/10.1158/1541-7786.MCR-13-0292
http://doi.org/10.1016/j.ejca.2008.01.003
http://www.ncbi.nlm.nih.gov/pubmed/18243687
http://doi.org/10.1002/jgm.753
http://www.ncbi.nlm.nih.gov/pubmed/15756713
http://doi.org/10.1038/cddis.2013.428
http://doi.org/10.3390/cells11030561
http://doi.org/10.1038/bjc.2013.576
http://www.ncbi.nlm.nih.gov/pubmed/24064970
http://doi.org/10.1158/1535-7163.MCT-16-0457
http://doi.org/10.1016/j.biocel.2014.06.007
http://doi.org/10.1158/1535-7163.MCT-12-0448
http://doi.org/10.18632/oncotarget.8275
http://doi.org/10.1158/1535-7163.MCT-19-0946
http://doi.org/10.3389/fonc.2019.00464
http://www.ncbi.nlm.nih.gov/pubmed/31245288
http://doi.org/10.1002/ijc.2910500502
http://www.ncbi.nlm.nih.gov/pubmed/1544702

	Introduction 
	Materials and Methods 
	Cell Lines and Culture Conditions 
	BEZ235 and Cisplatin Treatment and Radiation 
	Specific Targeting of RAD51 by siRNA Transfection 
	Colony Formation Assay 
	Western Blot Analysis 
	Immunofluorescent Microscopy 
	Statistical Analysis 

	Results 
	Cisplatin Sensitivity Is Slightly Higher for HPV Pos. HNSCC Cell Lines 
	Knockdown of RAD51 Increases Cisplatin Sensitivity of HPV Neg. but Not of HPV Pos. Cells 
	BEZ235 Enhances Cisplatin Sensitivity of HPV Pos. but Not of HPV Neg. Cells 
	BEZ235 Leads to a Synergistic Effect of Cisplatin and Radiation for Both HPV Neg. and HPV Pos. Cells 
	Radiosensitization Caused by Cisplatin after Pretreatment with BEZ235 Can Be Attributed to Reduced DSB Repair in G1 

	Discussion 
	Conclusions 
	References

