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ABSTRACT

At present, advanced stage human Papillomavirus (HPV) negative and positive 
head and neck squamous cell carcinoma (HNSCC) are treated by intense multimodal 
therapy that includes radiochemotherapy, which are associated with relevant side 
effects. Patients with HPV positive tumors possess a far better prognosis than those 
with HPV negative cancers. Therefore, new therapeutic strategies are needed to 
improve the outcome especially of the latter one as well as quality of life for all HNSCC 
patients. Here we tested whether roscovitine, an inhibitor of cyclin-dependent kinases 
(CDKs), which hereby also blocks homologous recombination (HR), can be used to 
enhance the radiation sensitivity of HNSCC cell lines.

In all five HPV negative and HPV positive cell lines tested, roscovitine caused 
inhibition of CDK1 and 2. Surprisingly, all HPV positive cell lines were found to be 
defective in HR. In contrast, HPV negative strains demonstrated efficient HR, which 
was completely suppressed by roscovitine. In line with this, for HPV negative but 
not for HPV positive cell lines, treatment with roscovitine resulted in a pronounced 
enhancement of the radiation-induced G2 arrest as well as a significant increase 
in radiosensitivity. Due to a defect in HR, all HPV positive cell lines were efficiently 
radiosensitized by the PARP-1 inhibitor olaparib. In contrast, in HPV negative cell 
lines a significant radiosensitization by olaparib was only achieved when combined 
with roscovitine.

INTRODUCTION

Two main etiologies of head and neck squamous cell 
carcinoma (HNSCC) are recognized that reveal distinct 
biological characteristics. One is caused by infection with 
human Papillomavirus (HPV pos.), the other is mainly 
driven by noxa, such as tobacco and alcohol (HPV neg.) 
[1]. In total, worldwide incidence rates for HNSCC remain 
high, but a huge variation for different regions is noticed 

and trends mostly depend on smoking and sexual behavior. 
In the western world the incidence of HPV pos. HNSCC 
appears to rise, while the incidence of HPV neg. HNSCC 
stabilized or even slightly decreases in some countries [2].

Today, both HNSCC entities are treated by a 
simultaneous cisplatin-based radiochemotherapy as a 
definitive concept or in the adjuvant setting after radical 
surgery, if tumors are in an advanced stage [1]. For 
HPV pos. HNSCC this treatment results in a very good 
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outcome with an eight year overall survival reaching 
80 %. In contrast, for HPV neg. HNSCC, survival 
rates are still unfavorable with 30 % overall survival 
after the same follow-up period [3]. For both entities, 
treatment is frequently associated with severe side 
effects [3]. Therefore, there is an urgent need to develop 
new therapeutic strategies, (1) to improve the outcome 
especially for HPV neg. HNSCC and (2) to increase the 
quality of live for patients suffering of HNSCC in general.

Many different approaches were initiated already 
to implement new therapeutic strategies that specifically 
target HNSCC [4]. However, even the most promising 
concept, the inhibition of the epidermal growth factor 
receptor (EGFR) by cetuximab failed to improve 
survival rates when combined with cisplatin-based 
radiochemotherapy [5].

In order to achieve a tumor-specific effect, new 
treatments have to exploit tumor-specific defects, 
allowing for an individualized therapy. In this context 
cell-cycle regulation, which is accomplished by a complex 
network of different cyclin-dependent kinases (CDK) and 
respective cyclins, is considered to be of great relevance, 
because tumors often show defects in this process [6]. As 
a consequence, inhibition of specific CDKs is regarded as 
a promising tool to establish a tumor-specific therapy [7].

Roscovitine was one of the first CDK inhibitors 
targeting mainly CDK1 and CDK2 [8]. The cytotoxic and 
anti-proliferative activity of this drug has already been 
shown in many different types of cancer both in vitro and 
in vivo [9, 10] including HPV neg. HNSCC cell lines [11]. 
A recent report indicated that roscovitine is especially 
effective in HPV pos. HNSCC cell lines suggesting that 
treatment with roscovitine may represent a selective and 
safe targeted therapeutic option against HPV pos. HNSCC 
[12]. In contrast, the results obtained in clinical trials with 
roscovitine as monotherapy were mostly disappointing [8]. 
Two phase I trials reported stabilization of the disease or 
moderate tumor response in advanced stage solid tumors 
[13, 14].

Besides its activity as single agent, roscovitine in vitro 
can modulate the response of classical chemotherapeutics 
[15] as well as ionizing radiation [16]. An increase in 
cellular radiosensitivity was observed in vitro for breast 
cancer [16], nasopharyngeal carcinoma [9], as well as non-
small cell lung carcinoma [17, 18]. In all studies, this effect 
was primarily attributed to an enhanced apoptosis as well 
as a depressed repair of DNA double strand-breaks (DSB).

We now tested, whether roscovitine may also be 
used to enhance the radiosensitivity of HPV neg. and 
pos. HNSCC cell lines. It is well known that the cellular 
radiosensitivity is primarily determined by the DSB 
repair efficiency [19]. Roscovitine can specifically inhibit 
homologous recombination (HR) [20], which is one of 
the two main DSB repair pathways active in mammalian 
cells [7]. An inhibition of CDKs as can be achieved by 
roscovitine, which blocks the activation of DNA repair 

proteins, such as Exo1, BRCA1 and CtIp and thereby 
suppresses the initiation of HR prior to RAD51 foci 
formation [21–23]. Thus, the concept of this project was 
to target DSB repair, especially HR, through roscovitine to 
achieve a relevant radiosensitization.

It was previously shown by us and others, that HPV 
pos. cell lines on average possess a higher radiosensitivity 
than HPV neg. cell strains [24–26]. This sensitivity was 
associated with an elevated and prolonged radiation-induced 
G2 arrest as well as a defective DSB repair [24, 25].

We describe here that roscovitine can be used 
to down-regulate HR in HPV neg. cell lines. Whereas 
roscovitine did not affect HPV pos. cells because HR 
was already impaired in these cell lines. In line with this, 
an increase in radiosensitivity by roscovitine was only 
achieved for HPV neg. but not for HPV pos. cell lines. The 
radiosensitivity of HPV neg. cells was further enhanced, 
when roscovitine was combined with the PARP1 inhibitor 
olaparib. In contrast, radiosensitivity of HPV pos. cell lines 
was only enhanced when pretreated with olaparib alone. 
The changes in radiosensitivity were strongly correlated 
with the respective variation in DSB repair capacity. 
These data confirm that the inhibition of DSB repair is 
an optimal tool to enhance the cellular radiosensitivity for 
both HPV neg. and pos. HNSCC cell lines. However, we 
also show that different strategies of radiosensitization are 
necessary to address the special characteristics of HPV 
neg. and pos. cell lines, respectively.

RESULTS

Roscovitine affects proliferation as well as CDK1 
and CDK2 activity in both HPV neg. and HPV 
pos. cell lines

CDKs are known for their essential role in cell-
cycle regulation and proliferation [6]. Therefore, we first 
tested in how far proliferation as well as pCDK1 and 2 
are affected by the CDK inhibitor roscovitine. At low 
concentrations of 5 and 10 μM only a moderate delay 
in proliferation was seen, in contrast to a strong delay 
(HPV neg.) or even complete block (HPV pos.) obtained 
at 20 μM (Figure 1A). With increasing concentration of 
roscovitine also more trypan blue positive cells, indicating 
dead cells, were counted (data not shown).

Figure 1B shows the effect of an incubation with 
10 μM roscovitine for 48 h on the clonogenic survival as 
determined for all five HPV neg. and five HPV pos. cell 
lines (Supplementary Figure 4 for individual cell lines). 
The surviving fraction (SF) was moderately reduced 
in all HNSCC cell strains. This effect was slightly but 
non-significantly stronger for HPV pos. cell lines when 
compared to HPV neg. cell strains (Figure 1B, p=0.11). 
HPV pos. cell lines also showed a slightly higher level 
of apoptosis when treated by roscovitine (Supplementary 
Figure 6).
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Next, we tested the effect of ionizing radiation and 
roscovitine on the activity of CDK1 and CDK2, which 
is considered to be its primary target [8]. The CDK 
activity is generally regulated by a cell-cycle phase 
dependent expression of corresponding cyclins causing a 

de-phosphorylation and phosphorylation at specific sites. 
For activation, CDK1 and 2 have to be de-phosphorylated 
at T14 and Y15 and phosphorylated at T161 in case of 
CDK1 and T160 for CDK2. The de-phosphorylation as 
final step is executed by Cdc25 in late S and G2 phase 

Figure 1: Roscovitine affects proliferation as well as CDK1, CDK2 phosphorylation in HPV neg. and pos. HNSCC 
cell lines. (A) Growth curves of UM-SCC-11b (HPV neg., left panel) and UM-SCC-47 (HPV pos., right panel) incubated with roscovitine 
(0-20 μM). Cell numbers were measured for up to 7 days. (B) Clonogenic survival of HPV neg. (left panel) and HPV pos. (right panel) 
cell lines measured after incubation with DMSO or roscovitine (10 μM) for 48 h. Colony formation was measured for all ten cell lines and 
then grouped according to the HPV status. (C) Scheme for Protein isolation after ionizing radiation (IR) and roscovitine (ROSC) treatment. 
(D/E) Representative western blots showing the expression of CDK1 and pCDK1 as well as CDK2 and pCDK2 for one HPV neg. (left 
panels) and one HPV pos. (right panels) cell line. Cells preincubated with ROSC (10 μM) for 24 h were irradiated with 6 Gy followed by an 
incubation for 12 h before extracting proteins. GAPDH served as loading control. (F/G) Quantification of pCDK1 (F) and pCDK2 (G) in 
five HPV neg. (left panels) and five HPV pos. (right panels) cell lines after treatment with ROSC and/or IR. Bars represent grouped mean 
values ± SEM of 5 HPV neg. / 5 HPV pos. cell lines with at least 3 independent experiments performed per cell line; S = seeding ; *p<0.05, 
**p<0.01, ***p<0.001.
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[27]. When cells are exposed to ionizing radiation the 
de-phosphorylation is inhibited by checkpoint kinases 
Chk1/2, which block Cdc25 leading to an increase of triple 
phosphorylated, inactivated CDK1 and CDK2, finally 
causing a G2 block [28].

Figure 1D–1G shows the effect of roscovitine on 
the phosphorylation of CDK1 at T161 and for CDK2 at 
T160 alone as well as when combined with irradiation 
(Supplementary Figure 1 for individual plots). Roscovitine 
alone was found to cause a small increase of pCDK1 and 
pCDK2, which appeared to be slightly stronger for HPV 
pos. cell lines. Compared to that a much stronger increase 
of phosphorylation was seen after exposure to 6 Gy alone, 
whereby the relative increase (RI) in pCDK1 and pCDK2 
were fairly similar for HPV neg. and pos. cell lines. When 
pretreated by roscovitine, the radiation-induced increase 
of both pCDK1 and 2 was clearly reduced especially for 
HPV neg. cell lines (Figure 1F and 1G, dark bars). These 
data demonstrate that 10 μM roscovitine clearly impairs 
the radiation-induced activation of both CDK1 and 2.

Roscovitine represses RAD51 foci formation only 
in HPV neg. cell lines

Besides their role in cell-cycle regulation, CDK1 
and CDK2 are known to be relevant for the repair of 
DNA DSBs by HR [29]. The quantification of RAD51 
foci in cells stained positive for the centromeric protein 
F (CenpF+) is a well-established method to study HR in 
cells in G2 phase [30]. Measured with this method, in the 
HPV neg. cell line UM-SCC-3 the number of RAD51 
foci increased with time after exposure to irradiation with 
2 Gy with a peak after 4 h followed by a decline up to 
10 h (Figure 2B, right chart). This increase was almost 
completely suppressed, when UM-SCC-3 cells were 
pretreated with roscovitine. Surprisingly, in the HPV pos. 
cell line UM-SCC-47, irradiation only resulted in a minor 
induction of RAD51 foci and – as a consequence – a small 
reduction only was seen when pretreated with roscovitine 
(Figure 2C, right chart).

To confirm whether this is a general phenomenon in 
HNSCC cell lines, RAD51-foci formation was additionally 
measured in the other four HPV neg. and four pos. cell 
lines 4 and 10 h post IR (Figure 2D, Supplementary Figure 
2). In line with data described above, we observed a clear 
induction of RAD51 foci for the other HPV neg. HNSCC 
cell lines 4 h post IR with a strong decline followed 
thereafter (Figure 2D, left chart). Exceptionally UT-SCC-33 
cells showed only a moderate formation of RAD51 foci. 
In all HPV neg. cell lines this induction of RAD51 foci 
was almost completely abolished when pretreated with 
roscovitine (p=0.007). Surprisingly, in HPV pos. cell 
lines, RAD51-foci formation was strongly reduced when 
compared to HPV neg. cell lines with a somewhat moderate 
formation of foci only in UM-SCC-104 cells (Figure 
2D; Supplementary Figure 2, right charts). The fact that 

RAD51-foci formation is reduced in HPV pos. cell lines 
when compared to HPV neg. cell lines strongly suggests 
that HPV pos. cell lines are characterized by an impaired 
HR. In contrast to the HPV neg. cell lines the addition of 
roscovitine had only little impact on RAD51-foci formation 
in HPV pos. cell strains, which further supports the finding 
of an intrinsic HR defect.

Roscovitine strongly enhances the radiation-
induced G2 arrest in HPV neg. but not in HPV 
pos. cell lines

An impaired HR is generally known to result in a 
pronounced G2 arrest when cells have to deal with un-
repaired DNA-damage [31]. Therefore, we tested whether 
the suppression of RAD51 foci formation by roscovitine is 
accompanied by a respective increase in G2 arrest. To this 
end, flow cytometry was used to measure the cell-cycle 
distribution at 0, 12, 24 and 48 h after treatment (Figure 
3A and 3B, Supplementary Figure 3). Treatment of cells 
by 10 μM roscovitine alone results in a modest increase in 
G2 phase (Figure 3B, Supplementary Figure 3). A much 
stronger G2 arrest was seen after radiation with 6 Gy 
alone, which was especially pronounced in HPV pos. cell 
lines as previously already reported [24, 25]. Similar but 
less pronounced G2 arrest was seen after 2 Gy (data not 
shown). In HPV neg. cell lines the radiation-induced G2 
arrest was strongly enhanced when cells were pretreated 
by roscovitine as can be especially seen 48 h after 
treatment (Figure 3B, left chart; Figure 3C, p=0.002). In 
contrast, in HPV pos. cell lines pretreatment by roscovitine 
did generally not alter the cell cycle distribution after 
irradiation (Figure 3B, right chart; Figure 3D). Solely for 
the HPV pos. cell line UM-SCC-47 a marked change was 
seen (Supplementary Figure 3). Here, roscovitine appears 
to prevent the radiation-induced G2 arrest by an increase 
in G1 suggesting the induction of a transient G1 arrest.

Overall these data demonstrate that roscovitine 
specifically enhances the radiation-induced G2 arrest in 
HPV neg. cell lines resulting in an amount similar to the 
one observed in HPV pos. cell lines after irradiation alone. 
Since 10 μM roscovitine alone did not affect cell cycle 
progression, the increase in G2 arrest can be considered 
to result from the strong inhibition of HR achieved by 
roscovitine in HPV neg. cell lines as described above.

Roscovitine and olaparib affect DSB repair 
differently in HPV neg. and HPV pos. HNSCC 
cell lines

We investigated in how far the effect of roscovitine 
on HR and cell-cycle distribution finally results in an 
altered number of unrepaired DSBs as can be analyzed by 
the detection of γH2AX foci. To this end, the number of 
residual γH2AX foci was measured 24 h after irradiation 
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with 2 Gy using the HPV neg. cell line UM-SCC-3 and 
the two HPV pos. cell lines UD-SCC-2 and UM-SCC-47 
(Figure 4A and 4B). In UM-SCC-3 cells, only few γH2AX 
foci remained at 24 h after exposure to irradiation with 2 
Gy (mean foci: 1.2 ± 0.1). Pretreatment with roscovitine 

slightly enhanced the number of γH2AX foci 24 h after 
irradiation (mean foci: 1.7 ± 0.1). In contrast, in the HPV 
pos. cell lines UD-SCC-2 and UM-SCC-47 clearly more 
residual DSBs were found 24 h after irradiation alone 
(mean foci: 5.5 ± 0.1 for UD-SCC-2; 4.7 ± 0.2 for UM-

Figure 2: Roscovitine inhibits RAD51 foci formation only in HPV neg. cell lines. (A) Scheme of RAD51 staining after 
ionizing radiation (IR) and roscovitine (ROSC) treatment. (B/C) Representative pictures of RAD51 foci (red) in G2-phase cells (CenpF 
pos., green) after IR with a dose of 2 Gy with or without ROSC pretreatment (10 μM, 24 h) in one HPV neg. (UM-SCC-3, A, left side) and 
one HPV pos. (UM-SCC-47, B, left side) cell line. Quantification of RAD51 foci in CenpF pos. cells after IR with 2 Gy at indicated time 
points. (D) Quantification of RAD51 foci in all five HPV neg. (left panel) and all five HPV pos. (right panel) cells 4 and 10 h after 2 Gy IR 
± ROSC preincubation. Bars represent grouped mean values ± SEM of 5 HPV neg. / 5 HPV pos. cell lines with 3 independent experiments 
performed per cell line; S = seeding; *p<0.05, **p<0.01; Quantification was performed by counting at least 100 nuclei per sample.
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SCC-47), which is in line with the data reported previously 
[24]. In these cell lines, pretreatment with roscovitine,  
instead of enhancing the number of residual γH2AX foci, 
led to a slight reduction of residual DSBs (Figure 4C).

We additionally analyzed the effect of the PARP-
inhibitor olaparib in combination with roscovitine 
on radiation dependent γH2AX Foci. This inhibitor 

is known to depress the repair of DNA single-strand 
breaks (SSBs) [22]. Therefore, treatment by olaparib 
will enhance the number of un-repaired SSBs that 
collide with replication forks. This leads to one-ended 
DSBs, which are preferentially repaired by HR. As a 
consequence, in cells with impaired HR, pretreatment 
with olaparib will result in an enhanced number of 

Figure 3: Roscovitine leads to additional G2 arrest only in HPV neg. cells. (A) Scheme of cell-cycle analysis after ionizing 
radiation (IR) and roscovitine (ROSC) treatment. (B) Representative DNA histograms of UM-SCC-3 (HPV neg., left panel) and UD-
SCC-2 (HPV pos., right panel) cells in control samples and 0 - 48 h after treatment with ROSC (10 μM) and/or IR (6 Gy); G1-phase cells: 
green, S-phase cells: orange, G2-phase cells: blue. (C/D) Quantification of the G2 phase fraction 48 h after IR ± roscovitine in HPV neg. 
(C) and HPV pos. (D) cell lines presented for the individual cell line and also grouped by HPV status. Mean values ± SEM with at least 3 
independent experiments performed per cell line; S = seeding; **p<0.01.
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residual DSBs. The data presented above suggest that 
this DSB repair pathway is impaired in HPV neg. cell 
lines when pretreated by roscovitine, while HPV pos. cell 
lines show an intrinsically impaired HR (Figure 2). In 
agreement with these findings, for the HPV neg. cell line 
an increase in γH2AX foci was only seen when olaparib 
was combined with roscovitine, whereas for the two HPV 
pos. cell lines, the number of residual γH2AX foci was 
already enhanced when pretreated by olaparib alone. For 
these cell lines, no further increase, or even a reduction 
in foci number was seen when cells were additionally 
pretreated by roscovitine (Figure 4C).

Roscovitine and olaparib differently affect 
radiosensitivity in HPV neg. and HPV pos. cell 
lines

Finally, we investigated whether the different 
effects on DSB repair observed for HPV neg. and pos. 
cell lines treated either with roscovitine or olaparib alone 
or in combination prior to irradiation will also translate 
into different effects on cellular survival as determined 
by colony formation assay (Figure 5A). Both, the HPV 
neg. cell line UM-SCC-3 as well as the HPV pos. cell line 
UD-SCC-2 were exposed to irradiation with 0, 2 and 4 

Figure 4: Roscovitine and olaparib affect DSB repair differently in HPV neg. and pos. cell lines. (A) Scheme of γH2AX 
staining after ionizing radiation (IR), roscovitine (ROSC) and olaparib (Ola) treatment. (B) Representative photos of residual γH2AX 
foci in UM-SCC-3 (HPV neg., left panel) and UD-SCC-2 as well as UM-SCC-47 cells (HPV pos., middle and right panel) detected 24h 
after irradiation with 2 Gy alone or after pretreatment either with ROSC (10 μM) or Ola (1 μM) alone or the combination of both. (C) 
Quantification of the number of residual γH2AX foci measured 24 h after IR in UM-SCC-3, UD-SCC-2 as well as UM-SCC-47 cells. The 
number of foci in the corresponding unirradiated cells was subtracted as background. Quantification was performed by counting at least 200 
nuclei per sample. Mean values ± SEM with 3 independent experiments performed per cell line; S = seeding.
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Gy either alone or in combination with 10 μM roscovitine 
and/or 1 μM olaparib (Figure 5B and 5C). To adjust for 
similar colony growth, cells were stained at different 
time intervals after irradiation, ranging from 9 up to 21 
days. For the HPV neg. cell line both, roscovitine and 
olaparib, applied as single agent led to a mild increase in 
radiosensitivity. This effect was clearly enhanced when 
cells were pretreated with both inhibitors (Figure 5C, left 
chart). In contrast, for the HPV pos. cell line UD-SCC-2 
roscovitine alone did not affect the radiosensitivity at all, 
while a strong radiosensitization was observed when cells 
were pretreated by olaparib with no further enhancement 
when additionally pretreated by roscovitine (Figure 5C, 
right chart).

Similar data were obtained when colony formation 
was measured in the other HPV neg. and pos. cell 

lines using a single dose of 4 Gy (Figure 5D and 5E). 
Treatment with olaparib alone or in combination with 
roscovitine affected cell survival to a minor extent in 
both HPV neg. and pos. cell lines (Figure 5D). When 
treatment with roscovitine or olaparib was combined 
with irradiation, generally a small reduction in cell 
survival was observed for the HPV neg. cell lines, except 
UT-SCC-33 (Figure 5E; Supplementary Figure 4, left 
charts). For this cell line, pretreatment with roscovitine 
did not result in radiosensitization. This corresponds with 
the observation that HR appears to be slightly impaired 
in this cell line but not in other HPV neg. cell lines 
(Supplementary Figure 2). However, when radiation 
was combined with both roscovitine and olaparib, a 
significant radiosensitization was seen for all HPV neg. 
HNSCC cell lines (Figure 5E, Supplementary Figure 4).

Figure 5: Roscovitine and olaparib affects radiosensitivity differently in HPV neg. and pos. cell lines. (A) Scheme of 
colony formation after ionizing radiation (IR), roscovitine (ROSC) and olaparib (Ola) treatment. (B) Representative photos of colonies 
obtained for UM-SCC-3 cells after IR ± treatment with ROSC and/or Ola. Colonies were fixed and stained at different time intervals after 
IR to allow colonies to grow to equal size. (C) Radiosensitivity of UM-SCC-3 (HPV neg., left panel) and UD-SCC-2 (HPV pos., right 
panel) cells as measured by colony formation assay after pretreatment with ROSC (10 μM) and/or Ola(1 μM) before exposure to IR with 
the indicated doses. (D) Clonogenic survival of HPV neg. (left panel) and HPV pos. (right panel) cells as determined after incubation with 
ROSC and/or Ola alone. Cells were grouped according to their HPV-status. (E) Clonogenic survival of HPV neg. (left panel) and HPV 
pos. (right panel) cells as measured after 4 Gy alone and after pretreatment with ROSC and/or Ola. Bars represent grouped mean values ± 
SEM of 5 HPV neg. / 5 HPV pos. cell lines with at least 3 independent experiments performed per cell line; S = seeding; *p<0.05, **p<0.01, 
***p<0.001.
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As shown for UD-SCC-2 (Figure 5C, right chart) 
and additionally for the other HPV pos. HNSCC cell 
lines, no change in radiosensitivity occurred after 
pretreatment with roscovitine, in contrast to a significant 
increase in radiosensitivity when cells were pretreated 
with olaparib (Figure 5E; Supplementary Figure 4, right 
charts). This effect was largely unaltered when cells were 
additionally pretreated by roscovitine with, however, 
some variation. For UM-SCC-104 cells, olaparib alone 
increased radiosensitivity only to a small extend, which 
is in agreement with the still partly active HR detected 
for this particular HPV pos. cell line (Supplementary 
Figure 2). Surprisingly, for UM-SCC-47 cells the strong 
radiosensitization achieved by olaparib was even partly 
diminished when cells were also pretreated by roscovitine.

These data correspond well with our findings on 
residual γH2AX foci (Figure 4), as also demonstrated by 
the excellent correlation between the number of residual 
γH2AX foci measured after the different treatments with 
the respective SF (Supplementary Figure 5). Overall, 
these data demonstrate that the effect of roscovitine and 
olaparib on cellular radiosensitivity clearly depends on the 
HR capacity of the respective HNSCC cell line and this 
capacity strongly depends on the HPV status.

DISCUSSION

The aim of this study was to test, whether the 
radiosensitivity of HPV neg. and HPV pos. HNSCC cell 
lines can be enhanced by the CDK inhibitor roscovitine.

The study was performed with HNSCC cell lines 
previously described to carry the typical features of 
HPV neg. and pos. HNSCC tumors. For HPV neg. cell 
lines, these are a low expression of p16, mutated p53 
and a low radiosensitivity, while for HPV pos. HNSCC 
cell lines a high expression of p16, wild-type p53 and 
an enhanced radiosensitivity are characteristic attributes 
[24–26]. Previous data also demonstrated that the groups 
of HPV neg. as well as HPV pos. HNSCC cell lines 
are characterized by a considerable variation in cellular 
radio- and chemosensitivity [24–26, 32, 33]. Therefore, 
experiments were carried out with five cell lines in each 
group to account for this heterogeneity.

Roscovitine is one of the first generation CDK 
inhibitors targeting a rather broad spectrum of CDKs via 
direct binding to the ATP site and with the highest impact 
on CDK1 and 2. Roscovitine alone was found to cause a 
slight increase of pCDK1 at T161 and pCDK2 at T160 
(Figure 1D–1G), which was considered to result in the 
moderate G2 arrest detected (Supplementary Figure 3). 
Roscovitine was also found to suppress cell proliferation 
in a dose dependent manner with an almost complete 
block at 20 μM (Figure 1A). At 10 μM, treatment by 
roscovitine for 48 h also led to a mild reduction of colony 
formation (Figure 1B). Effects on proliferation and on 
colony formation appeared to be slightly more pronounced 

for HPV pos. cell lines. This might be due to the moderate 
G2 arrest and to the somewhat higher level of apoptosis 
found for HPV pos. cell lines when treated by roscovitine 
(Supplementary Figures 3 and 6).

An antiproliferative and cytotoxic effect of 
roscovitine was already observed in several other tumor 
models [8–10], which was likewise associated with an 
enhanced apoptosis as well as G2 arrest as proven here. 
Gary et al. [12], studying the effect of roscovitine on cell 
viability, also found that HPV pos. HNSCC cell lines 
possessed a higher sensitivity with, however, a much 
greater difference between HPV pos. and HPV neg. cell 
lines than observed in this report.

It was previously reported that DSB repair is 
generally less effective in HPV pos. cell lines when 
compared to HPV neg. cell strains [24, 25, 34, 35]. On 
the basis of RAD51-foci kinetics in CenpF+ cells after 
irradiation, we show here that all five HPV pos. cell lines 
are defective in HR, in contrast to an intact HR observed 
in all five HPV neg. HNSCC cells lines (Figure 2). An 
impaired HR was previously also detected for the two 
HPV pos. cell lines UM-SCC-47 and UPCI:SCC154 
[35]. Recently, such defect was also proven in a small 
set of tumor biopsies taken from HPV pos. HNSCC [36]. 
Overall these data strongly suggest that HPV pos. HNSCC 
are characterized by a defective HR, which results in a 
less efficient DSB repair when compared to HPV neg. 
HNSCC. Certainly, more data obtained from patient 
derived samples are needed to confirm this important 
finding.

The underlying molecular mechanisms causing 
a defect in HR in HPV pos. HNSCC cell lines are not 
yet fully understood. It was reported that RAD51 is 
over-expressed in HPV pos. cell lines due to the effect 
of oncoprotein E7 [34], but that the recruitment of 
RAD51 to DSBs might be impaired due to a severely 
reduced expression of the RAD51 loading factor BRCA2 
[35]. However, in a large analysis of 89 HNSCC tumor 
specimens, including 36 HPV pos. samples no such 
differences or even the opposite trend was found [37]. 
Recent data indicate that HR might be functionally 
defective in HPV pos. cell lines, because the up-regulation 
of p16 causes a down-regulation of cyclin D1, which also 
implicates on the loading of RAD51 to the sites of DNA 
damage [38–40].

CDK1 and 2 are also known to be involved in HR. 
CDKs activate proteins, such as Exo1, BRCA1/2 and 
CtIp to promote early steps in HR that are necessary 
to induce RAD51 foci [21–23]. As a consequence, the 
CDK1/2 inhibitor roscovitine can be used to inhibit HR 
[41]. This is now also shown here for all five HPV neg. 
cell lines (Figure 2). In contrast, no effect was achieved 
in the HPV pos. cell lines, because in these cells HR was 
already impaired without any treatment (Figure 2). In 
agreement with this, for HPV neg. but not for HPV pos. 
cell lines the radiation-induced G2 arrest was strongly 
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enhanced, when cells were pretreated by roscovitine 
(Figure 3). After combined treatment in HPV neg. cells 
the G2 arrest was as prominent as in HPV pos. cell lines 
obtained after irradiation alone (Figure 3B and 3C). These 
data also imply that the diverging effects seen when HPV 
neg. and pos. cell lines are treated by roscovitine do not 
result from a different effect on pCDK1 and pCDK2, since 
these effects are rather similar (Figure 1), but are primarily 
caused by the difference in HR competence.

In line with these findings we also observed for 
HPV neg. cell lines that the radiosensitivity as determined 
by colony formation assay is clearly enhanced, when cells 
were pretreated by roscovitine, whereas for HPV pos. cell 
lines no such radiosensitization occurred (Figure 5). Other 
authors already reported, that pretreatment by roscovitine 
may lead to an enhanced radiosensitivity of tumor cells 
[9, 16, 17]. It is now shown here for HNSCC cell lines for 
the first time that this effect strongly depends on the HPV 
status of the cell strains (Figure 5).

A defective HR is generally considered to be an 
ideal target to achieve a pronounced radiosensitization 
via the inhibition of PARP1 [42–44]. This inhibition leads 
to an accumulation of unrepaired SSBs, which - when 
interfering with replication – may lead to one-ended DSBs, 
that are specifically repaired by HR. As a consequence, 
PARP1 inhibition (PARPi) causes lethality in cells 
deficient in HR. Originally, this concept of synthetic 
lethality implies a treatment by PARP-inhibition alone, as 
it is already successfully applied to breast, ovarian and 
prostate cancer patients defective in HR due to mutations 
in BRCA1/2 [42, 45]. It was already shown, that this 
concept may become even more potent when combining 
PARP-inhibition with irradiation, thereby enhancing 
the number of unrepaired SSBs probably colliding with 
replication forks [42–44].

The data presented here indicate, that this extended 
concept of synthetic lethality should also be applied to 
HPV pos. and neg. HNSCC tumors. It is confirmed here 
that the radiosensitivity of HPV pos. HNSCC cell lines 
can be enhanced by olaparib as already demonstrated by 
Güster et al. [46] and it is further shown by us, that this 
is due to a defect in HR. In contrast, for HPV neg. cell 
lines, which are mostly HR proficient, olaparib alone 
leads to only a minor radiosensitization (Figure 5). But 
this effect is strongly enhanced, when HR is depressed by 
pretreatment with roscovitine. Solely when a HPV neg. 
cell line is characterized by an impaired HR, an efficient 
radiosensitization can already be achieved by olaparib 
alone [47].

The different effects of roscovitine and/or olaparib 
on HR were found to result in clear differences in residual 
DSBs finally causing the respective effects measured for 
the cellular radiosensitivity as indicated by the excellent 
correlation of these two endpoints in the three cell lines 
tested (Supplementary Figure 5). This was also true for UM-
SCC-47, where surprisingly roscovitine strongly diminished 

the effect of olaparib in both colony formation and residual 
DSBs (Supplementary Figure 4, right charts; Figure 5, right 
chart). This cell line differed from the other HPV pos. cell 
lines with respect to cell-cycle changes measured after the 
different treatments (Supplementary Figure 3). We found 
that solely for this cell line pretreatment by roscovitine 
led to a decrease of cells in G2 phase with an increase in 
G1 phase probably suggesting induction of a transient G1 
arrest by roscovitine. Due to this increase in G1 phase, 
UM-SCC-47 cells might have more time to repair DSBs 
by non-homologous end joining (NHEJ), but most of all 
also to remove SSBs before entering the S phase even when 
SSB-repair is depressed by olaparib. As a consequence, 
less unrepaired SSBs will encounter with replication 
finally resulting in less residual γH2AX foci leading to an 
improved cellular survival. After roscovitine treatment, such 
a protective G1 arrest was also observed by Crescenzi et al. 
[15] for some cancer cell lines treated with doxorubicin.

Overall, our data suggest that the extended concept 
of synthetic lethality using PARPi and ionizing radiation 
in HR deficient tumors appears to have a great potential 
for HNSCC. Due to this concept, HPV pos. tumors with 
a defective HR should be treated by IR in combination 
with olaparib alone, while for HPV neg. tumors this 
combination should be complemented by roscovitine to 
inhibit HR and thus obtain pharmacologically induced 
synthetic lethality.

The concept of synthetic lethality always requires 
a stratification of tumors into HR proficient and deficient 
ones. However, so far a general and robust marker to 
identify such a defect in tumor samples is still missing. 
The data provided here (Figure 2) and especially those 
obtained for tumor samples by Bhide et al. [36] indicate, 
that – at least for HNSCC – a positive HPV/p16-status 
may be a robust surrogate for a defective HR.

In summary, our data indicate that the response 
rates of HPV pos. HNSCC tumors might be further 
enhanced when combining IR with olaparib and, even 
more important, that the outcome of patients with HPV 
neg. tumors might be improved by adding roscovitine to 
this combination.

MATERIALS AND METHODS

Cell lines

The five HPV neg. (UM-SCC-11, UM-SCC-6, UM-
SCC-3, UT-SCC-33, UD-SCC-1) and the five HPV pos. 
(UM-SCC-47, UM-SCC-104, UD-SCC-2, 93-VU147T, 
UPCI:SCC152) HNSCC cell lines used were described 
previously by us [25], except UD-SCC-2 (which was 
provided by H. Bier, Munich, Germany) and UM-SCC-3 
(which was provided by T.E. Carey, Michigan USA). 
Authentication of all cell lines was performed by short 
tandem repeat analysis at the German Collection of 
Microorganisms and Cell Cultures (DSMZ, Germany).
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Irradiation (IR) and inhibitors

Irradiation was performed at room temperature 
using the X-RAD 320 iX X-ray tube (Precision X-Ray 
Inc.; 320 kV, 10 mA, filter: 0.5 mm Cu + 0.5 mm Al, dose 
rate: 1.2 Gy/min). For inhibition of CDKs, roscovitine 
(Calbiochem; Stock 20 mM in DMSO) was added in a 
final concentration of 10 μM, if not mentioned otherwise. 
PARP-1 was inhibited by olaparib (Selleckchem; Stock: 
10 mM in DMSO) in a final concentration of 1 μM. If not 
stated otherwise, roscovitine was added 24 h and olaparib 
2 h prior to irradiation and removed 24 h later. An equal 
amount of DMSO was used as solvent control.

Cell proliferation

For cell proliferation analysis, 8×104 cells were 
seeded in 3.5 cm petri dishes and counted twice daily for 
7 days. Roscovitine was added in increasing doses (0, 5, 
10, 20 μM) directly while seeding cells. The number of 
cells was assed manually using a Neubauer chamber and 
cell number was calculated relative to the surface area of 
the petri dish. Dead cells were excluded by trypan blue 
staining and analyzed separately.

Colony formation

Cells were seeded in hexaplicates in 6-well plates in 
various cell numbers, depending on cell line. Roscovitine 
was added directly to cells while seeding and irradiation 
was performed 24 h later. In case of PARP-1 inhibition, 
cells were treated with olaparib 2 h before irradiation. 
All inhibitors were washed out 24 h after irradiation by a 
medium change using conditioned medium (fresh medium 
mixed with cell line specific, filtered supernatant; 3:1). 
In case of UD-SCC-1, 50% AmnioGrow Plus medium 
(Cytogen) was added to conditioned medium to facilitate 
colony formation. For colony formation cells were 
incubated for 9 to 21 days depending on cell line and 
treatment. Because treatment with inhibitors or irradiation 
delayed colony formation, treated samples were allowed to 
grow for extended periods of time and fixed when colonies 
reached equal size to control samples. After fixation and 
staining (10% formaldehyde with 0.1% cristal violet) 
colonies of at least 50 cells were counted manually and 
survival was calculated as previously described [32].

Immunofluorescence

Cells were grown on glass cover slips and incubated 
with roscovitine 24 h after seeding. After incubation 
for 24 h cells were irradiated with a dose of 2 Gy. For 
analysis of RAD51 foci, cells were fixed and stained at 
various time points (2-24 h) after irradiation with 4% 
paraform-aldehyde/PBS for 10 min and stored at 4 °C 
over night. For evaluation of γH2AX foci the fixation 
was performed 24 h after irradiation. Fixed cells were 

permeabilized with 0.2% Triton X-100, 1% BSA/PBS 
for 10 min and blocked in 3% BSA/PBS for 1 h. Primary 
antibody incubation was done for 1 h at room temperature 
using the following antibodies: mouse monoclonal anti-
phospho-S139-H2AX antibody (1:500, clone: JBW301, 
Millipore), mouse monoclonal anti-RAD51 antibody 
(1:1000, clone 14b4, Abcam) and rabbit polyclonal anti-
CenpF antibody (1:750, Lifespan Bioscience). After 
washing three times with 0.5% Tween20/PBS for 10 
min, the cells were incubated for 1 h with secondary anti-
mouse Alexa-fluor594 (1:800, Invitrogen) and anti-rabbit 
Alexa-fluor488 (1:1200, Invitrogen). Cells were again 
washed three times and mounted in ProLong Gold antifade 
reagent (Invitrogen) including DAPI for staining of 
nuclei. Immunofluorescence was analyzed using the IX81 
microscope (objective: 60x, Olympus) and Xcellence 
Software (Olympus). For analysis z-stacked images were 
taken from each sample and foci counted manually. The 
number of foci in irradiated samples was calculated by 
background subtraction from non-irradiated controls. 
All experiments were performed at least two times in 
duplicates and at least 150 nuclei were counted.

Cell-cycle analysis

For analysis of cell-cycle distribution, cells 
pretreated with roscovitine (24 h) were fixed at 0, 12, 24 
and 48 h after irradiation (6 Gy), stained with propidium 
iodide and examined by flow cytometry as previously 
described [32]. The proportion of cells in cell-cycle phases 
was analyzed using FlowJo V7.6.1 software (Tree Star 
Inc.).

Western blotting

Proteins form whole cell extracts were generated and 
western blot was performed as previously described [32]. 
The following antibodies from Cell Signaling Technology 
were used: rabbit anti-phospho-Thr160-CDK1 antibody, 
rabbit monoclonal anti-CDK2 antibody (clone: 78B2), 
mouse monoclonal anti-cdc2 antibody (clone: POH1) 
and rabbit anti-phospho-Thr161-cdc2 antibody all used 
in a dilution of 1: 1000. Rabbit monoclonal anti-GAPDH 
antibody (1:3000, clone: 14C10) was used as loading 
control. Band density was measured using the Quantity 
One software (Bio-Rad), and values were normalized to 
corresponding GAPDH loading control.

Graphs and statistics

If not stated otherwise, all experiments were 
performed in triplicates and repeated at least three times. 
Data are presented as mean values ± standard error of 
the mean (SEM). Students t-test was used to check for 
statistical significance with significance level p<0.05. All 
statistical analysis and graphics were made using Graph-
Pad Prism 5.0 program (GraphPad Software).
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