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ABSTRACT

Radiation and chemotherapy that are commonly used to treat human cancers 
damage cellular DNA. DNA damage appears to be more toxic to cancer cells than 
normal cells, most likely due to deregulated checkpoint activation and/or deficiency 
in DNA repair pathways that are characteristics of many tumors. However, unwanted 
side effects arise as a result of DNA damage to normal cells during the treatment.

Here, we show that roscovitine, a cyclin-dependent kinase (CDK) inhibitor that 
inhibits CDK-1, CDK-2, CDK-5, CDK-7, and CDK-9 due to competitive binding to the 
ATP site on the kinases, causes significant DNA damage followed by p53-dependent 
cell death in human papilloma virus (HPV)-positive, but not in HPV-negative, head and 
neck cancer cells. Since HPV positivity was a molecular marker for increased sensitivity 
of cells to roscovitine, we reasoned that systemic roscovitine administration would not 
be toxic to healthy HPV-negative tissue. Indeed, low roscovitine doses significantly 
inhibited the growth of HPV-associated xenografted tumors in mice without causing 
any detectable side effects.

Given that inhibition of CDKs has been shown to inhibit replication of several 
viruses, we suggest that roscovitine treatment may represent a selective and safe 
targeted therapeutic option against HPV-positive head and neck cancer.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) 
is the eighth most prevalent type of cancer in the world. 
Although incidence rates of HNSCC have been steadily 
declining from the 1980s to present, there has been an 
ominous rise in the incidence of a particular subset of 
HNSCC during the same time period: oropharyngeal 
squamous cell carcinoma (OPSCC) [1, 2]. About 70% 
of OPSCCs are associated with HPV, an 8kb double 
stranded DNA virus that has been classically known as 
the primary etiological agent of cervical cancer, and is 
now considered a major cause of OPSCC [3, 4]. Although 
the prevalence of HPV in HNSCC is relatively lower 
overall (estimated to be around 20%) than that found in 
OPSCC, HPV status nonetheless is now considered a 

major risk factor for developing HNSCC along with the 
traditional risk factors of alcohol and tobacco use [5, 
6]. The majority of HPV-positive (HPV+) OPSCCs are 
associated with the high-risk HPV16 strain, which is also 
the most common strain found in HPV+ cervical cancers 
[7, 8]. Patients with HPV+ OPSCC can be viewed as a 
separate population from HPV- HNSCC patients, partially 
because they have higher response to treatment, increased 
overall survival, lower risk of disease progression, and 
lower risk of recurrence in response to chemotherapy and 
radiation treatment [7–9]. However, even though HPV+ 
patients respond better to conventional therapies, they 
suffer from the deleterious side effects of chemotherapy 
and radiation, and are still at risk for developing 
chemotherapy resistance. According to the most recent 
National Comprehensive Cancer Network (NCCN) 

               Research Paper



Oncotarget38599www.impactjournals.com/oncotarget

guidelines on head and neck cancer, the HPV status of 
a cancer should not change management decisions and 
treatment paradigms outside of clinical trials; rather, it is 
used for prognosis [10]. However, given the recent rise of 
HPV+ OPSCC and the apparent differences in underlying 
disease mechanisms between HPV-positive and HPV-
negative OPSCCs, we sought to investigate whether a 
novel targeted therapy, aimed at exploiting the HPV status 
of HNSCC, could provide an effective treatment with less 
harmful side effects to patients.

Activation of CDKs appears to be the most 
important regulatory step in cell cycle progression. As 
their name implies, CDKs form complexes with cyclins 
and initiate a cascade of downstream signaling events 
that prompt the cell to synthesize DNA, initiate mitosis, 
and finally complete the cell cycle. Dysregulation of 
this process is frequently implicated in cancer. As such, 
small molecule CDK-inhibitors have become promising 
as potential targeted anti-neoplastic agents, with over a 
hundred different CDK-inhibitors currently in varying 
stages of clinical trials [11]. Roscovitine is one such 
CDK-inhibitor. It competes for the ATP-binding site of 
CDKs and primarily inhibits CDK2 along with CDK1, 
CDK5, CDK7, and CDK9 [12–14]. Roscovitine has 
been shown to have cytotoxic effects in numerous human 
cancer cell lines and is currently in phase II clinical trials 
for non-small-cell lung and nasopharyngeal cancers [15–
17]. Besides the aforementioned antitumor properties, 
roscovitine was of particular interest to our study because: 
1) roscovitine was shown to be highly cytotoxic towards 
HPV18 and HPV16-positive human cervical cancer 
cells [18, 19], and 2) roscovitine was shown to inhibit 
the replication and DNA synthesis of herpes simplex 
virus [18, 20]. In our study, roscovitine was found to 
be particularly cytotoxic to HPV+ HNSCC cell lines 
compared to HPV- head and neck cancer cells, suggesting 
that the sensitivity of HNSCC cells to roscovitine is 
dependent on HPV status and reinforcing the potential of 
roscovitine as a novel anti-HPV+ HNSCC agent. HPV+ 
HNSCC cells were particularly sensitive to roscovitine, 
because roscovitine treatment selectively induced DNA 
damage, thus triggering p53-dependent cell death in 
HPV+, but not in HPV- HNSCC cells. Finally, low doses 
of roscovitine significantly retarded the rate of tumor 
growth of HPV+ HNSCC cells in vivo without causing 
any apparent side effects. These findings all support the 
potential of roscovitine as a novel anti-HPV+ HNSCC 
agent.

RESULTS

Sensitivity of head and neck cancer cells to 
roscovitine depends on HPV status

Since previous studies suggested that cervical 
cancer cells were sensitive to roscovitine and experienced 

both significant inhibition of proliferation and increased 
caspase-mediated apoptosis in response to roscovitine 
treatment [18, 19], we first tested whether HPV status had 
an effect on the sensitivity of head and neck cancer cells to 
roscovitine. A survival assay was performed to gauge the 
response of four HPV-negative (SCC61, SCC35, FaDU, 
and UNC-7) and three HPV-positive (UMSCC47, SCC090 
and SCC104) HNSCC cell lines to different roscovitine 
concentrations. As demonstrated in Figure 1A, the HPV+ 
cancer cell lines experienced significantly decreased 
clonogenic survival in response to roscovitine treatment 
in a dose-dependent manner, when compared to the HPV- 
cancer cell lines. Among HPV- cells, the sensitivity to 
roscovitine was not dependent on p53 mutation status, as 
there was no significant variations between wild type p53 
expressing UNC7 cells and mutant p53 carrying SCC61, 
SCC35, and FaDU cell lines. Furthermore, the greatest 
differences between HPV+ and HPV- cancer cell lines 
roscovitine sensitivity were found at lower concentrations 
of roscovitine administered, reinforcing the therapeutic 
potential of roscovitine as a selective agent against HPV+ 
head and neck cancer cells.

Roscovitine promotes p53- and ATM-
independent stimulation of DNA damage 
response selectively in HPV+ head and neck 
cancer cells

Given that HPV status confers sensitivity to 
roscovitine in head and neck cancer cells, we next 
investigated the potential mechanism of this sensitivity. 
Roscovitine has been shown to stabilize and activate wild-
type p53 and induce apoptosis in multiple human cancer 
cell lines [21–23], including HPV18-positive cervical 
cancer HeLa cells [19]. Furthermore, roscovitine has been 
reported to activate DNA damage response pathways [24] 
and inhibit DNA damage repair machinery [25], although 
whether roscovitine treatment damages cellular DNA 
remains unclear. We found that roscovitine upregulates p53 
in head and neck cancer cells regardless of p53 mutation 
and HPV status (Figure 1B; HPV-negative SCC61 cells 
harbor mutant p53, while HPV-positive UMSCC47 cells 
have wild type p53). Intriguingly, roscovitine activated 
DNA damage response, as detected by phosphorylation of 
H2AX (ƳH2AX), in HPV-positive UMSCC47 cells only 
(Figure 1B). In contrast, we found a significant decrease 
in H2AX phosphorylation in HPV-negative SCC61 head 
and neck cancer cells after roscovitine treatment (Figure 
1B). Depletion of p53 with p53 shRNA neither abrogated 
ƳH2AX induction in HPV-positive, nor redaction of 
H2AX phosphorylation in HPV-negative cells (Figure 
1B). Interestingly, DNA damage-responsive kinase, ATM, 
was not activated by roscovitine treatment in any cells 
tested (Figures 1B, 2C), suggesting that stimulation of 
DNA damage response by roscovitine treatment proceeded 
via an ATM-independent pathway in HPV-positive cells. 
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Similar results were obtained in another HPV+ cell 
line, SCC090, in which roscovitine treatment resulted 
in activation of DNA damage response, as indicated by 
elevated phosphorylation of H2AX, independently of 
the presence or absence of p53 (Figure 1C). In addition, 
analogous to the results obtained with HPV- SCC61 
cells, 24 hour treatment with roscovitine downregulated 
phosphorylation of H2AX in two other HPV-negative 
head and neck cancer cells, SCC35 and Fadu, with 
γH2AX levels restored back to control untreated cells 48 
hours after the treatment (Figure 1D). Thus, roscovitine 
activated DNA damage response selectively in HPV+, but 
not in HPV- head and neck cancer cells.

Roscovitine treatment activates p53 and induces 
p53-dependent HPV-positive cell death

The tumor suppressor wild type p53 is a powerful 
inducer of cell death in response to diverse stress signals, 
including DNA damage. In HPV-positive cancer cells, 
the HPV oncoprotein E6 induces degradation of p53 
through ubiquitin-mediated proteolysis, leading to the 
loss of p53 activity. However, we found that roscovitine 

treatment elevated p53 levels in HPV+ head and neck 
cancer cells (Figure 1B). In order to determine whether 
the increased sensitivity of HPV+ cells to roscovitine 
is due to upregulation and activation of wild type p53, 
we transiently transfected UMSCC47 cells with psuper 
control or psuper p53 shRNAs. Indeed, depletion of p53 
resulted in increased survival of UMSCC47 cells (Figure 
2A) after roscovitine treatment. The classical p53 target 
gene, CDKN1A, was upregulated by roscovitine in 
HPV+ SCC090 cells on mRNA (Figure 2B) and protein 
levels (Figure 2C), suggesting that roscovitine-elevated 
p53 is transcriptionally active. Depletion of p53 with 
shRNA partially abolished p21 induction after roscovitine 
treatment (Figure 2C), further confirming roscovitine-
induced p53 transcriptional activation.

Next, we attempted to find a mechanism of p53 
induction in HPV-positive head and neck cancer cells after 
roscovitine treatment. First, we determined the expression 
of p53 negative regulator HPV E6. Interestingly, 
roscovitine treatment differently affected HPV E6 levels in 
two HPV-positive cell lines: while roscovitine decreased 
HPV E6 expression in UMSCC47 cells, it upregulated 
HPV E6 mRNA in SCC090 cell line (Figure 2D, top). 

Figure 1: Roscovitine induces p53- and ATM-independent phosphorylation of H2AX and selectively inhibits growth 
in HPV-positive head and neck cancer cells. A. Survival after increasing doses of roscovitine was determined in HPV-negative 
SCC35, SCC61, FaDu and UNC-7 (labeled in black) and HPV+ UMSCC47, SCC104 and SCC090 (labeled in grey) head and neck cancer 
cell lines; standard deviations are calculated from four independent experiments. B. HPV- SCC61 and HPV+ UMSCC47 cells expressing 
either control, or p53 shRNAs, were treated with 20μM of roscovitine; immunoblotting with indicated antibodies was performed 24 hours 
after the treatment. C. HPV+ SCC090 cells transfected with control or p53 shRNA were treated with roscovitine for 24h and immunoblotted 
with ƳH2AX antibody. D. Two HPV- cells lines, FaDu and SCC35, were treated with 20μM of roscovitine for 24 and 48 hours and 
immunoblotted with indicated antibodies.
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Despite the opposite effect on HPV16 E6 mRNA levels, 
roscovitine treatment induced p53 protein in both cell 
lines (Figure 2D, bottom). Thus, p53 was upregulated 
by roscovitine independently of HPV E6 expression. To 
prove that roscovitine-induced DNA damage stabilized 
p53 in HPV-positive head and neck cancer cells, we 
treated SCC090 cells the with radiomimetic drug zeocin. 
As expected, zeocin induced DNA damage, as indicated 
by increased phosphorylation of H2AX, and upregulated 
p53 protein (Figure 2E). In contrast to roscovitine, zeocin 
activated ATM, resulting in phosphorylation of p53 at 
Ser15. Similar to UMSCC47 cells (Figure 1B), roscovitine 
triggered DNA damage response and upregulated the total 
level of p53, while it did not activate ATM and did not 
induce p53 phosphorylation at Ser15 in SCC090 cells 
(Figure 2E).

Together, our data suggested that roscovitine 
activates ATM-independent DNA damage response that 
stabilizes p53 and promotes p53-dependent cell death in 
HPV+ head and neck cancer cells.

Roscovitine does not induce DNA double strand 
breaks as indicated by the absence of 53BP1 foci 
formation

Phosphorylation of H2AX at Ser139 is commonly 
used as a marker for general DNA damage; it is also 
elevated in the process of apoptosis, during progression of 
replication forks, and in G2/M arrest [26–28]. To determine 
which particular events caused the phosphorylation of 
H2AX in HPV-positive head and neck cancer cells after 

Figure 2: Roscovitine treatment activates p53 and induces p53-dependent suppression of HPV-positive cells growth. A. 
HPV+ UMSCC47 cells were transiently transfected with control or p53 shRNA and plated for survival after the treatment with increasing 
doses of roscovitine; standard deviations are calculated from two independent experiments. B. Relative mRNA levels of p53 target gene 
CDKN1A (p21) in HPV-positive SCC090 cells treated or not with 20 μM roscovitine for 24 hours; standard deviations are calculated from 
two independent experiments. C. SCC090 cells were treated or not with roscovitine, lysed, and immunoblotted with indicated antibodies. 
D. HPV-positive UMSCC47 and SCC090 cells were treated or not with roscovitine; the cells were collected and HPV16 mRNA levels were 
determined in qRT-PCR (top), or p53 protein levels were determined in Western Blot (bottom). E. HPV-positive SCC090 cells were treated 
for 24 hours with roscovitine, or zeocin, or left untreated as a control, lysed and immunoblotted with indicated antibodies.
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roscovitine treatment, we tracked the formation of 53BP1 
foci as a marker of DNA double strand breaks (DSBs) 
[29, 30]. Confirming our immunoblotting data, showing 
changes in H2AX phosphorylation (Figure 1B, 1C and 
1D), treatment with roscovitine induced formation of 
γH2AX foci in HPV+ cells, UMSCC47, and SCC090, 
while reduced the number of γH2AX-positive cells in 
HPV- cell line SCC61 (Figure 3A and 3B). However, no 
significant differences in the number of 53BP1-positive 
cells in control untreated and roscovitine treated samples 
were found in any of cell lines tested (Figure 3A and 3B). 
This suggested that roscovitine treatment does not induce 
formation of DNA DSBs.

Roscovitine induces RPA foci formation in 
HPV+, but not in HPV- head and neck cancer 
cells

Due to its strong affinity to single stranded DNA 
(SSD) and ability to attract other proteins to these sites, 
Replication Protein A (RPA) complex has been shown 
to be an essential player in transcription, replication, and 
repair [31–34]. Because of the rapid accumulation of RPA 
at DNA single strand breaks (SSBs) and resected DSBs, 
an increased number of cellular RPA foci indicates an 
accumulation of SSD [35]. Interestingly, a substantial rise 
of RPA-positive cells, as well as partial co-localization 
of RPA and γH2AX foci, were found 24 hours after 

roscovitine treatment of HPV+ UMSCC47 cells (Figure 
4A and 4B). Conversely, roscovitine neither induced the 
formation of RPA foci, nor the colocalization of RPA 
and γH2AX in HPV- SCC61 cells, again suggesting that 
roscovitine did not induce DNA damage in HPV- cancer 
cells.

Roscovitine induces DNA damage selectively in 
HPV+ head and neck cancer cells

Given the upregulation of γH2AX (Figures 1B and 
1C, 3 and 4) and formation of RPA foci (Figure 4) after 
roscovitine treatment in HPV+, but not in HPV-, head 
and neck cancer cells, we sought to examine whether 
roscovitine did truly selectively induce DNA damage in 
HPV+ cells.

The presence of DNA damage was determined in 
SCC61 and UMSCC47 cell lines using a Comet assay 
(Figure 5). Upon roscovitine treatment, HPV-negative 
SCC61 cells had a significant reduction in the average tail 
length/nuclear diameter ratio, corroborating with decreased 
H2AX phosphorylation (Figures 1B and 1D, 3 and 4), and 
signifying that roscovitine actually reduced the amount 
of damaged DNA present in SCC61 cells (Figure 5). In 
contrast, UMSCC47 cells showed an extensive increase 
in the average tail length/nuclear diameter ratio and a 
substantial right shift towards a higher ratio in the tail length/
nuclear diameter distribution histogram, validating induction 

Figure 3: Roscovitine does not induce DNA double strand breaks as indicated by the absence of 53BP1 foci formation. 
A. HPV- SCC61 and HPV+ UMSCC47 cells were treated with 20μM of roscovitine for 24 hours. Cells were fixed and immunostained 
with γH2AX and 53BP1 antibodies; representative images are shown. B. Quantification of γH2AX and 53BP1 positive cells from two 
independent experiments.
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of H2AX phosphorylation (Figures 1B and 1C, and 3), and 
demonstrating that roscovitine treatment induced DNA 
damage in HPV+ UMSCC47 cells.

Roscovitine treatment results in HPV+ cell death

Since roscovitine has been shown to arrest cells 
in the G1 and G2/M phases of the cell cycle, we then 
investigated if the HPV status of cancer cells would 
confer a different cell cycle distribution after roscovitine 
treatment. Fluorescence activated cell sorting (FACS) was 
performed on SCC61 and UMSCC47 cells treated with 
20μM roscovitine for 24 and 48 hours (Figure 6). HPV- 
SCC61 cells experienced a time-dependent increase in the 

G2/M cells, decrease in the S population and a moderate 
increase in the sub-G1 population upon roscovitine 
treatment, indicating that about 16% of SCC61 cells 
had died 48 hours after roscovitine. In contrast, HPV+ 
UMSCC47 cells showed a significant decrease in the G1 
population 24 and 48 hours after roscovitine application 
and a lesser decrease in the G2 population 48 hours after 
the treatment. Importantly, HPV+ cells experienced a 
major escalation of the sub-G1 population with about 36% 
and 45% of dead cells 24 and 48 hours after roscovitine 
treatment, respectively. Thus, roscovitine induces 
pronounced cell death in HPV+ cells, while transiently 
arresting and moderately killing HPV- head and neck 
cancer cells.

Figure 4: Roscovitine induces RPA foci formation in HPV+, but not in HPV-, head and neck cancer cells. A. HPV- SCC61 
and HPV+ UMSCC47 cells were treated with 20μM of roscovitine for 24 hours. Cells were fixed and immunostained with γH2AX and 
RPA70 antibodies; representative images are shown. B. Quantification of RPA-positive cells from two independent experiments.

Figure 5: Roscovitine induces DNA damage exclusively in HPV+ head and neck cancer cells. A. Representative images of 
Comet assay from HPV- SCC61 and HPV+ UMSCC47 cells untreated or treated with roscovitine for 24 hours. B. Quantification of Comet 
assay from two independent experiments.
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Roscovitine inhibits the growth of HPV+ head 
and neck cancer cells in vivo

To test the potential of roscovitine as a selective 
agent against HPV+ head and neck cancers, a NUDE 
mouse-based xenograft assay was utilized. Mice were 
injected with HPV-positive UMSCC47 cells, and after 
tumors reached a measurable size, the mice were given 
16.5 mg/kg doses of intraperitoneal roscovitine or vehicle 
injections. Tumor sizes were measured two times per week 
and mice were sacrificed when tumor volumes reached or 
exceeded 0.5 cm3. Roscovitine significantly reduced the 
rate of tumor growth (Figure 7A) and increased survival 
(Figure 7B) of treated mice. Strikingly, roscovitine 
treatment led to complete tumor disappearance in one 
mouse (25%); moreover, no tumor regrowth in this mouse 
was found 5 months after completion of the treatment 
(Figure 7B). Mouse weights did not differ significantly 

between mice treated with roscovitine and control mice, 
and behavioral differences between the two groups were 
also negligible. These results suggest that roscovitine can 
be used effectively as a selective tumor growth inhibitor 
in HPV+ head and neck cancer.

HPV status does not determine the sensitivity 
of head and neck cancer cells to flavopiridol or 
CDK1/2 inhibitor

Roscovitine is selective CDK inhibitor, however, 
it has been shown to affect the extracellular regulated 
kinases, erk1 and erk2, as well as pyridoxal kinase 
(PDXK) that is responsible for the phosphorylation and 
activation of vitamin B6 [36]. To begin determining 
whether HPV+ head and neck cancer cells are sensitive 
to roscovitine due to specific CDK inhibition, we assessed 
the response of HPV-positive and HPV-negative cells to 

Figure 6: Roscovitine induces massive HPV+ cell death. A. Cells were untreated or treated with roscovitine, collected and fixed at 
indicated time points, stained with propidium iodide (PI) and analyzed by flow cytometry. B. Percentage of cells in each phase of the cell 
cycle was quantified in two independent experiments.

Figure 7: Roscovitine suppresses HPV+ tumor growth in vivo. A. HPV+ UMSCC47 head and neck cancer cells were inoculated 
into NUDE mice. When tumors became palpable, mice were treated with 16.5 mg/kg of roscovitine or vehicle (4 mice in each group) at 
days indicated with arrows; tumor volume is presented. B. Mice were sacrificed, when tumors reached volume of 500 mm3, survival of mice 
in the control and roscovitine-treated groups is presented.
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another broad CDK inhibitor, flavopiridol [37, 38], as well 
as to specific CDK1/2 [39] and CDK4/6 [40] inhibitors. 
HPV-positive cells are known to overexpress endogenous 
CDK 4/6 inhibitor p16ink4A; moreover, high p16 protein 
level is used as a surrogate marker for HPV in clinic 
[41]. Therefore, it was not surprising that HPV+ head and 
neck cancer cells were completely resistant to chemical 
CDK4/6 inhibitor (Figure 8). Interestingly, although cell 
lines, used in our study, showed different response to both, 
flavopiridol and CDK1/2 inhibitor, their sensitivity was not 
dependent on HPV status. Thus, HPV+ cells UMSCC47 
displayed the highest sensitivity to flavopiridol, while 
another HPV-positive cell line, SCC090, was the most 
resistant to the same treatment (Figure 8). In contrast, 
UMSCC47 cells were relatively resistant to CDK1/2 
inhibition, whereas SCC090 cells exhibited significantly 
increased sensitivity (Figure 8). These data strongly 
suggest that at least CDK1/2 inhibition is not responsible 
for the HPV-dependent sensitivity of cells to roscovitine.

DISCUSSION

Cytotoxic drugs and radiation that are widely used 
in cancer therapy cause various types of DNA damage 
through different mechanisms of action [42]. However, 
systemic drug administration damages DNA not only in 
cancer, but also in normal healthy cells, leading to the 
development of severe side effects and limiting efficacy 
of the treatment. Therefore, drugs that cause DNA damage 
selectively in cancer cells will significantly improve 
outcomes and decrease treatment-associated morbidity, as 
well as reduce the instances of premature termination of 
therapy due to intolerance of side effects. Discovery of 
such drugs seems to be particularly important for patients 
with HPV-associated oropharyngeal squamous cell 
carcinoma due to two reasons. First, it is well established 
that these patients respond better to currently used radio- 
and chemotherapy, as compared to similarly staged HPV-
negative head and neck cancer patients, indicating that 
HPV+ OPSCCs are in general more sensitive to DNA 
damage. Second, as no HPV status therapy de-escalation 

is currently used outside of clinical trials, patients treated 
with DNA damaging therapy are loaded with lifelong-
associated morbidity that includes pronounced swallowing 
and speech dysfunction, mandibular osteoradionecrosis, 
accelerated dental decay, and lymphedema. In addition, 
about 20% of patients with HPV+ HNSCC suffer from 
recurrent cancer and distant metastases, for which 
effective therapies are absent.

In this study, we investigated the potential of 
roscovitine as a novel therapeutic agent against HPV+ 
HNSCC.

Roscovitine is a CDK inhibitor and antineoplastic 
agent that has been shown to exhibit cytotoxic effects 
towards multiple human cancer cells lines including colon, 
uterine, breast, Ewing’s Sarcoma, and HPV+ cervical 
HeLa cells, among others [15, 18, 23, 43]. Interestingly, 
though roscovitine induces cell cycle arrest at the G1 and 
G2/M phases, previous studies reported that roscovitine 
appears to exert its antitumor effects by inducing apoptosis 
in cancer cells [12, 23, 44–47]. Roscovitine has also 
been associated with uncoupling replication proteins and 
inhibiting non-homologous end-joining DNA damage 
repair machinery, suggesting that the cytotoxic properties 
of roscovitine may be associated with the induction 
and/or accumulation of DNA damage [24, 25]. Though 
roscovitine is currently in clinical trials for a wide variety 
of cancers, it has never previously been suggested as an 
agent that selectively targets HPV+ HNSCC [11].

Here, we first determined whether the HPV status 
of HNSCC would confer a heightened sensitivity to 
roscovitine, and subsequently investigated the preliminary 
mechanism behind HPV status-dependent sensitivity. A 
NUDE mouse-based xenograft assay was also employed 
to test, if roscovitine had effects on tumor growth rate in 
vivo.

A clonogenic survival assay (Figure 1A) 
demonstrated that three HPV+ HNSCC cell lines 
(UMSCC47, SCC090 and SCC104) displayed a 
significantly increased sensitivity to roscovitine, as 
compared to four HPV- head and neck cell lines (SCC61, 
SCC35, FaDu, UNC-7). We used flow cytometry to 

Figure 8: Survival after increasing doses of flavopiridol, selective CDK1/2 inhibitor III and specific CDK 4/6 inhibitor 
was determined in HPV-negative SCC35 and SCC61 (labeled in black) and HPV+ UMSCC47 and SCC090 (labeled in 
grey) head and neck cancer cell lines; standard deviations are calculated from three independent experiments.
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investigate whether elevated sensitivity of HPV+ cells was 
due to roscovitine-induced cytotoxicity, and demonstrated 
that roscovitine triggered a much greater degree of cell 
death in HPV+ HNSCC cells, when compared to HPV- 
HNSCC cells (Figure 6). These results suggested that 
roscovitine toxicity was dependent on HPV status, and 
strengthened the potential of roscovitine as a selective 
agent against HPV+ HNSCC. Importantly, roscovitine 
was able to exert its selective cytotoxic effects on HPV+ 
HNSCC cell lines and in a xenografted mouse model 
(Figure 7) at relatively low concentrations, supporting its 
therapeutic potential in this subset of cancers, as doses 
could be kept low enough to minimize off-target side 
effects in the patient.

Roscovitine was found to upregulate the 
phosphorylation of H2AX in HPV+, but not in HPV- cells 
(Figures 1B, 1C, 1D, 3 and 4). This result corroborated 
previous studies that suggested that roscovitine 
upregulated ƳH2AX in HPV+ cancer cells [48]. Since 
phosphorylated H2AX is a marker of DNA damage, 
our findings suggested that roscovitine induces DNA 
damage in HPV+, but not HPV- cancer cells, which was 
undeniably verified utilizing the Comet assay (Figure 5), 
providing one possible mechanistic explanation for HPV+ 
HNSCC sensitivity. Interestingly, depletion of p53 with 
p53shRNA resulted in significant improvement of HPV-
positive cells survival after the treatment with roscovitine 
(Figure 2A). In addition, roscovitine upregulated p53 in 
both HPV+ and HPV- cells (Figure 1B). Moreover, the 
elevated level of p53 after roscovitine treatment was 

transcriptionally active in HPV+ cells (Figure 2B and 2C). 
Cancer cells are usually very sensitive to reactivation of 
wild-type p53 and respond to ectopic p53 by apoptosis 
or growth arrest. Importantly, restoration of p53 function 
in established tumors results in tumor regression [49–52]. 
Restoring p53 expression has been suggested as a good 
strategy to combat HPV+ cancer. Indeed, several studies 
have shown that p53 stabilization in HPV+ cervical 
carcinoma by silencing E6 or E6AP activates the tumor 
suppressor function of p53 and kills cancer cells. The 
combination of leptomycin B and actinomycin D reduced 
expression of E6 mRNA and induced apoptosis via p53 
upregulation [53]. A chemical library screen identified 
two small molecules that suppress the growth of cervical 
carcinoma cells by inhibiting E6 [54]. In addition, a 
synthetic peptide that binds E6 and inhibits its activity 
has been identified [55]. The small molecule RITA [56] 
protected p53 from degradation and killed cervical 
cancer cells [57]. We found that roscovitine-induced p53 
upregulation was not due to inhibition of HPV E6 (Figure 
2D). We therefore suggested a model in which roscovitine 
selectively induces DNA damage in HPV-positive head 
and neck cancer cells only, which in turn, stabilizes and 
activates p53, finally inducing substantial HPV+ cell death 
(Figure 9). Our model may not completely cover all the 
effects of roscovitine on p53, however, since we observed 
induction of p53 after the treatment in the absence of DNA 
damage in HPV-negative cells SCC61 carrying mutant 
p53 (Figure 1B). However, HPV- UNC-7 cells that harbor 
wild type p53 were resistant to roscovitine treatment, as 

Figure 9: Proposed model of roscovitine selective toxicity in HPV-associated HNSCC.
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compared to HPV+ cells (Figure 1A), suggesting that 
in the absence of DNA damage, elevated p53 is either 
transient, or not transcriptionally active, and therefore 
does not stimulate HPV-negative cell death machinery. In 
addition, our model most likely illustrates one of several 
pathways that leads to selective toxicity of roscovitine 
in HPV+ head and neck cancer cells. We recently found 
that knockdown of an important player in DNA damage 
response, SMG-1, in cancer cells led to their increased 
sensitivity to roscovitine [58]; furthermore, expression 
of SMG-1 was diminished in HPV-positive HNSCCs 
due to SMG-1 promoter hypermethylation [59] that may 
contribute to the sensitivity of HPV+ head and neck cancer 
cells to roscovitine.

The exact mechanism and type of DNA damage 
induction by roscovitine in HPV+ cells remains unclear. It 
is apparent that the phosphorylation of H2AX proceeds via 
an ATM-independent pathway (Figure 1B), corroborating 
with our finding that roscovitine did not induce DNA 
DSBs in HPV+ cells, as indicated by the lack of p53BP1 
foci formation (Figure 3). Instead, we found a significant 
increase in the number of RPA-positive HPV+ cells after 
roscovitine treatment (Figure 4), suggesting an elevated 
amount of single stranded DNA. Moreover, the partial 
overlap of RPA and ƳH2AX foci suggest the persistence of 
single stranded cellular DNA after roscovitine treatment. 
The moderate decrease in the number of cells in S phase 
of the cell cycle, accompanied by reduction of G1 and 
massive induction of cell death 24 hours after roscovitine 
treatment (Figure 6) suggested that roscovitine causes 
stalling of replication forks associated with the formation 
of unresolved SSD regions marked with phosphorylated 
H2AX. However, the exact mechanism deserves further 
detailed investigation. The strong HPV dependent activity 
of roscovitine cannot be attributed to the inhibition of 
CDK1/2, since the sensitivity of head and neck cancer 
cells to selective CDK1/2 inhibitor was not dependent on 
HPV status (Figure 8). Three HPV+ head and neck cancer 
cell lines showed similar sensitivity to roscovitine with 
IC50 concentrations between 2 and 3.5 μM (Figure 1A). 
The remarkable response pattern to broad CDK inhibitor 
flavopiridol, with one HPV+ cell line being the most 
resistant (IC50~45 nM) and another one demonstrating the 
significantly increased sensitivity (IC50~10 nM), together 
with comparable response to flavopiridol in two HPV- 
cell lines (IC50~22 nM) (Figure 8), suggest that selective 
roscovitine toxicity toward HPV-positive head and neck 
cancer cells may not be due to inhibition of CDKs, but 
most likely represent roscovitine-specific effect.

In conclusion, our study revealed selective HPV-
dependent toxicity of roscovitine in head and neck cancer 
cells and proposed its underlined molecular mechanism. 
The profound HPV-positive head and neck tumor growth 
delaying effects of roscovitine in vivo further emphasize 
the potential of roscovitine as an anti-HPV+ HNSCC 
agent.

MATERIALS AND METHODS

Cell lines, constructs and chemicals

We used four HPV- (SCC61, SCC35, UNC7 
and FaDu) and three HPV+ (SCC090, SCC104 and 
UMSCC47) HNSCC cell lines. All HPV- cells were 
cultures in (DMEM)/F12 medium supplemented with 
0.4 μg/mL hydrocortizone, and all HPV+ cell lines were 
grown in DMEM with nonessential amino acids. All media 
was supplemented with 10% FBS (Invitrogen), 50 μg/mL 
penicillin, and 50 μg/mL streptomycin (Invitrogen). All 
cell lines have been tested negative for mycoplasma and 
microsatellites authenticated.

P-super and p-super p53 shRNA expressing vectors 
were a gift from Galina Selivanova.

Cells were transfected using Lipofectamine 2000 
(Invitrogen) according to manufacture recommendations.

Roscovitine and specific CDK 4/6 inhibitor (PD 
0332991) were obtained from Sigma. Flavopiridol and 
selective CDK1/2 inhibitor III were from Santa Cruz.

Immunoblotting

Cells were collected by trypsinization and lysed 
in radioimmunoprecipitation assay (RIPA) lysis buffer 
(Sigma) with the addition of protease inhibitors (Roche) 
and phosphatase inhibitors (Sigma) for 30 minutes on 
ice. Insoluble material was removed by centrifugation at 
14,000 rpm for 15 minutes at 4°C. Proteins were separated 
in 4% to 20% Tris-glycine polyacrylamide gels (Mini-
PROTEAN; Bio-Rad) and electrophoretically transferred 
onto polyvinylidene fluoride membranes. Membranes 
were blocked with 3% BSA in PBS and incubated with 
antibodies against ƳH2AX and pATM (Abcam), p53 
and p21 (Santa Cruz), pp53 Ser15 (Cell Signaling) and 
tubulin (Sigma). After incubation with primary antibodies, 
membranes were washed, incubated with secondary 
DyLight anti-mouse and anti-rabbit antibodies (Thermo 
Scientific), and signals was visualized using a Bio-Rad 
imager.

Survival assay

All cells lines, except of SCC090 and UMSCC104, 
were seeded in 12-well plates at a density of 1000 cells/
well in duplicates and treated with increasing doses 
of CDK inhibitors the following day. SCC090 and 
UMSCC104 were plated at a density 10,000 cells/well. 
After 7 days, we used Cell Titer Glo reagent (Promega) to 
determine the number of alive cells. The data presented in 
Figure 1A was obtained from 4 independent experiments.

Immunofluorescence

Cells were grown in chamber slides, treated, fixed, 
immunostained, and analyzed as previously described [60]. 
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Cells with more than 10 foci were determined as positive. 
The primary antibodies used were mouse anti-γH2AX 
(Abcam) at a dilution of 1:2,000, rabbit anti-53BP1 (Cell 
Signaling) at a dilution of 1:500, and rabbit anti-RPA70 
(Cell Signaling) at a dilution of 1:500. Secondary anti-
mouse Alexa 555 and anti-rabbit Alexa 488 were from 
Invitrogen and were used at a dilution 1:1000.

Comet assay

Cells were grown in 6 well plates, treated with 
roscovitine, and processed for DNA damage detection 
using Comet Assay® Reagent Kit (Trevigen) according 
to their protocol. For quantification, nuclear diameter and 
tail length were measured in at least 50 cells using the 
ImageJ program.

Fluorescent activated cell sorter (FACS)

Cells were collected by trypsin and fixed in ice-cold 
70% ethanol over night at −20°C. Ethanol was removed 
by centrifugation and the cells were rehydrated in PBS 
and pelleted. The pellets were resuspended in 25 μg/ml 
propidium iodide (PI) (Sigma) in PBS containing 100 
μg/ml RNase A (Invitrogen) and stained for 30 min at 
room temperature. The DNA content was analyzed by 
FACSCalibur flow cytometer (BD Biosciences). Samples 
were gated on the single cell population, and 10,000 cells 
were collected for each sample.

RNA extraction and quantitative RT-PCR

Total RNA was extracted by Qiagen RNA extraction 
kit and cDNA was synthesized using iScript cDNA 
Synthesis Kit (Bio-Rad) according to the manufacturer's 
instructions. Quantitative real-time reverse transcription 
(qRT-PCR) was done using iQ SYBR Green Supermix 
(Bio-Rad) and primer pairs: CDKN1A from Origene; 
Forward 5′AAGCAACAGTTACTGCGACGTGAG3′ and 
Reverse 5′ CGGTCCACCGACCCTTATATT3′ for HPV16 
E6; Forward 5′ ACCGGACAGAGCCCATTACA3′ and 
Reverse 5′ GCCCATTAACAGGTCTTCCAA3′; Forward 
5′ AGGGCTGCTTTTAACTCTGGT3′ and Reverse 5′ 
CCCCACTTGATTTTGGAGGGA3′ for human GPDH; 
on the iCycler iQ Real-Time PCR Detection System 
(Bio-Rad). Each qRT-PCR reaction was done in at least 
duplicate, and the ΔΔCt method was used to analyze the 
data.

In vivo experiments

The in vivo study was approved by the local animal 
experimental ethical committee. Exponentially growing 
UMSCC47 cells were injected subcutaneously into the 
sacral area of female NUDE mice. Each mouse was 
inoculated with 2 × 105 cells in 50% matrigel and 50% 
PBS at a volume of 100 μL. Body weight, tumor growth, 

and general behavior were monitored. Tumor volumes 
were measured every 3 days. Mice were sacrificed when 
the tumor exceeded a size of 0.5cm3.

Statistical analysis

The Kaplan–Meier method was used to generate 
survival curves, and log-rank test analysis was used to 
compare roscovitine-treated and untreated mouse groups. 
Other statistical analyses were done using Fisher exact and 
χ2 for trend tests.

ACKNOWLEDGMENTS

We thank Alex Panaccione for his help with 
handling mice.

CONFLICTS OF INTEREST

Authors have no competing financial interests.

GRANT SUPPORT

This work was supported by the Yale Department 
of Surgery OSHE Award. MH was supported by the NIH 
TL1TR000141.

REFERENCES

1. Westra WH. The changing face of head and neck cancer in 
the 21st century: the impact of HPV on the epidemiology 
and pathology of oral cancer. Head and neck pathology. 
2009; 3:78-81.

2. Chaturvedi AK, Anderson WF, Lortet-Tieulent J, Curado 
MP, Ferlay J, Franceschi S, Rosenberg PS, Bray F, Gillison 
ML. Worldwide trends in incidence rates for oral cavity and 
oropharyngeal cancers. Journal of clinical oncology. 2013; 
31:4550-4559.

3. Gillison ML, Koch WM, Capone RB, Spafford M, Westra 
WH, Wu L, Zahurak ML, Daniel RW, Viglione M, 
Symer DE, Shah KV, Sidransky D. Evidence for a causal 
association between human papillomavirus and a subset 
of head and neck cancers. Journal of the National Cancer 
Institute. 2000; 92:709-720.

4. Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, 
Xiao W, Kim E, Jiang B, Goodman MT, Sibug-Saber M, 
Cozen W, Liu L, Lynch CF, Wentzensen N, Jordan RC, 
Altekruse S, Anderson WF, et al. Human papillomavirus 
and rising oropharyngeal cancer incidence in the United 
States. Journal of clinical oncology. 2011; 29:4294-4301.

5. Mineta H, Ogino T, Amano HM, Ohkawa Y, Araki K, 
Takebayashi S, Miura K. Human papilloma virus (HPV) 
type 16 and 18 detected in head and neck squamous cell 
carcinoma. Anticancer research. 1998; 18:4765-4768.



Oncotarget38609www.impactjournals.com/oncotarget

6. Gillison ML, D'Souza G, Westra W, Sugar E, Xiao W, 
Begum S, Viscidi R. Distinct risk factor profiles for human 
papillomavirus type 16-positive and human papillomavirus 
type 16-negative head and neck cancers. Journal of the 
National Cancer Institute. 2008; 100:407-420.

7. Fakhry C, Westra WH, Li S, Cmelak A, Ridge JA, Pinto 
H, Forastiere A, Gillison ML. Improved survival of 
patients with human papillomavirus-positive head and neck 
squamous cell carcinoma in a prospective clinical trial. 
Journal of the National Cancer Institute. 2008; 100:261-269.

8. Dayyani F, Etzel CJ, Liu M, Ho CH, Lippman SM, Tsao 
AS. Meta-analysis of the impact of human papillomavirus 
(HPV) on cancer risk and overall survival in head and 
neck squamous cell carcinomas (HNSCC). Head & neck 
oncology. 2010; 2:15.

9. Ragin CC, Taioli E. Survival of squamous cell carcinoma 
of the head and neck in relation to human papillomavirus 
infection: review and meta-analysis. International journal 
of cancer. 2007; 121:1813-1820.

10. Pfister DG, Spencer, S., et al. (Version 1. 2015). NCCN 
Clinical Practice Guidelines in Oncology: Head and Neck 
Cancers.

11. Bruyere C, Meijer L. Targeting cyclin-dependent kinases 
in anti-neoplastic therapy. Current opinion in cell biology. 
2013; 25:772-779.

12. Meijer L, Borgne A, Mulner O, Chong JP, Blow JJ, Inagaki 
N, Inagaki M, Delcros JG, Moulinoux JP. Biochemical 
and cellular effects of roscovitine, a potent and selective 
inhibitor of the cyclin-dependent kinases cdc2, cdk2 
and cdk5. European journal of biochemistry. 1997; 
243:527-536.

13. Bukanov NO, Smith LA, Klinger KW, Ledbetter SR, 
Ibraghimov-Beskrovnaya O. Long-lasting arrest of murine 
polycystic kidney disease with CDK inhibitor roscovitine. 
Nature. 2006; 444:949-952.

14. Vermeulen K, Van Bockstaele DR, Berneman ZN. The cell 
cycle: a review of regulation, deregulation and therapeutic 
targets in cancer. Cell proliferation. 2003; 36:131-149.

15. McClue SJ, Blake D, Clarke R, Cowan A, Cummings 
L, Fischer PM, MacKenzie M, Melville J, Stewart K, 
Wang S, Zhelev N, Zheleva D, Lane DP. In vitro and in 
vivo antitumor properties of the cyclin dependent kinase 
inhibitor CYC202 (R-roscovitine). International journal of 
cancer. 2002; 102:463-468.

16. Yarotskyy V, Elmslie KS. Roscovitine inhibits CaV3.1 
(T-type) channels by preferentially affecting closed-state 
inactivation. The Journal of pharmacology and experimental 
therapeutics. 2012; 340:463-472.

17. Benson C, White J, De Bono J, O'Donnell A, Raynaud F, 
Cruickshank C, McGrath H, Walton M, Workman P, Kaye 
S, Cassidy J, Gianella-Borradori A, Judson I, Twelves C. A 
phase I trial of the selective oral cyclin-dependent kinase 
inhibitor seliciclib (CYC202; R-Roscovitine), administered 

twice daily for 7 days every 21 days. British journal of 
cancer. 2007; 96:29-37.

18. Cui C, Wang Y, Wang Y, Zhao M, Peng S. Exploring the 
Relationship between the Inhibition Selectivity and the 
Apoptosis of Roscovitine-Treated Cancer Cells. Journal of 
analytical methods in chemistry. 2013; 2013:389390.

19. Wesierska-Gadek J, Wandl S, Kramer MP, Pickem C, 
Krystof V, Hajek SB. Roscovitine up-regulates p53 
protein and induces apoptosis in human HeLaS(3) cervix 
carcinoma cells. Journal of cellular biochemistry. 2008; 
105:1161-1171.

20. Schang LM, Rosenberg A, Schaffer PA. Transcription of 
herpes simplex virus immediate-early and early genes is 
inhibited by roscovitine, an inhibitor specific for cellular 
cyclin-dependent kinases. Journal of virology. 1999; 
73:2161-2172.

21. Kotala V, Uldrijan S, Horky M, Trbusek M, Strnad M, 
Vojtesek B. Potent induction of wild-type p53-dependent 
transcription in tumour cells by a synthetic inhibitor of 
cyclin-dependent kinases. Cellular and molecular life 
sciences. 2001; 58:1333-1339.

22. Lu W, Chen L, Peng Y, Chen J. Activation of p53 by 
roscovitine-mediated suppression of MDM2 expression. 
Oncogene. 2001; 20:3206-3216.

23. Tirado OM, Mateo-Lozano S, Notario V. Roscovitine is an 
effective inducer of apoptosis of Ewing's sarcoma family 
tumor cells in vitro and in vivo. Cancer research. 2005; 
65:9320-9327.

24. Savio M, Cerri M, Cazzalini O, Perucca P, Stivala LA, 
Pichierri P, Franchitto A, Meijer L, Prosperi E. Replication-
dependent DNA damage response triggered by roscovitine 
induces an uncoupling of DNA replication proteins. Cell 
Cycle. 2006; 5:2153-2159.

25. Crescenzi E, Palumbo G, Brady HJ. Roscovitine 
modulates DNA repair and senescence: implications for 
combination chemotherapy. Clinical cancer research. 2005; 
11:8158-8171.

26. Sharma A, Singh K, Almasan A. Histone H2AX 
phosphorylation: a marker for DNA damage. Methods in 
molecular biology. 2012; 920:613-626.

27. Mah LJ, El-Osta A, Karagiannis TC. gammaH2AX: a 
sensitive molecular marker of DNA damage and repair. 
Leukemia. 2010; 24:679-686.

28. Tu WZ, Li B, Huang B, Wang Y, Liu XD, Guan H, Zhang 
SM, Tang Y, Rang WQ and Zhou PK. gammaH2AX foci 
formation in the absence of DNA damage: mitotic H2AX 
phosphorylation is mediated by the DNA-PKcs/CHK2 
pathway. FEBS letters. 2013; 587:3437-3443.

29. Kinner A, Wu W, Staudt C, Iliakis G. Gamma-H2AX in 
recognition and signaling of DNA double-strand breaks 
in the context of chromatin. Nucleic acids research. 2008; 
36:5678-5694.



Oncotarget38610www.impactjournals.com/oncotarget

30. Stoimenov I, Schultz N, Gottipati P, Helleday 
T. Transcription inhibition by DRB potentiates 
recombinational repair of UV lesions in mammalian cells. 
PloS one. 2011; 6:e19492.

31. Binz SK, Sheehan AM, Wold MS. Replication protein A 
phosphorylation and the cellular response to DNA damage. 
DNA repair. 2004; 3:1015-1024.

32. Sibenaller ZA, Sorensen BR, Wold MS. The 32- and 
14-kilodalton subunits of replication protein A are 
responsible for species-specific interactions with single-
stranded DNA. Biochemistry. 1998; 37:12496-12506.

33. Sleeth KM, Sorensen CS, Issaeva N, Dziegielewski J, 
Bartek J, Helleday T. RPA mediates recombination repair 
during replication stress and is displaced from DNA by 
checkpoint signalling in human cells. Journal of molecular 
biology. 2007; 373:38-47.

34. Marechal A, Zou L. RPA-coated single-stranded DNA as 
a platform for post-translational modifications in the DNA 
damage response. Cell research. 2015; 25:9-23.

35. Polo SE, Jackson SP. Dynamics of DNA damage response 
proteins at DNA breaks: a focus on protein modifications. 
Genes & development. 2011; 25:409-433.

36. Bach S, Knockaert M, Reinhardt J, Lozach O, Schmitt S, 
Baratte B, Koken M, Coburn SP, Tang L, Jiang T, Liang 
DC, Galons H, Dierick JF, Pinna LA, Meggio F, Totzke 
F, et al. Roscovitine targets, protein kinases and pyridoxal 
kinase. The Journal of biological chemistry. 2005; 
280:31208-31219.

37. Tan AR, Swain SM. Review of flavopiridol, a cyclin-
dependent kinase inhibitor, as breast cancer therapy. 
Seminars in oncology. 2002; 29:77-85.

38. Tan AR, Headlee D, Messmann R, Sausville EA, Arbuck 
SG, Murgo AJ, Melillo G, Zhai S, Figg WD, Swain SM, 
Senderowicz AM. Phase I clinical and pharmacokinetic 
study of flavopiridol administered as a daily 1-hour infusion 
in patients with advanced neoplasms. Journal of clinical 
oncology. 2002; 20:4074-4082.

39. Lin R, Connolly PJ, Huang S, Wetter SK, Lu Y, Murray 
WV, Emanuel SL, Gruninger RH, Fuentes-Pesquera AR, 
Rugg CA, Middleton SA, Jolliffe LK. 1-Acyl-1H-[1,2,4]
triazole-3,5-diamine analogues as novel and potent 
anticancer cyclin-dependent kinase inhibitors: synthesis 
and evaluation of biological activities. Journal of medicinal 
chemistry. 2005; 48:4208-4211.

40. Franco J, Witkiewicz AK, Knudsen ES. CDK4/6 inhibitors 
have potent activity in combination with pathway 
selective therapeutic agents in models of pancreatic 
cancer. Oncotarget. 2014; 5:6512-6525. doi:  10.18632/
oncotarget.2270.

41. Sano T, Oyama T, Kashiwabara K, Fukuda T, Nakajima 
T. Expression status of p16 protein is associated with 
human papillomavirus oncogenic potential in cervical and 
genital lesions. The American journal of pathology. 1998; 
153:1741-1748.

42. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma 
RA. DNA repair pathways as targets for cancer therapy. 
Nature reviews Cancer. 2008; 8:193-204.

43. Nair BC, Vallabhaneni S, Tekmal RR, Vadlamudi RK. 
Roscovitine confers tumor suppressive effect on therapy-
resistant breast tumor cells. Breast cancer research. 2011; 
13:R80.

44. Alessi F, Quarta S, Savio M, Riva F, Rossi L, Stivala LA, 
Scovassi AI, Meijer L, Prosperi E. The cyclin-dependent 
kinase inhibitors olomoucine and roscovitine arrest human 
fibroblasts in G1 phase by specific inhibition of CDK2 
kinase activity. Experimental cell research. 1998; 245:8-18.

45. Wojciechowski J, Horky M, Gueorguieva M, Wesierska-
Gadek J. Rapid onset of nucleolar disintegration preceding 
cell cycle arrest in roscovitine-induced apoptosis of human 
MCF-7 breast cancer cells. International journal of cancer. 
2003; 106:486-495.

46. Hahntow IN, Schneller F, Oelsner M, Weick K, 
Ringshausen I, Fend F, Peschel C, Decker T. Cyclin-
dependent kinase inhibitor Roscovitine induces apoptosis 
in chronic lymphocytic leukemia cells. Leukemia. 2004; 
18:747-755.

47. Mgbonyebi OP, Russo J, Russo IH. Roscovitine induces cell 
death and morphological changes indicative of apoptosis in 
MDA-MB-231 breast cancer cells. Cancer research. 1999; 
59:1903-1910.

48. Misra K, Paul S, Kundu R. Induction of Apoptosis in G1/S 
Blocked HeLa Cells by R-Roscovitine: A Preliminary 
Study. Proc Zool Soc. 2014; 67:114-125.

49. Kastan MB. Wild-type p53: tumors can't stand it. Cell. 
2007; 128:837-840.

50. Martins CP, Brown-Swigart L, Evan GI. Modeling the 
therapeutic efficacy of p53 restoration in tumors. Cell. 
2006; 127:1323-1334.

51. Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, 
Grimm J, Lintault L, Newman J, Reczek EE, Weissleder 
R, Jacks T. Restoration of p53 function leads to tumour 
regression in vivo. Nature. 2007; 445:661-665.

52. Xue W, Zender L, Miething C, Dickins RA, Hernando E, 
Krizhanovsky V, Cordon-Cardo C, Lowe SW. Senescence 
and tumour clearance is triggered by p53 restoration in 
murine liver carcinomas. Nature. 2007; 445:656-660.

53. Hietanen S, Lain S, Krausz E, Blattner C, Lane DP. 
Activation of p53 in cervical carcinoma cells by small 
molecules. Proc Natl Acad Sci U S A. 2000; 97:8501-8506.

54. Kochetkov DV, Il'inskaia GV, Komarov PG, Strom E, 
Agapova LS, Ivanov AV, Budanov AV, Frolova EI, 
Chumakov PM. [Transcriptional inhibition of human 
papilloma virus in cervical carcinoma cells reactivates 
functions of the tumor suppressor p53]. Mol Biol (Mosk). 
2007; 41:515-523.

55. Dymalla S, Scheffner M, Weber E, Sehr P, Lohrey C, 
Hoppe-Seyler F, Hoppe-Seyler K. A novel peptide motif 
binding to and blocking the intracellular activity of the 



Oncotarget38611www.impactjournals.com/oncotarget

human papillomavirus E6 oncoprotein. J Mol Med (Berl). 
2009; 87:321-331.

56. Issaeva N, Bozko P, Enge M, Protopopova M, Verhoef LG, 
Masucci M, Pramanik A, Selivanova G. Small molecule 
RITA binds to p53, blocks p53-HDM-2 interaction and 
activates p53 function in tumors. Nature medicine. 2004; 
10:1321-1328.

57. Zhao CY, Szekely L, Bao W, Selivanova G. Rescue of p53 
function by small-molecule RITA in cervical carcinoma 
by blocking E6-mediated degradation. Cancer Res. 2010; 
70:3372-3381.

58. Gubanova E, Issaeva N, Gokturk C, Djureinovic T, 
Helleday T. SMG-1 suppresses CDK2 and tumor growth 
by regulating both the p53 and Cdc25A signaling pathways. 
Cell Cycle. 2013; 12:3770-3780.

59. Gubanova E, Brown B, Ivanov SV, Helleday T, Mills GB, 
Yarbrough WG, Issaeva N. Downregulation of SMG-1 in 
HPV-positive head and neck squamous cell carcinoma due 
to promoter hypermethylation correlates with improved 
survival. Clinical cancer research. 2012; 18:1257-1267.

60. Issaeva N, Thomas HD, Djureinovic T, Jaspers JE, 
Stoimenov I, Kyle S, Pedley N, Gottipati P, Zur R, Sleeth 
K, Chatzakos V, Mulligan EA, Lundin C, Gubanova E, 
Kersbergen A, Harris AL, et al. 6-thioguanine selectively 
kills BRCA2-defective tumors and overcomes PARP 
inhibitor resistance. Cancer research. 2010; 70:6268-6276.


