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ABSTRACT

Specific types of human papillomavirus (HPV) are strongly associated with the development of cervical carcinoma. The HPV E6
oncoprotein from HPV degrades p53 and abrogates cell cycle checkpoints. Nonetheless, functional p53 has been observed in cer-
vical cancer. We have previously identified a p53-independent function of E6 in attenuating the postmitotic G1-like checkpoint
that can lead to polyploidy, an early event during cervical carcinogenesis that predisposes cells to aneuploidy. How E6 promotes
cell cycle progression in the presence of p53 and its target, p21, remains a mystery. In this study, we examined the expression of
cell cycle-related genes in cells expressing wild-type E6 and the mutant that is defective in p53 degradation but competent in ab-
rogating the postmitotic checkpoint. Our results demonstrated an increase in the steady-state levels of G1- and G2-related cy-
clins/Cdks in E6-expressing keratinocytes. Interestingly, only Cdk1 remained active in E6 mutant-expressing cells while bypass-
ing the postmitotic checkpoint. Furthermore, the downregulation of Cdk1 impaired the ability of both wild-type and mutant E6
to induce polyploidy. Our study thus demonstrated an important role for Cdk1, which binds p21 with lower affinity than Cdk2,
in abrogating the postmitotic checkpoint in E6-expressing cells. We further show that E2F1 is important for E6 to upregulate
Cdk1. Moreover, reduced nuclear p21 localization was observed in the E6 mutant-expressing cells. These findings shed light on
the mechanisms by which HPV induces genomic instability and hold promise for the identification of drug targets.

IMPORTANCE

HPV infection is strongly associated with the development of cervical carcinoma. HPV encodes an E6 oncoprotein that degrades
the tumor suppressor p53 and abrogates cell cycle checkpoints. Nonetheless, functional p53 has been observed in cervical cancer.
We have recently demonstrated a p53-independent abrogation of the postmitotic checkpoint by HPV E6 that induces polyploidy.
However, the mechanism is not known. In this study, we provide evidence that Cdk1 plays an important role in this process. Pre-
viously, Cdk2 was thought to be essential for the G1/S transition, while Cdk1 only compensated its function in the absence of
Cdk2. Our studies have demonstrated a novel role of Cdk1 at the postmitotic G1-like checkpoint in the presence of Cdk2. These
findings shed light on the mechanisms by which HPV induces genomic instability and hold promise for the identification of drug
targets.

Genomic instability in the form of polyploidy, the state in which
cells have more than two sets of chromosomes, has been sug-

gested to play a causal role in tumorigenesis (1). Polyploidy can lead
to numerical and structural chromosome abnormalities by increas-
ing the rate of DNA breakage and damage (2). Tetrasomy in basal
keratinocytes has been found in low-grade, squamous intraepithelial
lesions of the cervix infected with high-risk but not low-risk human
papillomavirus (HPV) types (3). Significantly, tetraploidy occurred
as an early event during cervical carcinogenesis and predisposed cells
to aneuploidy (4). Polyploidy can be induced by the abrogation of cell
cycle checkpoints (5).

Cell proliferation is regulated at several checkpoints, whose
defects contribute to polyploidy and genomic instability (6). The
checkpoints in eukaryotic cells include the G1, G2/M, spindle, and
postmitotic G1 checkpoints (5). The G1 checkpoint is mainly reg-
ulated through phosphorylation of the retinoblastoma protein
(pRb) by cyclin D/Cdk4-Cdk6 in early G1, followed by the phos-
phorylation of cyclin E1-cyclin A/Cdk2 complexes (7). Cdk1
(Cdc2) can substitute for G1 Cdks in their absence and functions
in the G1/S-phase transition (8, 9). Hyperphosphorylation of pRb
results in its dissociation from members of the E2F family of tran-
scription factors. Free E2F mediates the transcription of genes
required for DNA synthesis and promotes the S-phase transition

(10). Upon exposure to genotoxic agents, p53 is activated and
turns on transcription of the Cdk inhibitor p21, which binds to
and inactivates the cyclin E1/Cdk2 and cyclin A2/Cdk2 com-
plexes, resulting in pRb hypophosphorylation and cell cycle arrest
at the G1-S transition (11, 12).

After cells with intact spindle checkpoint activity arrest in meta-
phase for prolonged periods of time, they eventually adapt to the
checkpoint and progress into a G1-like state with tetraploid genomes
(5). The replication of DNA in these cells is usually blocked by p53-
and pRb-dependent cell cycle arrest, which is referred to as the post-
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mitotic checkpoint (5). It appears that the structural integrity and
dynamics of microtubules, rather than tetraploidy per se, are key to
induce cell cycle arrest at this checkpoint (see reference 13 and refer-
ences therein). The postmitotic checkpoint shares many features with
the G1 checkpoint: cell cycle arrest coincides with high concentrations
of p21 and hypophosphorylated pRb (14, 15). p53 appears to play a
key role in mediating the postmitotic checkpoint (5, 16, 17), and p21
is responsible for at least part of this p53-mediated, postmitotic arrest
response (5, 18, 19).

Infection by high-risk HPV types (such as HPV-16) is strongly
associated with the development of cervical carcinoma (20). The
oncogenic properties of high-risk HPVs primarily reside in the E6
and E7 genes. The ability of high-risk HPV E6 to promote the
degradation of tumor suppressor p53 and thereby reduce the level
of the p53 target p21 has been suggested as a mechanism by which
HPV induces cellular transformation (reviewed in reference 21).
However, p21 is expressed in a subset of HPV-positive cervical
intraepithelial neoplasia (CIN) and cervical tumor tissues (22, 23).
We have previously identified a p53-independent function of E6
in attenuating the postmitotic checkpoint (24). This observation
is biologically relevant. In addition to the environmental factors,
E6-expressing cells contain a high percentage of metaphase-lag-
ging (misaligned) chromosomes that could potentially trigger the
spindle checkpoint (25, 26). However, how E6 promotes cell cycle
progression in the presence of p53 remains a mystery. The key
question is how Cdks remain active in the presence of elevated
p21. In this study, we explored the mechanism by which HPV E6
abrogates the postmitotic checkpoint. Our results demonstrate an
important role for Cdk1 in abrogating the postmitotic checkpoint
in E6-expressing cells.

MATERIALS AND METHODS
Cell culture. Primary human keratinocytes (PHKs) were derived from
neonatal human foreskin epithelium obtained from the University of
Massachusetts Hospital, as described previously (24). Spontaneously im-
mortalized human keratinocyte NIKS cells were described previously
(24). Both PHKs and NIKS were maintained on mitomycin C-treated
J2-3T3 feeder cells in F medium as described previously (27). Human
retinal pigment epithelial cells (RPE1 cells) (28) were maintained in a 1:1
blend of Dulbecco’s modified Eagle’s medium and Ham’s nutrient mix-
ture F-12 medium plus 10% fetal bovine serum. All cells were cultured
in medium with the addition of penicillin and streptomycin at 37°C with
5% CO2.

PHK, NIKS, and RPE1 cells expressing HPV-16 E6, HPV-16 E6 mu-
tant F2V (bearing a mutation of Phe-2 to Val), or vector were established
by retrovirus-mediated infection using the pBabe-puro-based retroviral
vector as described previously (24). The cells were maintained in puro-
mycin and used within 8 passages.

RNA extraction and reverse transcription (RT)-PCR. Total cellular
RNA was extracted from cells using the RNeasy minikit (Qiagen, Ala-
meda, CA) and then reverse transcribed to cDNA as described in the
protocol of the Improm-II reverse transcriptase system kit (Promega,
Madison, WI). The PCR primers were as follows: HPV-16 E6 forward,
5=-CTGCAATGTTTCAGGACCCA-3=; HPV-16 E6 reverse, 5=-CCTAAT
TAACAAATC-3=; �-actin forward, 5=-TGGCATTGCCGACAGGATGC
AGAA-3=; and �-actin reverse, 5=-CTCGTCATACTCCTGCTTGCTGA
T-3=. �-Actin was used as a control for RNA loading and reverse
transcription efficiency.

Western blotting. Total cellular proteins were extracted with radio-
immunoprecipitation assay (RIPA) lysis buffer, and a Western blot assay
was performed with specific antibodies against Cdk1 (610038; BD Biosci-
ences), Cdk2 (sc-6248; Santa Cruz), Cdk4 (sc-260; Santa Cruz), cyclin A2
(sc-751; Santa Cruz), cyclin B1 (sc-752; Santa Cruz), cyclin D1 (sc-718;

Santa Cruz), cyclin E1 (sc-198; Santa Cruz), E2F1 (sc-193; Santa Cruz),
p21 (610233; BD Biosciences), p53 (sc-126; Santa Cruz), Sp1 (9389S;
CST), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (sc-25778;
Santa Cruz), or �-tubulin (T4026; Sigma).

Kinase assay. A kinase assay was performed as described previously
(29). Briefly, total cellular proteins were lysed in lysis buffer for 1 h. One
hundred micrograms of protein extract was immunoprecipitated with
appropriate antibodies and protein A/G plus-agarose (Santa Cruz) and
incubated for 4 h at 4°C. The beads were first washed three times with lysis
buffer without glycerol and then twice with kinase buffer (50 mM HEPES,
[pH 7.5], 10 mM MgCl2,1 mM dithiothreitol, 2.5 mM EGTA, 0.1 mM
sodium orthovanadate, 1 mM sodium fluoride, and protease inhibitor).
Kinase assays were performed in the presence of 10 �Ci of [�-32P]ATP
(3,000 Ci/mmol; PerkinElmer Life Sciences), 20 �M ATP, and 1 �g of
full-length pRb (QED Bioscience, Inc.) as the substrate for 30 min at 30°C.
Following the kinase reaction, samples were boiled in loading buffer and
separated by 8% SDS-PAGE. Phosphorylated proteins were visualized by
autoradiography. In parallel, Western blot assays for Cdk1 were per-
formed to assess the amounts of Cdk1 that were precipitated by immuno-
precipitation.

Flow cytometry. Asynchronous cultures of cells were treated with di-
methyl sulfoxide (DMSO) (Sigma) or 50 ng/ml nocodazole (Sigma) for 48
h. The cells were harvested, fixed in 70% ethanol overnight, and resus-
pended in a phosphate-buffered saline–propidium iodide (PI) (50 �g/ml;
Sigma)–RNase A (70 �g/ml; Sigma) solution. The PI-stained cells were
analyzed by flow cytometry. Cell cycle analysis was performed using
FlowJo software (Becton Dickinson).

siRNA. Chemically modified Stealth small interfering RNA (siRNA)
targeting Cdk1 or Cdk2 and control siRNA were purchased from Invitro-
gen. The sequences of the siRNAs were as follows: Cdk1-sp2 siRNA, 5=-G
ATCAACTCTTCAGGATTT-3=, described in reference 30; Cdk1-beck
siRNA, 5=-GATGTAGCTTTCTGACAAAAA-3=, described in reference
31; Cdk2-tetsu siRNA, 5=-GCCAGAAACAAGTTGACGG-3=, described
in reference 30; Cdk2-beck siRNA, 5=-GTTTCAGTATTAGATGCAC-3=,
described in reference 31; and E2F1 siRNA, 5=-GUCACGCUAUGAGAC
CUCA-3=.

Cells (1.2 � 105) were seeded onto a 60-mm dish the day before trans-
fection and transfected with 20 nM siRNA per target gene using Lipo-
fectamine RNAiMAX transfection reagent according to the manufactur-
er’s instructions (Invitrogen). Thirty-six hours after transfection, the cells
were treated with DMSO or 50 ng/ml nocodazole and incubated for an
additional 48 h. Cells were harvested for protein knockdown analysis by
Western blotting or for cell cycle analysis by flow cytometry.

Cell fractionation. The preparation of cytoplasmic and nuclear ex-
tracts was performed using a nuclear extract kit (Active Motif) according
to the manufacturer’s protocol, with minor modifications. Briefly, cells
were first collected by centrifugation at 1,000 � g for 5 min, and the pellets
were then lysed in 500 �l hypotonic buffer. After incubation for 15 min on
ice, 25 �l of detergent was added and the lysate was vortexed for 10 s,
followed by centrifugation at 14,000 � g for 30 s at 4°C. Supernatants were
harvested as cytoplasmic fractions, while the pellets were resuspended in
50 �l complete lysis buffer and centrifuged at 14,000 � g for 10 min at 4°C.
The supernatants were saved as the nuclear fractions.

Statistical analysis. Data are presented as the means � standard de-
viations. Data sets were graphed and analyzed using the two-tailed Stu-
dent’s t test. A P value of �0.05 was considered statistically significant.

RESULTS
Expression of postmitotic checkpoint-related proteins in HPV
E6-expressing cells. We have previously identified several
HPV-16 E6 mutants that are defective for p53 degradation and yet
competent for attenuating the postmitotic checkpoint (24). The
ability of E6 mutants to abrogate the postmitotic checkpoint was
demonstrated in PHKs. To alleviate the concern that vector-con-
trol PHKs do not proliferate efficiently and therefore are not com-
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parable to PHKs expressing E6, we also used immortalized kera-
tinocytes (NIKS cells) to demonstrate the ability of the E6 mutant
to bypass the postmitotic checkpoint (24). NIKS cells contain a
wild-type p53 sequence and exhibit many characteristics of early-
passage keratinocytes, including the ability to stratify, differenti-
ate, and sustain the HPV life cycle (32). As a first step toward
understanding the mechanism by which E6 abrogates the postmi-
totic checkpoint without degrading p53, we examined the expres-
sion of genes known to be involved in this checkpoint in NIKS
cells expressing the p53 degradation-defective E6 mutant F2V
(bearing a mutation of Phe-2 to Val), wild-type E6, and the retro-
viral vector.

As shown by the results in Fig. 1A, the steady-state level of p53
in cells expressing wild-type E6 was lower, while its steady-state
level in cells expressing F2V was similar to that in the vector con-
trol cells. These results indicate that p53 is degraded in cells ex-
pressing wild-type E6, while the E6 mutant F2V is defective for
p53 degradation. Both early-G1 Cdk (Cdk4) and late-G1 Cdk
(Cdk2), as well as cyclin A2, were expressed at modestly increased
levels (1.5-fold or more) in NIKS cells expressing wild-type E6 and
mutant F2V that were treated with nocodazole for 48 h compared
with their levels in the vector control cells. In our previous study,
by employing combined approaches of flow cytometry, cell cycle
markers, and mitotic shake-off, we demonstrated that under this
condition, both vector control and E6-expressing cells exited from
mitosis. While the vector control cells arrested at a G1-like stage
with 4C DNA content, E6 and E6 mutant F2V-expressing cells
entered into S phase, replicated their DNA, and became polyploid
(24). While the steady-state levels of p53 and its target p21 were
low in the wild-type E6-expressing cells, they were maintained in
F2V-expressing cells (24). Notably, the results presented in Fig. 1A

showed that the steady-state level of mitotic Cdk1 was signifi-
cantly increased in wild-type E6- and mutant F2V-expressing
NIKS cells (5- and 4-fold, respectively). The level of the Cdk1
partner cyclin B1 was also significantly increased (�3-fold) in
F2V-expressing cells, and the increase was even greater (�5-fold)
in NIKS cells expressing wild-type E6. The changes in the steady-
state levels of cell cycle-related proteins were not simply a result of
nocodazole treatment, as the steady-state levels of Cdk4, Cdk2,
Cdk1, cyclin A2, and cyclin B1 were also increased in vehicle
DMSO-treated, wild-type E6-, and F2V-expressing cells (Fig. 1B).
Notably, the overexpression of Cdk1 and Cdk2 was consistent
with what was observed in cervical intraepithelial neoplasia, cer-
vical carcinoma, and HPV-positive or HPV E6/E7-expressing cells
(33, 34).

In contrast, the levels of cyclin E1, Cdc25A, c-Myc, p14, p16,
and p27 did not increase in wild-type E6- or mutant F2V-express-
ing NIKS cells (not shown). Interestingly, the cyclin D1 levels
increased in F2V-expressing cells but not in wild-type E6-express-
ing cells (not shown). Our results indicate that, in HPV E6- and E6
mutant F2V-expressing cells, both G1 and mitotic Cdks, along
with cyclin A2 and cyclin B1, are upregulated. However, because
cyclin A2 and cyclin B1 are able to bind both Cdk1 and Cdk2 and
the cyclins/Cdks have the potential to form complexes with each
other (8, 35, 36), these data could not distinguish which Cdk is
functionally active when E6-expressing cells bypass the postmi-
totic checkpoint.

Cdk1 remains active while E6 mutant-expressing cells by-
pass the postmitotic checkpoint. To identify Cdks that are re-
sponsible for promoting E6-expressing cells to abrogate the post-
mitotic checkpoint, we performed in vitro kinase assays to
measure the activities of relevant Cdks and cyclins using pRb as

FIG 1 Expression of postmitotic checkpoint-related proteins in cells expressing HPV E6 and E6 mutant F2V. Total protein extracts from NIKS cells expressing
vector, HPV-16 E6, or F2V that were treated with nocodazole (50 ng/ml for 48 h) (A) or DMSO (B) were resolved by SDS-PAGE and blotted with antibodies
against p53, Cdk1, Cdk2, Cdk4, cyclin A2, and cyclin B1. �-Tubulin was used as the loading control. Data from a representative experiment of at least three
independent samples are shown. Not all experiments were performed at the same time. (C) Quantification of the protein expression levels from the experiment
whose results are shown in panel A. (D) Quantification of the protein expression levels from the experiment whose results are shown in panel B. Error bars reflect
the standard deviations of the means. NOC, nocodazole. *, P 	 0.05; **, P 	 0.01.
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the substrate. Notably, the activities of early G1 Cdk4 and cyclin
D1 in E6- and E6 mutant F2V-expressing cells were similar to their
activities in the vector control cells (Fig. 2A), suggesting that they
are not important for these cells to proliferate. Surprisingly, the
activity of the late G1 Cdk2 partner cyclin E1 in E6 mutant F2V-
expressing cells was also similar to its activity in the vector control
cells, although the Cdk2 activity was higher (Fig. 2A and B). These
results suggest that the G1 cyclins and Cdks are not essential for E6
mutant F2V-expressing cells to proliferate.

Interestingly, and in contrast to the results for the G1 cyclins
and Cdks, the mitotic Cdk (Cdk1) was more active in both F2V-
and wild-type E6-expressing cells than in vector control cells (Fig.
2A and B). Consistent with its steady-state level, the kinase activity
of the Cdk1 partner cyclin B1 in F2V-expressing cells was higher
than in the vector control cells but lower than in the wild-type
E6-expressing cells (Fig. 2A and B). Cyclin A2, which normally
partners with both Cdk1 and Cdk2, also remained more active in
wild-type and F2V-expressing cells than in vector control cells
(Fig. 2A and B). These results point to a critical role for Cdk1 in
E6-expressing cells for them to proliferate. Notably, as the
amounts of Cdk1 immunoprecipitates from E6- and F2V-ex-
pressing cells were greater than the amount from vector control
cells (Fig. 2B, bottom), the increased kinase activity in E6 and F2V
cells may simply be a result of more Cdk1 protein rather than
elevated enzymatic activity.

We then examined the kinase activities of selected Cdks when
cells were at the postmitotic checkpoint transition. Notably, the
activity of Cdk1 but not that of Cdk2 was much higher in F2V- as
well as wild-type E6-expressing cells than in the vector control
cells 48 h after cells were treated with nocodazole, which is a con-
dition where these cells enter S phase with a tetraploid genome
(Fig. 2C and D) (24). There were no significant differences in
Cdk4 activities among the cells expressing E6, F2V, or vector. We
then confirmed this observation in PHKs. Importantly, the activ-
ities of Cdk1 were also higher in PHKs expressing F2V and in cells

expressing wild-type E6 than in vector control cells after nocoda-
zole treatment (Fig. 2E and F). These results suggest that Cdk1
plays an important role in abrogating the postmitotic checkpoint
in HPV E6-expressing cells in the presence of p53.

HPV-16 E6 is capable of inducing polyploidy in the presence
of p53 and p21 in hTERT-immortalized epithelial cells. As the
transfection efficiencies in PHKs and NIKS cells are not satisfac-
tory, we employed RPE1 cells (28). RPE1 cells expressing the wild-
type E6 (RPE1-E6) and vector control (RPE1-vector) were de-
scribed previously, and we have demonstrated that the wild-type
HPV-16 E6 abrogates the postmitotic checkpoint in RPE1 cells
(24). Accordingly, we established E6 mutant F2V-expressing
RPE1 cells (RPE1-F2V) by retrovirally mediated infection. The
expression of E6 was determined by RT-PCR (Fig. 3A). To check
the status of p53 in F2V-expressing RPE1 cells, we examined the
steady-state levels of p53 and its transcriptional target p21 by
Western blotting. As shown in Fig. 3B, p53 was detectable in
RPE1-F2V and RPE1-vector cells but not in RPE1-E6 cells. More-
over, the steady-state levels of p21 were comparable in RPE1-F2V
and RPE1-vector cells but undetectable in RPE1-E6 cells. Upon
nocodazole treatment, which activates p53 and triggers the post-
mitotic checkpoint (5), the steady-state levels of both p53 and p21
went up in RPE1-F2V and RPE1-vector cells. Although p53 was
also upregulated in RPE1-E6 cells, its level was much lower than
the levels in RPE1-F2V and RPE1-vector cells. These results indi-
cate that p53 functions in RPE1-F2V cells.

The integrity of the postmitotic checkpoint in RPE1-F2V cells
was then studied by examining polyploidy formation. Upon no-
codazole treatment, significantly more polyploidy was formed in
RPE1-F2V and RPE1-E6 cells than in vector control cells (Fig.
3C), indicating that, similar to what was observed in PHKs and
NIKS cells, F2V can abrogate the postmitotic checkpoint and in-
duce polyploidy in RPE1 cells. However, consistent with what was
observed in PHKs and NIKS cells (24), the level of F2V-induced
polyploidy was lower than the level in wild-type E6-expressing

FIG 2 Kinase activities of postmitotic checkpoint-related proteins. Total protein extracts of NIKS cells or PHKs expressing HPV-16 E6, mutant F2V, or vector
were immunoprecipitated with anti-Cdk1, anti-Cdk2, anti-Cdk4, anti-cyclin A2, anti-cyclin B1, anti-cyclin D1, and anti-cyclin E1 antibodies. In vitro kinase
assays were performed with the full-length pRb as a substrate. Autoradiograms showing levels of phosphorylated pRb from experiments that are representative
of at least three experiments are provided. (A) Kinase activities of cyclins/Cdks in asynchronous NIKS cells. (B) Top, quantification of the kinase activities from
the experiment whose results are shown in panel A; bottom, Western blot assay of the immunoprecipitates showing the levels of Cdk1. (C) Kinase activities of
Cdk1, Cdk2, and Cdk4 in NIKS cells treated with nocodazole for 48 h. (D) Quantification of kinase activities from the experiment whose results are shown in
panel C. (E) Kinase activities of Cdk1 in PHKs with or without nocodazole treatment. (F) Quantification of kinase activities from the experiment whose results
are shown in panel E. Error bars reflect the standard deviations of the means. NOC, nocodazole. *, P 	 0.05; **, P 	 0.01.

Zhang et al.

2556 jvi.asm.org March 2015 Volume 89 Number 5Journal of Virology

http://jvi.asm.org


RPE1 cells (P 	 0.05) (Fig. 3D), indicating that although p53
degradation by E6 is not required, it does play a role in E6-medi-
ated abrogation of the postmitotic checkpoint.

Cdk1 is important for E6 to induce polyploidy. Next, we ex-

amined the expression of Cdk1 in RPE1 cells expressing E6 and
F2V. As shown by the results in Fig. 4A, consistent with what was
observed in keratinocytes, the steady-state level of Cdk1 was in-
creased in both E6- and F2V-expressing RPE1 cells (2.8- and 2.3-

FIG 3 Expressions and activities of HPV-16 E6 and F2V in RPE1 cells. (A) Total RNA isolated from RPE1 cells expressing HPV-16 E6, F2V, or vector was
subjected to RT-PCR using HPV-16 E6 primers. �-Actin was used as a control. (B) Total protein extracts from RPE1 cells expressing HPV-16 E6, F2V, or vector
treated with or without nocodazole were collected, resolved by SDS-PAGE, and blotted with antibodies against p53, p21, and �-tubulin. (C) RPE1-E6, F2V, and
vector control cells were treated with DMSO or nocodazole, and the DNA content was detected by flow cytometry. Polyploid cells are indicated as 8C. Results
representative of three experiments are shown. (D) Percentages of polyploid cells from three experiments are summarized in a histogram format. Error bars
reflect the standard deviations of the means. NOC, nocodazole. *, P 	 0.05; **, P 	 0.01.
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fold, respectively). We then examined the role of Cdk1 in poly-
ploidy formation in RPE1-F2V cells. For this, we used the siRNA
strategy to knock down Cdk1. Cdk2 siRNAs were used as a con-
trol. Two siRNAs for each Cdk were employed. These siRNAs
were previously demonstrated to specifically downregulate Cdk1
and Cdk2, respectively (30, 31). Consistent with these results, both
siRNAs efficiently knocked down the steady-state levels of their
target proteins (Fig. 4B). Next, we examined the effect of Cdk1
knockdown on polyploidy formation in F2V-expressing RPE1
cells. Significantly, downregulation of Cdk1 but not of Cdk2 by
siRNAs reduced polyploidy formation in F2V-expressing cells
treated with nocodazole. The results for one of the siRNAs (beck)
are shown in Fig. 4C, and those for both siRNAs are summarized
in Fig. 4E. Notably, downregulation of Cdk1 but not of Cdk2 also
reduced polyploidy formation in RPE1-E6 cells (Fig. 4D and E),
suggesting that Cdk1 is also important for wild-type E6-express-
ing cells to bypass the postmitotic checkpoint. These results sug-

gest an important role for Cdk1 in polyploidy formation and post-
mitotic checkpoint abrogation in E6-expressing cells. As p21
binds Cdk1 with lower affinity than Cdk2 (37), our observation
that Cdk1 instead of Cdk2 plays an important role in polyploidy
formation in E6-expressing cells implicates a mechanism by which
E6 abrogates the postmitotic checkpoint in the presence of p21.

There is a concern that reduced polyploidy by Cdk1 siRNAs is
a result of cell arrest at G2 phase, which would lead to a reduction
in the number of cells entering into mitosis, as well as the postmi-
totic stage. To alleviate this concern, we used a small-molecule
inhibitor of Cdk1 that could be applied after nocodazole treat-
ment, when cells have already passed the G2 and spindle check-
points. The small-molecule Cdk1 inhibitor purvalanol A selec-
tively inhibits Cdk1, although at higher concentrations, it may
also inhibit Cdk2 (38). At 3 �M, purvalanol A modestly increased
the G2 but not the G1 populations of F2V- and E6-expressing
NIKS cells (Fig. 5A). We therefore added purvalanol A to E6-

FIG 4 Downregulation of Cdk1 impairs the ability of E6 mutant F2V to induce polyploidy. (A) Total protein extracts from RPE1-vector, RPE1-E6, and RPE1-F2V cells
were analyzed by Western blotting for Cdk1. (B) siRNAs efficiently knock down Cdk1 and Cdk2. RPE1-F2V cells were transfected with two siRNAs specific to Cdk1 and
Cdk2, respectively, for 36 h, and the levels of Cdk1 and Cdk2 were measured by Western blotting. �-Tubulin was used as a loading control in the experiments whose
results are shown in panels A and B. Data from one representative experiment of three are shown. (C, D) Downregulation of Cdk1 impairs the ability of F2V and E6 to
induce polyploidy. RPE1-F2V (C) and RPE1-E6 cells (D) were transfected with siRNAs targeting Cdk1 (Cdk1-beck siRNA) or Cdk2 (Cdk2-beck siRNA), and 36 h later,
the cells were treated with nocodazole at 50 ng/ml for an additional 48 h and analyzed by flow cytometry. Polyploid cells are indicated as 8C. Results representative of three
experiments are shown. (E) Quantification of the percentages of polyploid cells from the experiments whose results are shown in C and D, as well as results from
experiments using Cdk1-sp2 siRNA and Cdk2-tetsu siRNA. Error bars reflect the standard deviations of the means. NOC, nocodazole. **, P 	 0.01.
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expressing NIKS cells already treated with nocodazole for 24 h, a
point at which NIKS control cells and E6-expressing NIKS cells
have largely exited from mitosis, as we showed previously (24).
Significantly, the treatment of cells with purvalanol A significantly
reduced F2V- and E6-induced polyploidy (P 
 0.003) (Fig. 5B).
These results provide additional evidence for the role of Cdk1 in
polyploidy formation in E6-expressing cells.

Role of E2F1 in upregulation of Cdk1 in E6-expressing cells.
It was reported that E2F1 regulates Cdk1 expression (39). On the
other hand, E6 turns on E2F1 (40). We therefore examined the
possibility that E6 and F2V increase Cdk1 expression by turning
on E2F1. As shown by the results in Fig. 6A, E2F1 is significantly
upregulated in both E6- and F2V-expressing cells. Furthermore,
downregulation of E2F1 by siRNA significantly reduced the
steady-state levels of Cdk1 (Fig. 6B). These results demonstrate
that E2F1 plays an important role in the upregulation of Cdk1 by
E6. Since the p53 degradation-defective E6 mutant F2V is compe-
tent in upregulation of E2F1, E6 can turn on E2F1 in a p53 degra-
dation-independent manner.

Reduced nuclear p21 localization in E6 mutant F2V-express-
ing cells. To further explore whether E6 has additional mecha-

nisms to overcome the inhibitory effect of p21 in bypassing the
postmitotic checkpoint, we examined its cellular localization. We
performed Western blot analysis of p21 expression following sub-
cellular fractionation to determine and quantify the intracellular
localization of p21 in NIKS cells expressing F2V and control, no-
codazole-treated cells. Only nuclear and cytoplasmic proteins
were prepared and analyzed. Successful fractionation was demon-
strated by the expected subcellular localization of nuclear (SP1)
and cytoplasmic (�-tubulin and GAPDH) protein markers (Fig.
7A). While the majority of p21 proteins (�90%) were localized in
the nucleus in the vector control cells, only less than half (�30%)
of the p21 remained in the nucleus in F2V-expressing cells (Fig.
7B). Most of the p21 (�70%) was found in the cytoplasm in F2V-
expressing cells. These results demonstrate an ability of E6 to af-
fect the cellular localization of p21. As most Cdk1 substrates re-
lated to the postmitotic checkpoint are expected to be in the
nucleus when cells bypass the checkpoint, this observation pro-
vides another mechanism for how Cdk1 remains active in the
presence of p21 within the same cell. By translocating p21 from
the nucleus to the cytoplasm, less p21 will be available to bind and
inhibit nuclear Cdk1.

FIG 5 Pharmacological inhibition of Cdk1 reduces E6-induced polyploidy. (A) F2V- and E6-expressing NIKS cells were treated with DMSO or 3 �M purvalanol
A for 24 h. In parallel experiments, cells were treated with nocodazole for 24 h, followed by treatment with purvalanol A or DMSO for an additional 24 h in the
presence of nocodazole before being analyzed by flow cytometry. Polyploid cells are indicated as 8C. Data from one representative experiment of four are shown.
(B) Percentages of polyploid cells from the experiment whose results are shown in panel A are summarized in a histogram format. Error bars reflect the standard
deviations of the means. Purv A, purvalanol A; NOC, nocodazole. *, P 	 0.05; **, P 	 0.01.
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DISCUSSION

Previously, Cdk2 was thought to be essential for the G1/S tran-
sition, while Cdk1 was thought to function only at the G2/M
progression. A role for Cdk1 at the G1 checkpoint in the ab-
sence of Cdk2 has been demonstrated during the past decade
(8, 9). The essential role of G1 Cdks has been challenged by
observations indicating that they are not necessary for the mi-
totic cell cycle in mammalian cells (8, 9, 41–43). In the absence
of all three G1 Cdks, Cdk1 compensates for their functions (9).
Because the postmitotic checkpoint shares many features with
the G1 checkpoint (14, 15), it is not surprising that Cdk1 activ-
ity is important for bypassing the postmitotic checkpoint in
E6-expressing cells. Nonetheless, in the presence of G1 Cdks, a
role for Cdk1 in S-phase progression has not been shown. The
data presented in this study indicate a role for Cdk1 at the
postmitotic G1 checkpoint in the presence of functional Cdk2

and other G1 Cdks. In this regard, these results call for a novel
concept of Cdk1 functions at cell cycle checkpoints.

p21 is generally believed to bind Cdk1 with lower affinity than
for its association with Cdk2 (37). Theoretically, p21 expression
should be decreased during carcinogenesis, as it normally func-
tions as an inhibitor of cell proliferation. In cervical cancer, which
is frequently associated with HPV infection, the p21 protein level
is expected to be low due to E6-mediated degradation of p53.
Interestingly, increased p21 expression was significantly corre-
lated with advanced cervical cancer in several studies (22, 23).
How the growth-inhibitory function of high levels of p21 is over-
come in cervical cancer is not fully understood. It is therefore
medically relevant and important to study the p53-independent
functions of E6 that bypass the inhibitory effect of p21. Because
p21 binds Cdk1 with lower affinity than Cdk2 (37), our observa-
tion that Cdk1 instead of Cdk2 plays an important role in poly-

FIG 6 Role of E2F1 in regulation of Cdk1 in E6-expressing cells. (A and B) Total protein extracts from NIKS (A) and RPE1 (B) cells expressing vector, E6, and
F2V were analyzed for E2F1 by Western blotting. �-Tubulin was used as a loading control. (C) RPE1-F2V cells were transfected with siRNA specific to E2F1 for
36 h, and the levels of E2F1 and Cdk1 were measured by Western blotting. �-Tubulin was used as a loading control. Bottom, quantification of the relative protein
levels in the experiments whose results are shown in panels A to C.

FIG 7 Cellular localization of the p21 protein in E6 mutant-expressing cells. (A) NIKS cells expressing F2V or vector were treated with nocodazole, and
cytoplasmic (C) and nuclear (N) fractions were prepared and immunoblotted with antibodies specific for p21, �-tubulin, GAPDH (cytoplasmic protein marker),
or SP1 (nuclear marker). Fifty micrograms of the 800 �g of cytoplasmic proteins and 10 �g of the 80 �g of nuclear proteins were loaded. Data from one
representative experiment of three are shown. (B) Quantification of steady-state levels of cytoplasmic and nuclear p21 in F2V or vector cells in the experiment
whose results are shown in panel A. Error bars reflect the standard deviations of the means. NOC, nocodazole. **, P 	 0.01.
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ploidy formation in E6-expressing cells implicates a mechanism
by which E6 abrogates the postmitotic checkpoint in the presence
of p21.

While it was suggested that a single p21 molecule is sufficient
for kinase inhibition and that p21-saturated complexes contain
only one stably bound inhibitor molecule (44), other studies sug-
gest that kinase complexes containing p21 transit between active
and inactive states and that Cdk2 complexes associated with one
p21 molecule remain active until they associate with additional
p21 molecules (37, 45). In this study, we demonstrated that a
significant amount of p21 localizes in the cytoplasm of E6 mutant-
expressing cells after nocodazole treatment (Fig. 6), a condition
where these cells enter S phase with a tetraploid genome (24). As a
result, the decreased level of p21 in the nucleus may not be suffi-
cient to bind or inhibit all Cdk1. A reduction in the levels of p21 in
the nucleus of E6 mutant-expressing cells should contribute to the
activation of Cdks, which could partially explain why Cdk1 re-
mains active and is required for polyploidy formation in E6-ex-
pressing cells. Interestingly, immunostaining analysis revealed
that p21 was predominantly cytoplasmic in breast cancer (46).
While nuclear localization of p21 in low-grade cervical squamous
intraepithelial lesions infected with HPV has been observed (47),
p21 localization in HPV-positive tissues in response to mitotic
stress remains to be examined.

The mechanism by which p21 localizes to the cytoplasm in
E6-expressing cells remains to be explored. Multiple protein ki-
nases have been shown to phosphorylate p21, which regulates its
subcellular localization (48). For example, Akt catalyzes the phos-
phorylation of p21 on T145, leading to the accumulation of cyto-
plasmic p21 (49). It is well known that Akt is activated in E6-
expressing cells (50), and thus, it is possible that Akt stimulates the
translocation of p21 from nucleus to cytoplasm by phosphorylat-
ing it on T145 in E6-expressing cells. Cytoplasmic p21 can bind to
and prevent the activation of procaspase 3, hence blocking apop-
tosis (51). Cytoplasmic p21 may also gain new functions, such as
cell motility, which contributes to invasion and metastasis (52).
Future studies will explore these possibilities.

Although the increased kinase activity of Cdk1 in E6- and F2V-
expressing cells can be explained by a lower binding affinity of p21
and/or cytoplasmic localization of p21, we do not know the mech-
anism underlying the upregulation of cyclin B1 and cyclin A2, at
the protein level. Notably, the cell cycle profiles for regularly cul-
tured E6- and F2V-expressing cells are similar to that of vector
control cells (Fig. 3C) (24). It is generally believed that HPV on-
cogenes abrogate cell cycle checkpoints and alter the expression of
cell cycle-related proteins. In doing so, HPV generates a favorable
environment for viral DNA replication in otherwise differentiat-
ing cells. Future studies should explore the mechanism by which
Cdk1-associated cyclins are upregulated in E6- and E6 mutant-
expressing cells.

In this study, we examined the expression of postmitotic
checkpoint-related genes in cells expressing an HPV-16 E6 mu-
tant that is defective in p53 degradation but competent in abro-
gating the checkpoint. Our results demonstrate an increase in the
steady-state levels of both G1- and G2-related cyclins/Cdks in E6-
expressing keratinocytes. Interestingly, only Cdk1 remains active
in E6 mutant-expressing cells upon microtubule disruption. Fur-
thermore, downregulation of Cdk1 impairs the ability of E6 to
induce polyploidy. Our study thus demonstrated an important
role for Cdk1 in E6-induced polyploidy. As p21 binds Cdk1 with

lower affinity than Cdk2 (37), our results implicate a mechanism
by which E6 abrogates the postmitotic checkpoint in the presence
of p21. Furthermore, less p21 protein was found in the nucleus of
HPV E6 mutant-expressing cells than in the nucleus of control
cells when entering S phase with a tetraploid genome. These stud-
ies shed light on mechanisms by which HPV induces polyploidy.
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