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The infectious cycle of human papillomavirus type 1 (HPV1) is accompanied by abundant expression of the
full-length E1�E4 protein (17-kDa) and smaller E4 polypeptides (16-, 11-, and 10-kDa) that arise by sequential
loss of N-terminal E1�E4 sequences. HPV1 E4 inhibits G2-to-M transition of the cell cycle. Here, we show that
HPV1 E4 proteins mediate inhibition of cell division by more than one mechanism. Cells arrested by coex-
pression of E1�E4 (E4-17K) and a truncated protein equivalent to the 16-kDa species (E4-16K) contain
inactive cyclin B1-cdk1 complexes. Inactivation of cdk1 is through inhibitory Tyr15 phosphorylation, with cells
containing elevated levels of Wee1, the kinase responsible for inhibitory cdk1 phosphorylation. Consistent with
these findings, overexpression of Wee1 enhanced the extent to which E4-17K/16K-expressing cells arrest in G2,
indicating that maintenance of Wee1 activity is necessary for inhibition of cell division induced by coexpression
of the two E4 proteins. Moreover, we have determined that depletion of Wee1 by small interfering RNA (siRNA)
alleviates the G2 block imposed by E4-17K/16K. In contrast however, maintenance of Wee1 activity is not
necessary for G2-to-M inhibition mediated by E4-16K alone, as overexpression or depletion of Wee1 does not
influence the G2 arrest function of E4-16K. Cells arrested by E4-16K expression contain low levels of active
cyclin B1-cdk1 complexes. We hypothesize that differential expression of HPV1 E4 proteins during the viral life
cycle determines the host cell cycle status. Different mechanisms of inhibition of G2-to-M transition reinforce
the supposition that distinct E4 functions are important for HPV replication.

Human papillomaviruses (HPVs) are small-DNA viruses
that infect cutaneous and mucosal squamous epithelium and
produce benign or malignant tumors. The HPV infectious cy-
cle is initiated in keratinocytes of the basal cell layer (13). In
these cells the viral genome is maintained at a low copy num-
ber by synchronous replication with chromosomal DNA. When
the infected cell moves up from the basal layer and enters the
terminal differentiation program, the virus switches to vegeta-
tive replication and the HPV genome is amplified to very high
levels. Further differentiation is accompanied by expression of
the capsid proteins and eventual virion formation in the most
differentiated cells. The early protein, E1�E4, expressed from
a spliced mRNA transcript, is abundant in cells that have
switched to productive infection (29, 30, 33). Loss of E1�E4
expression in experimental systems that recapitulate the infec-
tious cycle correlates with reduced viral genome amplification
and late gene expression in differentiating keratinocytes (28,
32, 49), indicating that E1�E4 has an important role in the
vegetative cycle of HPVs. Knowledge of E1�E4 functions is
limited, however, precluding a complete understanding of the
role of this viral protein in the HPV life cycle.

The HPV type 1 (HPV1) E1�E4 protein has been shown to
mediate reorganization of the promyelocytic leukemia protein
from nuclear dot 10 domains to nuclear inclusion bodies (42).
Because formation of E4-promyelocytic leukemia protein in-
clusions occurs in cells that have switched from maintenance of
viral genome replication to genome amplification, this E4-
mediated process may play an important role in facilitating the

infectious cycle in these cells (7, 42, 44). The E1�E4 proteins
also associate with the keratin intermediate filament network,
but the function of this interaction is not known (4, 9, 37, 40).
Reorganization of the keratin cytoskeleton by E1�E4 proteins
may compromise cell integrity and facilitate release of the virus
from the upper layers of the lesion (9, 41). However, only a
limited degree of cytoskeleton collapse has been observed in
vivo (37, 45), and perturbation of the keratin networks is not a
function of all E1�E4 proteins (40, 43). Cytokeratin association
of E1�E4 proteins may act to tether cellular targets of E1�E4
to the networks, and indeed, cyclin B1-cdk1 complexes are
sequestered onto the cytokeratin networks by HPV16 E1�E4
(5). In this scenario, HPV16 E1�E4 induces cells to arrest in
the G2 phase of the cell cycle, and failure of active cyclin
B1-cdk1 to translocate to the nucleus correlates with the G2

arrest function (5, 6).
We have shown that a modified form of HPV1 E4 also

induces a G2 cell cycle arrest (19). In HPV1 infections, multi-
ple species of E4 are produced as a result of posttranslational
modification (PTM) (3, 10). Proteolysis is an important facet of
E4 PTM and involves a sequential cleavage of residues from
the N terminus of the 17-kDa E1�E4 polypeptide to produce
species of 16, 11, and 10 kDa (39). A progressive accumulation
of the modified forms occurs, so that the more processed
species predominate in late stages of the infectious cycle. A
mutant protein (E4-16K) containing a deletion of amino acids
2 to 15 of E1�E4, equivalent to one of the modified forms of
HPV1 E4 found in vivo (16 kDa), is responsible for a G2 arrest
function (19). The region missing from the truncated polypep-
tide includes an LLXLL motif (10LLGLL14), an element that is
critical for interaction with cytokeratin networks (39). The
truncated E4-16K protein, therefore, does not associate with
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the keratin cytoskeleton (39). The full-length protein, E1�E4
(E4-17K), can interact with the cytoskeleton but has no effect
on the progression of cells from G2 into mitosis (19, 39, 40).
Perturbation of the mitotic cell cycle is therefore a specific
function of the processed HPV1 E4 protein and is not depen-
dent on an association with the keratin cytoskeleton. Com-
bined expression of full-length E1�E4 and the truncated pro-
tein, E4-17/16K, does not attenuate the inhibitory effect of the
processed polypeptide on G2-to-M transition. However, aber-
rant nuclear morphology and cellular genome rereplication,
features associated with the G2 arrest function of E4-16K, were
not evident (19). Cooperation of the two HPV1 E4 proteins
also repressed cellular DNA synthesis, suggesting that HPV1
E4 mediates additional effects on cell proliferation (19). It was
predicted that these actions of HPV1 E4 probably act together
to alter the physiology of the infected keratinocyte to one that
can support efficient amplification of the viral genome.

Here we have investigated the mechanism by which HPV1
E4 inhibits G2-to-M transition of the cell cycle. Our findings
indicate that the mechanism underlying the cell cycle block
imposed by coexpression of the two E4 proteins (E4-17/16K)
differs from that mediated by expression of E4-16K alone.
Inactive cdk1 accumulates in cells expressing E4-17/16K, while
cells arrested by expression of E4-16K alone contain low levels
of active cyclin B1-cdk1 complexes. Inactivation of cdk1 activ-
ity in E4-17/16K-expressing cells is by inhibitory Tyr15 phos-
phorylation, and E4-17/16K-induced cell cycle arrest is depen-
dent on maintenance of Wee1, the kinase responsible for
inhibitory cdk1 phosphorylation. Restoration of cdk1 activity
in E4-17/16K-expressing cells by okadaic acid implicates
serine-threonine phosphatase activity in E4-17/16K function.
That HPV1 E4 uses more than one mechanism to inhibit
G2-to-M transition of the cell cycle reinforces the supposition
that this E4 action is important for productive viral infection.

MATERIALS AND METHODS

Cell culture. SCC-12F keratinocytes and the cervical tumor cell line HeLa
were grown as previously described (19).

Infection with recombinant adenoviruses (rAds). Construction of rAds that
express HPV1 E4 proteins (AdE4-17K and AdE4-16K) or �-galactosidase (Ad�-
Gal) have been described previously (42). Asynchronous cells seeded into 6- or
10-cm dishes were infected at a multiplicity of infection of 30, as described
previously (19).

Cell synchronization. Synchronization of HeLa cells with nocodazole was
performed essentially as described previously (19). Cell lysates prepared from
pelleted cells were used in Western blot analysis or in vitro kinase experiments.

For synchronization of HeLa cells at the G1/S border, cells were treated with
2 mM thymidine for 16 h, after which the medium was removed and the cells
washed with phosphate-buffered saline. Cells were incubated with rAds (multi-
plicity of infection of 30) for 2 h, and the virus solution was removed and
replaced with fresh medium. Following incubation (6 h), 2 mM thymidine was
then added for a further 16 h. Cells were released from the thymidine-induced
block by harvesting with trypsin and reseeding into 10-cm dishes. At various
times postrelease, cells were harvested for analysis by flow cytometry or Western
blotting.

Flow cytometric analysis. Flow cytometry and statistical analysis of data were
performed as previously described (19).

In vitro kinase assays. Cells were lysed in 1% NP-40, 50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 10% glycerol, and insoluble material removed by centrifugation.
For immunoprecipitation of cyclin-cdk complexes, 10 �g of either cyclin B1
(Santa Cruz Technologies) or cyclin A (Cancer Research UK) was added to 1 mg
lysate and samples incubated at 4°C for 2 h. Immune complexes were collected
by rotation at 4°C for 90 min with protein-G Sepharose (Cancer Research UK).
Beads were washed four times in lysis buffer and finally incubated in 20 �l of 50

mM Tris-HCl, pH 7.4, 50 �M ATP, 10 �Ci [�-32P]ATP (Amersham Bio-
sciences), and 5 �g of histone H1 (Sigma Chemicals) at 37°C for 1 h. Samples
were heated at 95°C and separated on a 12% sodium dodecyl sulfate-polyacryl-
amide gel. The proteins were fixed and visualized by the addition of 100 ml
fixation buffer (1% [wt/vol] Brilliant Blue (Sigma Chemicals), 40% [vol/vol]
ethanol, 10% [vol/vol] acetic acid), gels dried, and autoradiography performed.

Wee1 knockdown using siRNA. The following RNA primers were synthesized
and purified (Ambion, Huntingdon, United Kingdom) (51): Wee1 sense, 5�-GA
GGCUGGAUGGAUGCAUUdTdT-3; Wee1 antisense, 5�-AAUGCAUCCAU
CCAGCCUCdTdT-3�; Luciferase sense, 5�-CUUACGCUGAGUACUUCGAd
TdT-3�; Luciferase antisense, 5�-UCGAAGUACUCAGCGUAAGdTdT-3�.
HeLa cells grown to a cell density of 70 to 80% in 6-cm culture dishes were
transfected with Lipofectamine 2000 (Invitrogen Life Technologies). Two pico-
moles of either Wee1 or Luciferase RNA primers was added to 250 �l of
Optimem medium (Gibco BRL). In a separate tube, 2.5 �l of Lipofectamine
2000 was mixed with 250 �l of Optimem medium. Samples were left at room
temperature for 15 min, after which the Lipofectamine 2000 mixture was added
to the RNA primer mix and incubated for a further 15 min at room temperature.
The small interfering RNA (siRNA) primers/Lipofectamine cocktail was added
to the cells. After 6 h, siRNA primers/Lipofectamine solution was removed and
cells infected with rAds, and cells were harvested 48 h postinfection.

Wee1 overexpression. HeLa cells were transfected with 5 �g of CMVWee1 (a
kind gift of Nobu Watanabe, Discovery Research Institute, Wako, Japan) using
Lipofectamine 2000, as described previously (19). After 6 h, cells were infected
with rAds and harvested 48 h postinfection.

Inhibition of PP2A activity. HeLa cells were infected with the different rAds.
After 24 h, 10 �M of okadaic acid dissolved in dimethyl sulfoxide (DMSO)
(Calbiochem, Merck Biosciences, Nottingham, United Kingdom) was added to
the culture medium and cells incubated for a further 48 h prior to harvest. For
controls, cells were treated with DMSO alone.

HA immunoprecipitation and Western blotting. For analysis of E4 complexes,
HeLa cells were transfected, as previously described (19), with pcDNA3.0-based
(Invitrogen Life Technologies) plasmids which express the full-length HPV1
E1�E4 protein with a hemagglutinin (HA) epitope tag at the C terminus
(pcDNA1E4-17KHA) and/or the truncated HPV1 E4 cDNA �2-15 that codes
for the E4-16K protein (pcDNA1E4-�2-15) (42). Cells were lysed in 50 mM
HEPES, pH 7.0, 250 mM NaCl, 0.1% NP-40, supplemented with complete
EDTA-free protease inhibitor cocktail (Roche); cell lysates were incubated with
HA-tag-directed antibody (Covance, Princeton, NJ, US). Immune complexes,
isolated as described above, were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose membrane prior
to Western blotting.

Western blotting was carried out as previously described (19). A monoclonal
antibody (MAb) to cyclin B1 was purchased from Cancer Research UK and used
at a dilution of 1/1,000. A rabbit polyclonal antibody against cdk1 (Upstate
Biotechnology) was used at a 1/1,000 dilution, and a rabbit polyclonal antibody
that recognizes cdk1-P tyrosine15 was obtained from Cell Signaling Technology
(1/500 dilution). Wee1 was detected with a MAb purchased from Santa Cruz and
used at a dilution of 1/1,000. HPV1 E4 proteins were detected using MAb 4.37
(10) at 1/250. Immune complexes were detected using appropriate secondary
horseradish peroxidase-conjugated antibodies (Sigma Chemicals) and developed
using enhanced chemiluminescence (ECL; Amersham Biosciences).

RESULTS

E4-16K and E4-17/16K mediate G2 arrest by different path-
ways. Because activation of the cyclin B1-cdk1 complex is req-
uisite for mitotic progression, we reasoned that failure of cells
expressing the truncated protein E4-16K (equivalent to the
16-kDa species expressed in HPV1 warts) or coexpressing E4-
16K and the full-length E4-17K protein (E4-17/16K) to
progress into mitosis might be due to an aberration in the
pathways that regulate cyclin B1-cdk1 activity (19). A rise in
cyclin B1 protein levels during G2 is followed by a rapid trans-
location of the cyclin into the nucleus to stimulate entry into
mitosis (35). Therefore, to assess whether the block in G2-to-M
transition might be a result of interference in the normal ex-
pression of cyclin B1 (19), we examined cyclin B1 protein levels
in HeLa cervical tumor cells following infection with rAds that
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express the different HPV1 E4 polypeptides (AdE4-17K and
AdE4-16K) or a control virus expressing �-galactosidase (Ad�-
Gal) (19). By 72 h postinfection, analysis by flow cytometry
revealed that the cell cycle profiles of cells expressing E4-17K
(full-length E1�E4) or �-galactosidase were similar to those of
mock-infected cells, with no significant change in G2�M:G1

ratio (Fig. 1A). In contrast, cells infected with AdE4-16K or
coinfected with AdE4-17K and AdE4-16K accumulated in G2,
with an increase in G2�M:G1 ratio to 1.53 and 1.65, respec-
tively, compared to 0.33 for cells expressing E4-17K alone (Fig.
1A). Western blot analysis of cyclin B1 showed that in E4-16K-
expressing cells, the level of cyclin B1 was significantly lower
than that in cells that had arrested in G2 following coexpres-
sion of E4-17K and E4-16K (Fig. 1B). Indeed, the level of
cyclin B1 in E4-17/16K cells approached that of cells arrested
in mitosis by the mitotic spindle inhibitor nocodazole, whereas
the cyclin B1 levels in E4-16K-expressing cells were similar to
those in mock-infected cells or cells expressing the control
protein �-galactosidase (Fig. 1B). Cyclin B1 levels in cells
expressing the full-length E1�E4 protein (E4-17K) were

slightly elevated compared to those in control cells but did not
reach the levels attained in cells expressing both E4 proteins.

A difference in cyclin B1 levels between cells expressing
either both E4 proteins (E4-17/16K) or the truncated protein
(E4-16K) alone was unexpected, since cells accumulated in G2

in both instances. We therefore proceeded to examine cdk1
activity in cells expressing the different HPV1 E4 proteins.
Cyclin B1-cdk1 complexes were isolated from asynchronous
HeLa cells 72 h postinfection by immunoprecipitation with a
cyclin B1 antibody, and cdk1 activity was determined in vitro
using exogenous histone H1 as a substrate in kinase assays.
Although the extent of G2 arrest in E4-expressing cells (E4-
16K and E4-17/16K) and in cells treated with nocodazole was
similar (data not shown), cdk1 activity in E4-17/16K-expressing
cells was significantly lower than in nocodazole-arrested cells
(Fig. 1C). In contrast, cdk1 activity was higher in cells express-
ing E4-16K alone than in cells expressing the two proteins but
surprisingly did not approach the level of activity observed in
nocodazole-arrested cells (Fig. 1C). This finding suggested that
E4-16K-expressing cells contain a low level of active cyclin

FIG. 1. Differences in the level of cyclin B1 protein and cdk1 activity between HeLa cells arrested in G2 by E4-16K expression or combined
expression of E4-17K and E4-16K. (A) Cell cycle analysis of HeLa cells either mock infected (MI) or infected with rAds expressing HPV1 E4
proteins (17K, 16K, or both [17/16K]) or the control protein �-galactosidase (�-Gal). Data from seven independent experiments are shown as the
means � standard deviations. The proportion of cells in the G0/G1, S, and G2/M phases were deconvoluted from the frequency histogram by using
Multicycle dedicated cell cycle analysis software. The mean G2�M:G1 ratios are 0.33 (E4-17K), 1.53 (E4-16K), 1.65 (E4-17/16K), 0.35 (�-Gal),
and 0.34 (MI). (B) Western blot analysis of cyclin B1 and E4 expression in HeLa cell lysates. HeLa cells treated with nocodazole were used as a
control population of cells arrested in mitosis. �-Actin represents a protein loading control. The histogram shows the relative levels of cyclin B1,
following normalization to actin levels. (C) Level of histone H1 phosphorylation (H1-P) following in vitro phosphorylation ([�-32P]ATP) using
cyclin B1-cdk1 complexes immunoprecipitated from HeLa cell lysates using a cyclin B1 antibody. The histogram shows the relative intensities of
H1-P from four independent experiments. Equivalent levels of cyclin B1 and cdk1 were immunoprecipitated for all samples (data not shown).
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B1-cdk1 complexes, a conclusion consistent with our immuno-
fluorescence studies of E4-16K-expressing cells; only a minor-
ity of these cells expressed detectable cyclin B1, but it was
predominantly nuclear (19). An assessment of cdk activity as-
sociated with cyclin A, which also rises throughout the G2

phase of the cell cycle, revealed a high level of histone H1
phosphorylation in both AdE4-16K-infected cells and AdE4-
17K/-16K-infected cells, in comparison to that in AdE4-17K-
infected and control cells (data not shown). Thus, our data
suggest that when expressed together, the E4-17/16K proteins
target cyclin B1-cdk1 activity specifically.

G2 arrest mediated by coexpression of E4-17K and E4-16K
correlates with inhibitory phosphorylation of cdk1. Our data
indicate that E4-17/16K-expressing cells contain significant lev-
els of cyclin B1 but low cdk1 activity, suggesting that arrest of
the G2-to-M transition might be induced by specific inactiva-
tion of cdk1. In interphase, inactivation of cdk1 is mediated
by phosphorylation of threonine 14 (Thr14) and tyrosine 15
(Tyr15) by the Wee family of kinases (26, 31, 34). In late G2

through to metaphase, cdk1 is activated by phosphorylation of
threonine161 by a cdk-activating kinase, CAK (21), and re-
moval of the phosphate groups from Thr14 and Tyr15 by the
phosphatase cdc25c (8). Interestingly, examination of cdk1
protein expression in HeLa cells arrested in G2 following co-
expression of E4-17K and E4-16K revealed the presence of an
additional slower-migrating form of cdk1 that was not detected
in mock-infected cells or cells expressing E4-17K or E4-16K
alone or �-galactosidase (Fig. 2A). These data suggest that
cdk1 might be preferentially phosphorylated in E4-17/16K-
expressing cells. To investigate this possibility, we performed a
Western blot analysis using an antibody that recognizes the
phosphorylated form (Tyr15) of cdk1 (Fig. 2B). The analysis
revealed that the level of cdk1-Tyr15 phosphorylation in E4-
17/16K-expressing cells was increased compared to that in cells
expressing the individual E4 proteins, �-galactosidase or mock
infected, by up to 2.7-fold (Fig. 2B).

Since the studies described above were performed with
HeLa cells, an HPV18-containing cervical tumor cell line, we
wanted to confirm that the action of E4 on cdk1 activity is
independent of that of other HPV proteins. Indeed, we have
previously shown that E4-17/16K cell cycle arrest function is
active in non-HPV-containing cell lines, such as SCC-12F ke-
ratinocytes (19). Analysis of cyclin B1 levels and cdk1 activity
in SCC-12F cells infected with the different rAds (Fig. 3A)
revealed a scenario similar to that for HeLa cells, with E4-17/
16K-expressing cells containing increased cyclin B1 protein
levels, yet low cdk1 activity, relative to E4-16K-expressing cells
or control cells (Fig. 3B and C). Significantly, the marked
reduction in cdk1 activity correlated with increased inhibitory
cdk1-Tyr15 phosphorylation (Fig. 3C).

Because inhibitory phosphates are removed from cdk1 by
cdc25c, we examined the possibility that cdc25c was inactive in
E4-17K/16K cells by immunoblotting the HeLa cell lysates with
an antibody that recognizes the inactive form of the phos-
phatase (rabbit antibody that recognizes phosphorylation of
Ser216 on cdc25c (no. 9528; Cell Signaling Inc.). We found,
however, that there was no significant difference in the level of
phosphorylation of Ser216 on cdc25c between cells infected
with the different rAds (data not shown), suggesting that the

accumulation of inactivated cdk1 in E4-17/16K cells is not due
to the inactivation of cdc25c.

Wee1 protein levels are maintained in G2-arrested cells co-
expressing the E4-17/16K proteins. The kinase Wee1, which
mediates Tyr15 phosphorylation of cdk1, is cell cycle regulated.
In interphase, Wee1 levels are high and the kinase is in an
activated state in order to prevent cdk1 from being prema-
turely activated. As cells enter late G2, Wee1 becomes phos-
phorylated and targeted for degradation through the protea-
some, allowing cdk1 activation (47). We reasoned that if
induction of cell cycle arrest in E4-17/16K cells is dependent on
inhibitory phosphorylation of cdk1, then normal regulation of
Wee1 might be disrupted in these cells. To investigate this
possibility, we used HeLa cells induced into synchrony at the
G1/S border by thymidine. In order to establish a level of E4
expression in synchronous cells that stimulates cell cycle arrest,
HeLa cells were infected with rAds after the first 16-h incuba-
tion with 2 mM thymidine. A second thymidine incubation (16
h) followed, and cells subsequently released from the block.
Flow cytometry was used to monitor traverse of the cell cycle
after release. Progression of cells through the cell cycle was
similar for mock-infected cells (data not shown), cells infected
with the control virus (Ad�-Gal) (data not shown), or cells
infected with the virus expressing the full-length E1�E4 protein

FIG. 2. Inhibition of G2-to-M transition following coexpression of
E4-17/16K proteins correlates with increased levels of phosphorylated
cdk1. (A) cdk1 protein expression profiles in HeLa cells either mock
infected or infected with rAds for 72 h. HeLa cells treated with no-
codazole were used as a control population of cells arrested in mitosis.
(B) Western blot analysis of cell lysates with an antibody that detects
inhibitory phosphorylation of cdk1 on Tyr15 (Cdk1 Y15-P). As a pro-
tein loading control, the membrane was probed with an antibody
against �-actin. The histogram shows cdk1 Y15-P levels relative to
total cdk1 protein.
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(E4-17K) (Fig. 4A, a). Upon release from the cell cycle block
(0 h), the cells progressed normally through the cell cycle, and
by 8 h after release a majority of cells were in G2/M. By 10 h,
cells had begun to leave G2 and reenter G1. At 24 and 28 h
postrelease, cells were no longer synchronous (Fig. 4A, a).
Western blot analysis of Wee1 levels revealed a cell cycle-
dependent fluctuation (Fig. 4A, b). At early times postrelease
(0 to 6 h), Wee1 levels were high due to the majority of cells
being in S phase. As cells moved into G2 and M at 8 h, Wee1
levels were markedly reduced, reflecting degradation of the
Wee1 protein during M phase. By 10 h after release, Wee1
levels increased as cells reentered G1 and S, and by 24 and
28 h, Wee1 levels reflected the asynchronous distribution of
cells.

Cell cycle progression of cells infected with Ad1E4-16K and
that of cells coinfected with Ad1E4-17K and Ad1E4-16K were
similar to one another (Fig. 4A, c and e). By 8 h after release,
cells had accumulated in G2 and M, and this population
steadily increased, so that by 28 h, the majority of cells were in
G2/M. Regulation of Wee1 levels, however, was very different
between the two infections. In E4-16K-expressing cells, Wee1
levels decreased at 8 h and remained low at 10, 24, and 28 h,
reflecting accumulation of cells in G2/M (Fig. 4A, d). In con-
trast, in E4-17/16K-expressing cells, Wee1 levels decreased at
8 h but increased at 10 h and remained high at 24 and 28 h,

even though at these time points a majority of cells were in
G2/M (Fig. 4A, f). These data indicate that high Wee1 levels
accompany the G2/M arrest induced by coexpression of the two
E4 proteins. However, the decrease in Wee1 at 8 h was unex-
pected (Fig. 4A, f). Perhaps it is an indication that there had
been little or no perturbation of the cell cycle by E4-17/16K at
this time point, and the loss and reexpression of Wee1 at 8 and
10 h are a reflection of cells moving normally through the cycle.
To investigate this possibility, the progression of synchronized
cells and Wee1 levels was monitored every 4 h, between 10 and
22 h after release, with a final time point at 32 h (Fig. 4B). In
mock-infected cells and cells infected by Ad�-Gal or AdE4-
17K, complete synchrony of the cells is no longer evident and
Wee1 levels reflect this (Fig. 4B, a and b; also data not shown).
The majority of cells infected by Ad1-E416K were arrested in
G2/M between 10 and 22 h after release, but cell cycle arrest
was not maintained by 32 h (Fig. 4B, c). Consistent with the
previous experiment, E4-16K-induced G2/M arrest was accom-
panied by low Wee1 levels, with only a very small rise at 10 and
18 h, most likely reflecting cell cycle progression of a small
population of uninfected cells (Fig. 4B, d). Wee1 rose to a
more normal level at 32 h, when the cells were no longer
maintained in a G2/M arrest. In cells coinfected with AdE4-
17K and AdE4-16K, a population of cells moved from G1 and
S into G2/M between 10 and 18 h postrelease, with a majority

FIG. 3. Activity of cdk1 in SCC-12F keratinocytes arrested by HPV1 E4 proteins. (A) Cell cycle profiles of SCC-12F cells either mock infected
or infected with rAds for 72 h. (B) Level of histone H1 phosphorylation (H1-P) following in vitro phosphorylation ([�-32P]ATP) using cyclin
B1-cdk1 complexes immunoprecipitated from SCC-12F lysates with a cyclin B1 antibody. Autoradiograph shown is representative of two
experiments. Equivalent levels of cyclin B1 and cdk1 were immunoprecipitated for all samples (data not shown). (C) Western blot analysis of
expression of cyclin B1 and cdk1 phosphorylated on Tyr15 (Cdk1 Y15-P) in SCC-12F lysates. As a protein loading control, the membrane was
probed with an antibody against �-actin. The histogram shows cdk1 Y15-P levels relative to total cdk1 protein.
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of cells accumulating in G2/M between 18 and 22 h, and cells
remained in cell cycle arrest at 32 h (Fig. 4B, e). Wee1 levels
rose as cells accumulated in G2/M (10 to 18 h) and remained
high at 22 and 32 h, even though the majority of cells are in
G2/M between 18 and 32 h (Fig. 4B, f).

Thus, our analysis of the induction of cell cycle arrest of
synchronous HeLa cells by the HPV1 E4 proteins indicates
that although expression of the E4-16K or E4-17/16K protein
induced a G2 arrest, the nature of the cell cycle arrest is
different between the two sets of proteins. So, while the accu-

mulation of E4-16K-expressing cells in G2 occurs between 10
to 14 h postrelease and is accompanied by loss of Wee1 ex-
pression, induction of G2 arrest by E4-17/16K occurs at a later
time (�18 h) with the arrested cells containing elevated levels
of Wee1. Taken together, these data suggest that the mainte-
nance of high levels of Wee1 may be directly responsible for
the failure of E4-17/16K-expressing cells to progress through
mitosis.

Wee1 is essential for E4-17/16K-induced inhibition of G2-
to-M transition. To test whether Wee1 contributes to E4 func-

FIG. 4. Level of Wee1 kinase is stabilized in HeLa cells arrested in G2 following coexpression of the E4-17K and E4-16K proteins. Wee1
protein expression in synchronous HeLa cells infected with rAds expressing E4-17K or E4-16K or coinfected with both viruses 0 to 28 h (A) or
10 to 32 h (B) after release from a double thymidine block. Graphical representation of cell cycle progression is shown in a, c, and e. Western blot
analysis of Wee1 levels, with �-actin acting as a protein loading control, is shown in b, d, and f.
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tion, Wee1 protein levels were specifically reduced by using
siRNA directed to wee1 mRNA (siWee1) (51). Asynchronous
HeLa cells were transfected with siWee1 or an siRNA directed
against the enzyme luciferase (siLuciferase). At 6 h posttrans-
fection, cells were then infected with the different rAds and
harvested 48 h later for Western blot and cell cycle analysis
(Fig. 5A and B). Wee1 protein levels were significantly reduced
in cells that had been transfected with siWee1 but not in
siLuciferase transfectants (Fig. 5A). Flow cytometry profiles of
cells infected by Ad1E4-17K were similar to those of mock-
and Ad�-Gal-infected cells, and neither Wee1 nor luciferase
siRNAs significantly altered G2�M:G1 ratios (Fig. 5B). De-
pletion of Wee1 did not influence the G2 arrest function of
E4-16K, since the G2�M:G1 ratio for cells transfected with
siWee1 (1.32 � 0.19) was not significantly different from that
for siLuciferase (1.02 � 0.26) or mock transfectants (1.11 �
0.19) (Fig. 5B). In contrast, a reduction of Wee1 in cells coex-
pressing both E4 proteins induced a significant (99.9%) de-
crease in the G2/M cell population (Fig. 5B). G2 arrest was
maintained for E4-17/16K cells transfected with siLuciferase
(G2�M:G1 ratio of 1.34 � 0.15) but this was not the case in
cells transfected with siWee1, which exhibit a loss of cell cycle
arrest (G2�M:G1 ratio of 0.68 � 0.13, equivalent to the ratio
of 0.60 � 0.21 for E4-17K-expressing cells transfected with
Wee1) (Fig. 5B and C). The levels of E4 expression between
transfectants were comparable, indicating that inhibition of G2

arrest in siWee1 transfections is not due to a decrease in
stability of the E4 proteins (Fig. 5A).

Since maintenance of the Wee1 protein seems necessary for

G2 arrest induced by the combined expression of the E4-17/
16K proteins, we investigated whether overexpression of Wee1
would enhance the mitotic cell cycle block. A Wee1 expression
plasmid was transfected into asynchronous HeLa cells, and
after 6 h, cells were infected with rAds (Fig. 6A). Flow cytom-
etry revealed that overexpression of Wee1 in cells dually in-
fected with AdE4-17K and AdE4-16K induced a significant
(99.99%) increase in cells accumulating in G2/M, with the
G2�M:G1 ratios increasing from 1.20 � 0.47 (mock-trans-
fected E4-17/16K cells) to 2.13 � 0.30 (Wee1-transfected E4-
17/16K cells) (Fig. 6B). A similar enhancement in a G2 cell
cycle block was not apparent following Wee1 overexpression in
cells expressing E4-16K alone (G2�M:G1 ratio, 1.04 � 0.14 in
Wee1-transfected cells, compared to 1.17 � 0.13 in mock
transfectants) (Fig. 6B). Wee1 overexpression had no signifi-
cant effect on cell cycle progression of mock-infected cells or
cells infected by Ad�-Gal or AdE4-17K (Fig. 6B).

Taken together, our data (Fig. 4, 5 and 6) indicate that high
levels of Wee1 are necessary for induction of G2 arrest by
E4-17/16K proteins but are not required for E4-16K-mediated
G2 arrest.

A possible role for PP2A in E4-17/16K-induced mitotic cell
cycle arrest. The regulation of Wee1 activity is complex and is
subject to multiple levels of regulation, including proteolysis
and reversible phosphorylation (24, 46, 48). We have no con-
clusive evidence that either the full-length or the truncated
HPV1 E4 polypeptide interacts with Wee1, and so it is unlikely
that E4 affects Wee1 activity by a direct interaction with the
kinase. The protein phosphatase 2A (PP2A) negatively regu-

FIG. 5. Depletion of Wee1 by siRNA inhibits G2 arrest induced by E4-17/16K protein expression. (A) Western blot analysis of the Wee1
protein in HeLa cells either mock transfected or transfected with siRNAs specific for Wee1 (siWee1) or Luciferase (siLuciferase), followed by
mock infection or infection with rAds expressing HPV1 E4 proteins or �-galactosidase. Expression of E4 was confirmed in the appropriate
infections, and �-actin acted as a protein loading control. (B) The histogram shows G2�M:G1 ratios of data from four independent experiments,
shown as means � standard deviations. The single asterisk indicates a significant (99.9%) decrease in the G2�M:G1 ratio of siWee1-transfected
E4-17/16K cells compared to that of mock-transfected (no siRNA) or siLuciferase-transfected E4-17/16K cells. The double asterisk indicates a
significant (99.9%) G2 arrest in cells expressing the E4-16K or E4-17/16K protein compared to cells expressing �-galactosidase (no siRNA) or
mock-infected cells (no siRNA). (C) Cell cycle profiles of E4-17/16K-expressing cells and control cells treated with siLuciferase or siWee1.
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lates progression through mitosis by direct and indirect modes
of inactivation of cdk1, including the removal of inhibitory
phosphates from Wee1 (20, 25). It is therefore possible that
E4-17/16K proteins might affect Wee1 activity by up-regulating
PP2A activity. To determine whether inactivation of PP2A
might influence the G2 arrest function of HPV1 E4 proteins,
asynchronous rAd-infected HeLa cells were treated with oka-
daic acid, an inhibitor of PP2A. Because removal of PP2A
activity by okadaic acid accelerates progression into mitosis
(14), there was an increase in the population of cells in G2/M
in all infections and of mock-infected cells (data not shown),
and therefore, it was not possible to identify cell cycle changes
between treated and untreated cells by flow cytometry. We
therefore examined cdk1 activity by in vitro histone H1 phos-
phorylation (Fig. 7). In comparison to untreated samples, in-
cubation with okadaic acid induces a small increase in cdk1
activity in mock- and AdE4-17K-infected cells, as well as in
cells arrested by the E4-16K-expressing virus (Fig. 7). How-
ever, in cells arrested in G2 by coinfection with both E4 viruses
and which contain very low levels of cdk activity, there was a
marked increase in the level of histone H1 phosphorylation
and this exceeded the level of activity observed in okadaic
acid-treated E4-16K cells (Fig. 7). These data suggest that

regulation of PP2A activity might have a role in E4-17/16K-
mediated inactivation of cdk1 activity.

Formation of a complex containing E4-17K and E4-16K
polypeptides in E4-17/16K-expressing cells. Our studies indi-
cate that the full-length E4-17K polypeptide expressed to-
gether with E4-16K interferes with the normal G2-to-M tran-
sition of cells, but the mechanism of inhibition is different from
that of E4-16K when expressed alone. To begin to understand
how cell growth arrest is mediated by E4-17/16K, it became
important to determine whether the two E4 proteins associate
with one another. Using an anti-E4 MAb, 1D11, that recog-
nizes a leucine-rich motif found at the N terminus of the
full-length E1�E4 polypeptide but which is absent in the E4-
16K polypeptide (39, 42), E4-17K-containing complexes were
immunoprecipitated from HeLa cells infected with the differ-
ent rAds. The E4 content of 1D11 immune complexes was then
analyzed by Western blotting using MAb 4.37, an anti-E4 an-
tibody that detects both E4-17K and E4-16K. Surprisingly,
1D11 immunoprecipitated E4-17K from HeLa cells infected
with AdE4-17K alone but was unable to isolate E4-17K from
dually infected (AdE4-17K and -16K) cells (data not shown),
an observation that suggests the 1D11 epitope is in some way
masked when the full-length protein is coexpressed with E4-
16K. Therefore, to overcome this problem, E4-17K with a HA
tag at its C terminus (17K-HA) was transiently expressed in
HeLa cells with untagged E4-16K polypeptide and immuno-
precipitated with HA-tag-directed antibodies, and complexes
were analyzed by Western blotting with MAb 4.37. The spec-
ificity of the HA tag antibody is confirmed by immunoprecipi-
tation of 17K-HA, but not E4-16K, from cells transfected with
each of the different plasmids alone (Fig. 8). However, in cells
cotransfected with both expression plasmids, the HA tag anti-
body immunoprecipitates a 17K-HA complex that contains
equivalent amounts of E4-16K (Fig. 8), indicating that E4-17K
and E4-16K polypeptides associate with one another to form a
heteromeric complex. Interestingly, HA complexes isolated
from 17K-HA-transfected cells do contain a very low level of a
truncated 16-kDa polypeptide, indicating that there is some

FIG. 6. Extent of G2 arrest is enhanced in E4-17/16K-expressing
cells by overexpression of Wee1. (A) Western blot analysis of Wee1
protein levels in HeLa cells either mock transfected (�) or transfected
(�) with Wee1 expression plasmid. Fluorescence microscopy of cells
cotransfected with a green fluorescent protein expression plasmid in-
dicated efficient transfection of 66.7% � 13.1% (of GFP-positive
cells). Expression of E4 was confirmed in the appropriate infections,
and �-actin acted as a protein loading control. (B) Histogram of
G2�M:G1 ratios in mock (closed bars) and Wee1 (open bars) trans-
fectants. Data from four independent experiments are shown as means
� standard deviations. The single asterisk indicates a significant
(99.9%) G2 arrest of cells expressing E4-16K or E4-17/16K compared
to cells expressing �-galactosidase. The double asterisk indicates a
significant (99.99%) increase in the G2�M:G1 ratio of Wee1-trans-
fected E4-17/16K cells compared to that of mock-transfected E4-17/
16K cells.

FIG. 7. Inhibition of PP2A abrogates inactivation of cdk1 activity
in cells coexpressing E4-17/16K proteins. HeLa cells either mock in-
fected or infected with rAds expressing the different E4 proteins were
treated with 10 �M okadaic acid (�OA) or DMSO control (�OA).
The level of cdk1 activity was determined by histone H1 phosphory-
lation (H1-P) using cyclin B1-cdk1 complexes immunoprecipitated by
a cyclin B1 antibody. Equivalent levels of cyclin B1 and cdk1 were
immunoprecipitated for all samples (data not shown). The autoradio-
graph shown is representative of three experiments.
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processing of the full-length E1�E4 protein, consistent with our
previous findings (19, 40).

DISCUSSION

We have shown that cells arrested in G2 following the com-
bined expression of the full-length E1�E4 (E4-17K) protein
and an in-vivo-like truncated protein, E4-16K, contain a sig-
nificant level of inactive cyclin B1-cdk1 complexes, and inacti-
vation appears to be through inhibitory Tyr15 phosphorylation
of cdk1. These cells contain an elevated level of Wee1, the
kinase responsible for inhibitory cdk1 phosphorylation. Since
further overexpression of Wee1 enhanced the extent of G2

arrest we suspect that maintenance of Wee1 activity is neces-
sary for E4-17/16K-mediated inhibition of cell division. Indeed,
depletion of Wee1 by siRNA technology alleviated the E4-17/
16K block. Taken together, our data indicate a requirement for
increased levels of the Wee1 protein and Wee1 kinase activity
for E4-17/16K induction of cell cycle arrest. Inhibition of
PP2A, a phosphatase that has been implicated in keeping
Wee1 active (20, 25), by the microbial toxin okadaic acid re-
lieves the inhibition of cdk1 activity in E4-17/16K cells. This
observation suggests that E4 might regulate Wee1 through
PP2A. Interestingly, the G2 arrest function of the human im-
munodeficiency virus type 1 (HIV-1) Vpr protein is dependent
on increased Wee1 activity, and a role for PP2A in the mech-
anism of G2 arrest has been reported, whereby Vpr up-regu-
lates PP2A activity (12, 38, 51, 52). Likewise, the adenovirus
E4orf4 and human T-cell leukemia virus Tax proteins also
induce G2 arrest, and both influence PP2A activity (52). The
possibility that HPV1 E4 proteins might also inhibit cell divi-
sion through regulation of PP2A activity warrants further in-
vestigation; it is important to note, however, that okadaic acid
inhibits, in addition to PP2a, other serine-threonine phos-
phatases, and therefore, it is possible that these may contribute
to the E4 effect on cell cycle (2). Cells also fail to progress
through G2 phase and into mitosis when the truncated E4-16K
protein is expressed alone (19). There is, however, no require-
ment for an increase in Wee1 levels for inhibition of cell
division, as overexpression or depletion of Wee1 does not
influence the E4-16K-mediated G2 arrest function. In fact, in
E4-16K-expressing cells, although the level of cyclin B1-cdk1

complexes is reduced compared to that of cells expressing both
proteins, the complexes are active. Thus, at this stage of our
investigations we do not fully understand how E4-16K inhibits
the progression of cells from G2 phase into mitosis. The low
level of cyclin B1 in these cells, together with our previous
finding that exogenous cyclin B1 reversed E4-16K-induced G2

arrest (19), may indicate that E4-16K can somehow affect or
delay the accumulation of the mitotic cyclin. So, although E4-
16K or E4-17/16K expression both prevent G2-to-M transition
of the cell cycle, the cell cycle blocks are not identical (19), and
furthermore, they appear to be induced through different
mechanisms.

HPV1 E4 polypeptides have been shown to multimerize,
both in tissue culture-grown cells and in vivo (1, 11). There-
fore, the E4-17K and E4-16K polypeptides, when expressed
independently of each other, most likely form homomeric (tri-
mers/tetramers and hexamers/octamers) complexes. Our data
indicate that when the two proteins are expressed together, an
abundant heteromeric 17/16K complex is formed. Therefore, a
plausible hypothesis for the different actions of E4-16K and
E4-17/16K on cell division relates to the formation of different
E4 multimers. Thus, the E4-17/16K complex may interact with
a different set of cellular targets than E4-16K multimers, per-
haps by revealing and/or masking specific binding and/or PTM
sites within the complex. Because we find that the leucine
motif, known to be necessary for the association between
E1�E4 and the keratin cytoskeleton (39), is accessible to an
antibody that recognizes this motif in E4-17K complexes but
not in E4-17/16K complexes (G. L. Knight and S. Roberts,
unpublished data), we would argue that this is indeed possible.

The G2 arrest function is conserved between E4 proteins of
unrelated HPV types (cutaneous viruses HPV1 and -2 and
anogenital viruses HPV11, -16, and -18) (6, 19, 27). The arrest
functions of HPV1 E4-16K and HPV16 E1�E4 share a degree
of similarity. They are both dependent on a threonine residue
contained within proline-rich domains of the E4 protein, and
cells expressing these proteins exhibit an aberrant nuclear mor-
phology and chromosomal rereplication (6, 19). Also, like
HPV16 E1�E4 (5), HPV1 E4-16K does not mediate G2 arrest
by inhibition of cdk1 activity. HPV16 E1�E4 has been shown to
bind to cyclin B1 and sequester active cyclin B1-cdk1 com-
plexes in the cytoplasm, thereby preventing their nuclear ac-
cumulation and activation of mitosis (5). However, the G2

arrest function of HPV1 E4-16K does not appear to be linked
to cytoplasmic compartmentalization of cyclin B1-cdk1 com-
plexes (19). Also, HPV1 E4-16K does not form a robust asso-
ciation with cyclin B1, although a glutathione S-transferase
fusion protein of E4-16K is a substrate for cdk1 in vitro (G.
Knight, unpublished data). Elucidation of the G2 arrest mech-
anism of HPV1 E4-16K will be necessary to understand fully
the reason for the apparent difference in the mechanism of
action. Perhaps the heterogeneity between the life cycles of
type 1 and 16 viruses may have necessitated that the viruses
evolve nonidentical mechanisms to alter the physiology of the
host cell to support virus replication. HPV1, a hugely efficient
virus, begins productive replication in the parabasal cells, while
for the less-efficient HPV16, this phase is delayed until cells
reach the upper spinous layers (33). Also, a far greater pro-
portion of HPV1-infected E4-positive cells remain competent

FIG. 8. E4-17K and E4-16K form a heteromeric complex. Western
blot analysis (MAb 4.37) of HA tag immune complexes isolated from
HeLa cells transfected with a 17K-HA or 16K expression plasmid or
cells cotransfected with both plasmids (17K-HA plus 16K). Control
cells were transfected with empty vector (pcDNA3.0). Note that the
MAb 4.37 detects both the 17K and 16K forms of E4. The asterisk in
the HA immunoprecipitation from 17K-HA-transfected cells indicates
the presence of a low level of processed 16-kDa E4 polypeptide.
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for genome replication as they migrate upwards, which is not
the case in HPV16 infections.

Other human viruses (e.g., HIV-1, human T-cell leukemia
virus, Epstein-Barr virus, adenovirus, and reovirus) encode
proteins that induce G2 arrest of the cell cycle (17, 18, 22, 23,
36, 38). The functional role of interference of cell division in
the life cycle of these viruses is as yet unclear, but that so many
different viruses do so suggests that it is probably advantageous
to successful replication. Indeed, analysis of experimental
HIV-1 replication systems has shown that establishment of G2

arrest facilitates efficient virus production (15, 16). Vpr, the
HIV-1 protein responsible for inducing cell cycle arrest, in-
structs two mechanisms to inhibit G2-to-M transition (50). Our
finding that HPV1 E4 also mediates inhibition of cell division
by more than one mechanism reinforces the supposition that
this function is important for the virus. In HPV infections,
amplification of viral DNA in nondividing keratinocytes is de-
pendent on activation of S-phase gene activity in these cells,
while the later events of capsid expression and virion assembly
require cellular differentiation and take place in superficial
cells that are not competent to support HPV genome replica-
tion (33). Abundant E4 expression occurs at the onset of viral
genome amplification, and the protein persists throughout the
vegetative phase of the life cycle. Perturbation of pathways that
control G2-to-M transition may act to alter the host cell milieu
to one that can stimulate maintenance of the replication ca-
pacity of suprabasal keratinocytes or, alternatively, to signal a
switch to activate late events of the productive cycle. Studies of
cell culture systems of keratinocytes containing papillomavirus
genomes have identified an important role for E4 in HPV
replication (28, 32, 49). Manipulation of these systems to ab-
rogate the G2 arrest function of E4 is imperative for under-
standing the physiological relevance of this activity. Unfortu-
nately, the availability of such systems does not extend to the
benign type 1 virus.

The different HPV1 E4 polypeptides accumulate in a pro-
gressive manner as the infected keratinocyte migrates upwards
in the wart (3). So, while the full-length E1�E4 polypeptide
exists by itself in the deepest wart layers, both the 17- and
16-kDa forms are present in the intermediate layers. Super-
ficial layers no longer contain the full-length E1�E4 protein but
retain the 16-kDa polypeptide, accompanied with increasing
amounts of the 11/10-kDa proteins. The transition of the full-
length 17-kDa HPV1 E1�E4 protein to the truncated forms of
16, 11, and 10 kDa gradually removes N-terminal sequences
that have been shown to be critical in distinct biological actions
of E4, such as keratin association (17-kDa3 16-kDa) (39) and
G2 arrest (16-kDa3 11/10-kDa) (19, 39). This scenario, taken
together with the pattern of E4 expression in wart tissue, sug-
gests that E4 functions mediated by N-terminal sequences are
lost as the productive cycle proceeds. For example, the asso-
ciation with the keratin intermediate filaments would be active
only in cells containing the 17-kDa species and as such may be
required only for a limited period of the infectious cycle. Me-
diation of inhibition of G2-to-M transition by different E4
species suggests that this function might be required for a
greater part of the HPV1 life cycle, as it would be active in cells
containing both 17-kDa and 16-kDa proteins, and also later in
the infectious cycle, in cells that still express the 16-kDa species

but in which the level of the 17-kDa species either has fallen
below a critical threshold level or is absent altogether.

The implication of PTM for E4 function is only beginning to
be evaluated, and this and our previous studies (19, 39, 42)
have shown that PTM of the HPV1 E4 protein has consider-
able impact on its function. Examination of expression of E4
proteins of anogenital HPV types 16 (41), 18 (A. Pugh, G. L.
Knight, and S. Roberts, unpublished data), and 31b (37) sug-
gests that these viruses might also produce cleaved forms of the
E1�E4 polypeptide, and it will be interesting to investigate the
actions of these processed forms, both in isolation and com-
bined with the full-length species. It seems likely that E4 pro-
teins have a pleiotropic role in the infectious cycle (28) and
PTM is a way of obtaining functional diversity by generating
different E4 species which, either in isolation or by cooperation
with one another, exhibit distinct biological actions.
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