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The human papillomavirus type 18 (HPV-18) E2 gene is inactivated in cervical carcinoma after integration
of the viral DNA into the host cellular genome. Since E2 represses the transcription of the two viral oncogenes
E6 and E7, integration which allows their strong expression is considered a major step in transformation by
HPV. We show here that E2 is specifically degraded at the end of the G, phase in a Brd4-independent manner,
implying that its regulatory functions are cell cycle dependent. Degradation of E2 occurs via the Skp1/Cullin1/
F-box Skp2 (SCFS*P?) ubiquitin ligase, since silencing of Skp2 induces stabilization of E2. In addition, the
amino-terminal domain of E2 can interact with Skp2 as shown by coimmunoprecipitation experiments. We
previously showed that E2 inhibits the anaphase-promoting complex/cyclosome (APC/C) ubiquitin ligase,
leading to accumulation of several of its substrates. We demonstrate here that Skp2, which is a known APC/C
substrate in G,, is also stabilized by E2. Therefore, by negative feedback, SCFS*P> activation could lead to E2
degradation and E6/E7 expression specifically in the late G, phase. Moreover, since the SCFS*P? can trigger
S-phase entry and Skp2 itself is a known oncogene, we believe that E2-mediated accumulation of Skp2, together
with E2 degradation leading to putative release of E6 and E7 inhibition, could induce premature S-phase entry
in HPV-infected cells, pointing to a direct role of E2 in the early steps of HPV-mediated transformation.

Human papillomaviruses (HPVs) are small DNA viruses
that infect stratified epithelia in differentiation. They induce
benign lesions, as well as cervical carcinomas, depending on
the HPV type. These viruses encode two viral oncogenes, E6
and E7, which, among other transforming functions, can, re-
spectively, inhibit p53 and pRb, thus deregulating cell prolif-
eration (9, 18, 23, 24, 29). The transcription of E6 and E7 is
negatively regulated by the viral E2 protein which binds di-
rectly to their promoter (8, 27). In 100% of cervical carcinomas
associated with HPV-18, the viral DNA is integrated into the
host cell genome, leading to disruption of the E2 open reading
frame and uncontrolled E6 and E7 expression (28).

We and others have already shown that the E2 proteins from
both low- and high-risk HPV types exhibit short half-life times
due to degradation by the ubiquitin/proteasome pathway (4, 5,
11, 20), and Cullin-3 has recently been identified as a potential
E2 ubiquitin ligase, although the involvement of other cullins
has not been excluded (31). We have previously shown that,
despite strong interactions of high-risk HPV E2 with Cdc20
and Cdhl, the activators of the anaphase-promoting complex/
cyclosome (APC/C) ubiquitin ligase, E2 is not an APC/C sub-
strate. In contrast, these interactions mediate stabilization of
several APC/C substrates, presumably responsible for both
G,/M arrest and chromosomal instability (3). Since these phe-
notypes are specific to high-risk HPV E2 proteins compared to
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the low-risk ones, we postulated that the E2-mediated chro-
mosomal instability could participate in the transformation
process by high-risk HPVs.

SCF (Skpl/Cullinl/F box) is a ring-finger ubiquitin ligase
composed of four subunits including three invariable compo-
nents (Rbx1, Cullinl, and Skpl) and 1 variable component,
namely, F-box protein, such as Skp2 or BTrCP, that binds
directly to the substrates (previous phosphorylation of the sub-
strate is generally required for degradation via the SCFSP?
pathway). Skp2 is degraded in G, and G,, via the APC/C. At
the end of G,, SCFS*"? is activated by Skp2 accumulation after
APC/C inhibition (1, 2) and promotes S-phase entry by de-
grading the cyclin/Cdk inhibitors p27 and p21 (6, 7, 19, 26, 30).
This leads to activation of cyclin/Cdk complexes, which in turn
phosphorylate pRb and release functional E2F that activates
S-phase genes. Consequently, ectopic expression of stable
Skp2 promotes S-phase entry, and overexpression of Skp2 is a
common event in cancer (10, 12, 14).

We show here that levels of HPV-18 E2 vary during the cell
cycle and demonstrate that E2 is degraded at the end of G,
while being accumulated from G, to mid-G;. HPV-18 E2 in-
teracts with Skp2, and the silencing of Skp2, in asynchronous
cells or at the G,/S transition, induces E2 stabilization in such
a way that the SCFS*P? appears to be a major ubiquitin ligase
involved in E2 degradation.

MATERIALS AND METHODS

Cell cultures, infections, transfections, and live microscopy. HaCaT cells were
grown in 10-cm petri dishes in Dulbecco modified Eagle medium supplemented
with 10% fetal calf serum.

Infections with recombinant adenoviruses expressing the green fluorescent
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protein (GFP) fusion proteins were done at a multiplicity of infection of 200 as
previously described (3).

Cotransfections of the Skp2 expression vector with GFP-E2, GFP-ATAD,
GFP, or untagged E2 expression vectors were performed by Lipofectamine 2000
(Invitrogen), according to the manufacturer’s instructions, with 15 wg of each
plasmid.

Transfections of the small interfering RNA (siRNA) against Skp2 (5'-AUUC
UCUGAAUUUGCCCUGCAGAJTAT-3") as previously described by Jiang et
al. (13) or control siRNA (5'-GAGCUGCAAACAACUAUACATAT) were per-
formed by DharmaFECT1 (Thermo Scientific) immediately after infection, ac-
cording to the manufacturer’s instructions. When needed, cells were treated with
cycloheximide (50 wg/ml) for 3 h.

For live microscopy, images were captured every 30 min in phase contrast and
in fluorescence with a X63 objective lens. The images were then processed and
deconvolved with the softWoRx software and converted to Adobe Photoshop.

Synchronization and flow cytometry analyzes. For G,/S synchronization, the
cells were treated by thymidine (2.5 mM), immediately after infection, for 24 or
48 h depending on the experiments. When needed, the Skp2 siRNA was trans-
fected 1 h after infection. For synchronization in metaphase, cells were first
treated by thymidine for 24 h and then infected and simultaneously released for
15 h in the presence of nocodazole (100 ng/ml). After mitotic shake-off, the cells
were released in normal medium for 5, 9, or 13 h.

Flow cytometry analyses were performed as previously described (3), and
quantification of the green fluorescence was performed with the LSRII (Becton
Dickinson) flow cytometer and BD FACSDiva software.

Immunoprecipitation and Western blot experiments. For E2 coimmunopre-
cipitation with endogenous Skp2, HaCaT cells were synchronized at the G,/S
transition for 24 h, infected under thymidine treatment, and grown in the pres-
ence of thymidine for 24 additional hours. Proteins were extracted in an extrac-
tion buffer (300 mM NaCl, 50 mM Tris-HCI [pH 8], 0.5% Nonidet P-40 [NP-40],
1 mM EDTA, protease, and phosphatase inhibitors) for 30 min at 4°C, followed
by centrifugation. Extracts containing 1 mg of total proteins were immunopre-
cipitated with the rabbit anti-Skp2 antibody (51-1900; Zymed Laboratories)
overnight at 4°C or GFP-Trap_A (ChromoTek) according to the manufacturer’s
instructions. Samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and analyzed in Western blot experiments.

For Western blot experiments, anti-GFP (TP401; Torrey Pines Biolabs), anti-
B-tubulin (T4026; Sigma), anti-actin (A2066; Sigma), or anti-Skp2 (32-3300;
Zymed Laboratories) were used.

In vitro Skp2 interactions with GST-E2 or GFP-E2 proteins. Glutathione
S-transferase (GST)-fused proteins produced in Escherichia coli BL21 were pu-
rified by affinity chromatography on glutathione-agarose beads. The binding
reactions were carried out by incubating 500 ng of each GST fusion protein on
beads with 10 wul of rabbit reticulocyte lysate containing >°S-radiolabeled in
vitro-translated Skp2 in a final volume of 60 wl of binding buffer (10 mM HEPES
[pH 7.7], 200 mM NaCl, 1 mM MgCl,, 2 mM dithiothreitol [DTT], 50 mM
sucrose, 0.1% Triton X-100) for 1 h at 4°C on a rotating wheel. After centrifu-
gation, beads were washed four times with 0.5 ml of binding buffer containing 1%
Triton X-100, and proteins from the beads and input (1/10 of total proteins) were
analyzed by SDS-PAGE, followed by autoradiography.

For interaction of in vitro-synthesized Skp2 with GFP fusion proteins, total
proteins were extracted from infected cells in P300 buffer (20 mM NaH,PO,, 250
mM NaCl, 30 mM NaPP;, 0.1% NP-40, 5 mM EDTA, 5 mM DTT, and protease
inhibitors). Extracts containing 500 pg of total proteins were immunoprecipi-
tated by using anti-GFP antibody (11 814 460 001; Roche). Beads were washed
in interaction buffer (20 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.1% NP-40, and protease inhibitors) and incubated in 25 pl of the same buffer
together with 10 wl of in vitro-translated radiolabeled Skp2. Proteins eluted from
beads and input (1/10 of total proteins) were separated by SDS-PAGE and
revealed by autoradiography.

RESULTS

Degradation of the HPV-18 E2 protein is cell cycle depen-
dent. We have previously shown that HPV-18 E2 is degraded
by the ubiquitin/proteasome pathway through its amino-termi-
nal transactivation domain (4). The half-life of the full-length
E2 protein in HeLa cells is about 50 min, whereas the protein
deleted of the N-terminal transactivation domain (ATAD) is
stable, with a half-life of about 6 h. We have previously
checked that fusion of the GFP to the amino terminus of E2
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does not affect its functions or its stability since both the fusion
and the native proteins present the same short half-life times
(4); thus, the study of the stability of GFP-E2 is an accurate
measure of wild-type E2 behavior. To study the behavior of E2
during the cell cycle, we had to overexpress the protein in cells,
since there is no natural cell line expressing E2. HaCaT cells
(HPV-negative keratinocytes) were infected by recombinant
adenoviruses expressing GFP-E2 (AdGFP-E2), GFP-ATAD
(AdGFP-ATAD), or Flag-GFP (AdGFP). In these conditions,
after 40 h of overexpression, the levels of expression of E2
were low, due to the protein instability compared to the delet-
ant of the transactivation domain ATAD or the GFP (Fig. 1A,
lower panel). In an asynchronous population of HaCaT cells
infected with adenoviruses expressing the full-length GFP-E2,
flow cytometry analyses demonstrated that cells in G, dis-
played a wide range of green fluorescence, including two dis-
tinct populations of either very low levels (under 10) or very
high levels (above 10°) of GFP-E2 expression (Fig. 1A, upper
panel, first dot plot). In contrast, G, cells expressing GFP-
ATAD or Flag-GFP showed more-homogeneous levels of flu-
orescence (Fig. 1A, upper panel, second and third dot plots).
This indicates that modulation in quantities of the full-length
E2 occurs during the G, phase compared to ATAD. The
means of GFP-E2 levels in S phase dramatically decreased
compared to the G, phase, whereas the ATAD levels slightly
increased (see Fig. 1A, upper panel, and 1B for quantifications
calculated from three independent experiments). Then, the
levels of GFP-E2 increased in G,/M cells, although they could
not reach the mean level of fluorescence observed in G, cells.
The TAD domain alone, fused to GFP, exhibited a behavior
comparable to that of the full-length E2 protein (data not
shown), thus confirming its major role in regulating E2 stabil-
ity. This disparity of expression levels in G, cells expressing E2
could be explained by stabilization of E2 from G, to the end of
G,, followed by a rapid degradation of E2 at the G,/S transi-
tion, or by a progressive degradation during the G, phase
which would persist during the S phase.

E2 is degraded at the end of the G, phase. To further check
whether the drop of GFP-E2 fluorescence observed in S phase
resulted from sudden degradation of the protein at the end of
G, or from a progressive degradation during G, cells infected
with AAGFP-E2 or AAGFP-ATAD were synchronized in meta-
phase by nocodazole treatment and released for 13 h. Flow
cytometry analyses showed that while the cells were progress-
ing from G, (5-h release) to early S (9-h release) and late S
(13-h release), as shown on the right panels of Fig. 2A, the
levels of GFP-E2 fluorescence dropped dramatically (Fig. 2A,
dot plots of the upper panel), whereas at the same time points
the levels of the amino-terminal-deleted protein GFP-ATAD
remained comparable (Fig. 2A, dot plots of the lower panel).
In time-lapse microscopy performed on the same cells released
from the nocodazole block, the levels of GFP-E2 fluorescence
increased during the G, phase and then dropped dramatically
at the end of G; and the beginning of the S phase (Fig. 2B,
upper panel). In sharp contrast, the levels of green fluores-
cence in AAGFP-ATAD-infected cells increased after cytoki-
nesis but then remained constant in the late G, and S phases
(Fig. 2B, lower panel). The increase of the levels of the two
proteins during G; could be explained by two concomitant
mechanisms. First, as the global quantity of proteins present in
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FIG. 1. Degradation of the HPV-18 E2 protein is cell cycle-dependent. HaCaT cells were infected with AAGFP-E2, AAGFP-ATAD (E2 deleted
of its amino-terminal domain), or Ad-GFP or not infected (NI). At 40 h after infection, flow cytometry analyses and Western blot analyses were
performed. (A) In the upper panel, cells were analyzed for propidium iodide incorporation into DNA (x axis), giving the phases of the cell cycle
as indicated under the first panel, and green fluorescence (y axis), indicating the amount of protein expressed in a logarithmic scale. In the lower
panel, the results of a Western blot performed with equal amounts of proteins are shown. (B) Means of green fluorescence in Gy, S, and G,/M
cells represented as a percentage of total fluorescence and calculated from three independent infection experiments.

each daughter cell is divided by two after mitosis, we expect the
levels of GFP-E2 and GFP-ATAD to be also divided by two at
the beginning of G,. Second, we expect the global quantity of
proteins to increase gradually during G, because of ongoing
transcription and translation after mitosis. Thus, since the lev-
els of GFP-E2 first increased and then decreased rapidly in late
G,, whereas the levels of GFP-ATAD first increased similarly
but did not show any drop after mid-G,, these experiments
strongly suggested that the amino-terminal domain of E2 could
be a specific target for a G,/S ubiquitin ligase such as the
SCFskp2,

Silencing of Skp2 induces stabilization of E2 in asynchro-
nous cells. To check whether the SCF3*P? could be involved in
E2 degradation, we decided to test whether silencing of Skp2
by siRNA could stabilize E2 in asynchronous HaCaT cells
subjected to cycloheximide treatment. Since Skp2 is necessary
for the G,/S transition, we found, as expected, that treatment
of cells with the Skp2 siRNA led to G, arrest 40 h after
transfection (data not shown). To avoid this cell cycle block,
which could influence our results, we decided to study the
behavior of E2 as early as 24 h after transfection of the Skp2
siRNA. In these conditions, the Skp2 knockdown was efficient

(>60% of inhibition, Fig. 3A, upper panel) but did not yet
affect the cell cycle (data not shown). Western blot analyzes
showed that E2 was stabilized by about two times after expres-
sion of the Skp2 siRNA compared to cells treated by the
control siRNA (Fig. 3A, upper panel, and lower panel for
quantification). These results indicate that the SCF*P? is a
major ubiquitin ligase leading to E2 degradation but do not
allow us to exclude the involvement of other ubiquitin ligases.

The SCFS*P? ubiquitin ligase mediates E2 degradation at
the end of G,. To confirm the role of Skp2 in the specific
degradation of E2 at the end of G,, we performed comparable
Skp2 silencing experiments in cells synchronized at the G,/S
transition by thymidine. Thymidine treatment induced a strong
G,/S block (Fig. 3B, right panel), as well as a slight stabilization
of Skp2 as expected (Fig. 3B, left panel, lanes 2 and 5), whereas
the levels of full-length E2 concomitantly dropped by ~4-fold
compared to asynchronous cells (Fig. 3B, left panel, compare
lanes 1 and 2, and Fig. 3C for quantification from four inde-
pendent experiments). Silencing of Skp2 after siRNA transfec-
tion induced a 2- to 3-fold stabilization of E2 in cells synchro-
nized at the G,/S transition (Fig. 3B, left panel, compare lanes
2 and 3, and Fig. 3C), whereas no change was observed for the
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FIG. 2. E2 is degraded at the end of the G, phase. HaCaT cells infected by AAGFP-E2 or AAGFP-ATAD were synchronized in metaphase by
nocodazole treatment and released. (A) In the left panel, cells were analyzed as in Fig. 1 after 0 (Noco), 5, 9, or 13 h of release. The right panel
shows a classical representation of the phases of the cell cycle showing the G,/M arrest induced by nocodazole (Noco) and release of the
metaphasic block after 5, 9, or 13 h. (B) Cells from the same experiment were subjected to live microscopy after nocodazole release. The first
pictures show the phase contrast at 2.5 h of release corresponding to the end of cytokinesis.

ATAD protein in all conditions (Fig. 3B, left panel, compare
lanes 4, 5, and 6, and Fig. 3C). These results indicate an
involvement of the SCF complex in the specific degradation of
E2 at the G,/S transition through the Skp2 F-box protein
adaptor.

E2 binding to Brd4 does not interfere with E2 degradation
in S phase. Since Brd4 binding has been implicated in stabili-
zation of E2 (11, 15, 31), we decided to check whether the
HPV-18 E2 177A (177) mutant, equivalent to the BPV-1, HPV-
11, HPV-31, and HPV-16 E2 I73A mutants, unable to activate

transcription and unable to bind Brd4 (11; H. Senechal and J.
Archambault, unpublished data), showed the same behavior as
the wild-type E2 regarding the fluorescence levels during the
cell cycle. HaCaT cells were infected by AAGFP-E2, AdGFP-
177, or AAGFP-ATAD, and asynchronous cells were analyzed
by flow cytometry as in Fig. 1A. As shown in Fig. 4A, the 177
mutant showed a fluorescence profile similar to that of the
wild-type E2 protein, with a heterogeneous population in G,
and low levels of fluorescence in the S phase. However, after
quantification, the levels of 177 in the S phase appeared to be
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FIG. 3. The SCF**P? ubiquitin ligase mediates E2 degradation at the end of G;. (A) Western blot experiments performed with equal amounts
of proteins from asynchronous HaCaT cells infected with AAGFP-E2 and transfected with Control (Ctrl) or Skp2 siRNA. After 24 h, cycloheximide
was added to the medium, and cells were harvested after 0, 0.5, 1, 2, or 3 h of treatment and analyzed by Western blotting with the indicated
antibodies. (B) HaCaT cells infected by AAGFP-E2 or AAGFP-ATAD were transfected by Control (Ctrl) or Skp2 siRNA and were either treated
or not by thymidine as indicated. The left panel shows results of Western blot experiments performed with equal amounts of proteins. In the right
panel, flow cytometry analyses of the same cells show the G,/S arrest of thymidine-treated cells (Thym) compared to asynchronous cells (Asyn)
for both Ctrl and Skp2 siRNA transfections. (C) The graph shows the mean of green fluorescence as a percentage of G, fluorescence in each

condition, calculated from four independent infection experiments.

only about half of the G, level, whereas we used to obtain a 3-
to 4-fold decrease with the wild-type E2 protein (Fig. 4A, lower
panel). This could be explained by a less efficient degradation
of the I77 mutant in S phase or by a decreased stabilization of

177 in G, compared to the wild-type E2 due to the lack of Brd4
binding. We checked the G,/S levels of the 177 mutant com-
pared to the wild-type E2 by Western blotting with or without
thymidine treatment and found that the levels of both proteins
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FIG. 4. E2 binding to Brd4 does not interfere with E2 degradation
in S phase. (A) For the upper panel, HaCaT cells were infected with
AdGFP-E2, AdGFP-177 (equivalent to HPV-16 E2 173, unable to bind
Brd4), or Ad-ATAD, and flow cytometry analyses of the cells were
performed. Cells were analyzed for propidium iodide incorporation
into DNA (x axis) and green fluorescence (y axis). The lower panel
shows the mean green fluorescence in G,, S, and G,/M cells repre-
sented as a percentage of total fluorescence and calculated from two
independent infection experiments. (B) Western blot experiments
were performed with equal amounts of proteins from HaCaT cells
infected by AAGFP-E2, AAGFP-177, or AAGFP-ATAD and treated or
not treated with thymidine as indicated.

were strongly decreased at the G,/S transition (Fig. 4B). We
conclude from these experiments that Brd4 is not involved in
the G,/S degradation of E2 by the SCFS*P? but could be in-
volved in stabilizing E2 in G, although this effect appears to be
quite marginal.

Skp2 interacts with the amino-terminal domain of E2 syn-
thesized in vivo but not in vitro. Since substrates of SCF
directly interact with the F-box proteins, we decided to check
whether E2 could interact with the Skp2 F-box protein.
We first performed GST pulldown experiments with purified
GST-E2 and in vitro-translated radiolabeled Skp2 or B-TrCP.
We were unable to detect any specific interaction between E2
and B-TrCP (data not shown). At first, we did not detect the
interaction between E2 and Skp2 in vitro either presumably
because the bacterial E2 was not phosphorylated (Fig. 5A).
Indeed, when the E2 protein was produced in cells instead of
bacteria, we did detect a specific interaction between GFP-E2
and Skp2 (Fig. 5B). This result was confirmed by coimmuno-
precipitation experiments between endogenous Skp2 and E2 in

J. VIROL.

infected HaCaT cells treated by thymidine. For the last 5 h,
lactacystin (10 M final) was added to the medium to inhibit
E2 degradation and to further stabilize the interaction with
Skp2. In these conditions, we could detect coimmunopre-
cipitated GFP-E2 (but not GFP-ATAD and GFP controls)
with the endogenous Skp2 (Fig. SC, upper panel). In the
reverse coimmunoprecipitation experiment using cotrans-
fected GFP-E2 and Skp2, we could also detect Skp2 coimmu-
noprecipitated with GFP-E2 but not with GFP-ATAD or GFP
(Fig. 5C, bottom panel). We also found interaction of E2 with
two other members of the SCF complex, Skpl and Cullinl, in
TAP-TAG, followed by mass spectrometry experiments (data
not shown). We deduced from these experiments that E2 and
the SCF3*P2 complex interact but that a posttranslational mod-
ification of E2 such as phosphorylation is required, as expected
for SCFS*P? targets.

Expression of HPV-18 E2 leads to stabilization of Skp2.
Interestingly, Skp2 appeared stabilized by GFP-E2 in cotrans-
fection experiments (Fig. 5C, bottom panel, compare lane 1 to
lanes 3 and 5). This result was expected since we have previ-
ously shown that E2 is a repressor of the APC/C ubiquitin
ligase (3), which is known to degrade Skp2 in G,. We verified
that the native E2 protein could also stabilize Skp2 by per-
forming similar experiments with the HPV-18 E2 protein with
no GFP tag. In these conditions, we could also detect a strong
stabilization of Skp2, although the quantity of E2 was quite low
in these experiments (Fig. 5D), thus confirming that low levels
of wild-type E2 are sufficient to inhibit APC/C-mediated deg-
radation, as previously described (3). In addition, these exper-
iments indicate that accumulation of Skp2 is concomitant with
a decreased E2 expression, as expected from the data pre-
sented above.

DISCUSSION

We showed here that the levels of expression of the HPV-18
E2 protein are dependent on the cell cycle, with E2 being much
more expressed in the G, phase than in the S and G,/M phases.
We could show that these differences of quantities could be
explained by E2 degradation (through its amino-terminal
transactivation domain) via the SCF®*P? ubiquitin ligase at the
end of the G, phase.

Since differentiated cells do not express Skp2 in contrast to
proliferating cells, the subsequent stabilization of E2 could
explain why E2 is found accumulated in the granular layers of
HPV-associated CIN lesions, while it is undetectable in the
proliferating cells of the basal layers (17, 25), although E2
should be expressed since it is necessary for initiation of viral
DNA replication. Thus, even if the SCFS*P? prevents E2 from
accumulating in the basal cell layers, we believe that the re-
maining quantity should be sufficient to allow viral DNA rep-
lication. A possibility is that chromatin-associated E2 involved
in replication could be stabilized, as suggested by inhibition of
its degradation through interaction with Brd4 (11, 15, 31),
although Brd4 binding does not prevent E2 from the SCFS*P2-
promoted degradation in our experiments.

An important consequence of the G,/S degradation of E2
could be the release of E6 and E7 repression by E2 in late G,
that could occur even in the presence of nonintegrated viral
DNA and therefore of intact E2 open reading frame and pu-
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FIG. 5. Skp2 interacts with the amino-terminal domain of E2 synthesized in vivo but not in vitro and is stabilized by E2. (A) GST fusion proteins
bound to glutathione-agarose beads were incubated with *>S-radiolabeled in vitro-translated Skp2 as indicated and analyzed by SDS-PAGE,
followed by autoradiography. I, input (1/10); B, beads. (B) Equal amounts of proteins extracted from AdGFP-E2-, AAGFP-ATAD-, or AAGFP-
infected cells were immunoprecipitated with anti-GFP antibody. Beads were incubated with **S-radiolabeled in vitro-translated Skp2. The
radiolabeled proteins retained on the beads were analyzed by SDS-PAGE and revealed by autoradiography. I, input (1/10); B, beads. (C) For the
top panel, equal amounts of proteins extracted from AdGFP-E2-, AAGFP-ATAD-, or AdGFP-infected HaCaT cells synchronized at the G,/S
transition were immunoprecipitated with anti-Skp2 antibodies. Immunoprecipitates were analyzed by SDS-PAGE and revealed by anti-GFP or
anti-Skp2 antibody as indicated. The coimmunoprecipitated E2 is indicated by an asterisk. I, input (1/50); B, beads. For the bottom panel, equal
amounts of proteins extracted from C33 cells cotransfected with the indicated GFP fusion plasmids and pCS2 Skp2 were immunoprecipitated with
the GFP-Trap_A beads. Immunoprecipitates were analyzed by SDS-PAGE and revealed by anti-GFP or anti-Skp2 antibody as indicated. The
coimmunoprecipitated Skp2 is shown by an asterisk. I, input (1/50); B, beads. (D) C33 cells were cotransfected by untagged E2 (or untagged
ATAD) and Skp2. Accumulation of cotransfected Skp2 in untagged E2-expressing cells is shown by Western blotting.

tative E2 expression, as shown in CINII and CINIII (22, 28).
Since the main oncogenic function of E7 is to induce S-phase
entry, it is fair to believe that its peak of activity has to occur at
the G,/S transition, which correlates with E2 degradation. We
could show here that overexpression of E2 stabilizes Skp2,
which is a known oncogene. Indeed, high levels of Skp2 accel-
erate the G,/G; and G,/S transitions and overexpression of
Skp2 has been described in many cancers (10). Stabilization of
Skp2 by E2 could lead to increased levels of Skp2 before the
cells reach the G,/S transition. Through negative feedback,
accumulation of Skp2 by E2 would lead to E2 degradation via
the SCF3*P2, allowing high E6 and E7 expression in G, and
activation of S-phase entry.

We have already published that high-risk HPV E2 proteins,

through inhibition of APC/C, stabilize cyclin B2 and induce
chromosomal instability, as well as centrosome overduplica-
tion, probably via stabilization of other APC/C substrates such
as Aurora A (reference 3 and results not shown). APC/C
inhibition and thus Skp2 stabilization are induced at very low
levels of E2, whereas the E2-induced apoptosis published by us
and others necessitates higher levels of expression. Thus, the
APC/C inhibition could occur in the proliferating basal cells
where the E2 levels are low, whereas the proapoptotic activity
of E2 might rather play a role in the superficial layers for the
release of the new viruses for example. The chromosomal
instability caused by E2-mediated APC/C inhibition led us to
postulate for the first time that high-risk HPV E2 proteins
might have an oncogenic potential (3). A recent study suggests
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that chromosomal instability induced by high-risk HPVs
could be a cause rather than a consequence of viral DNA
integration (28). This indicates that HPV proteins other
than E6 and E7 could be involved in high-risk HPV-induced
chromosomal instability and transformation. Furthermore,
it has more recently been shown that E2 of cutaneous high-
risk HPV-8 can induce tumors in mice in the absence of
other HPV proteins (21). Interestingly, similar experiments
involving the low-risk HPV-11 E2, which has been shown to
be unable to induce chromosomal instability in tissue cul-
ture (3), do not lead to the proliferative phenotype in mice
(16). Taken together, these new data, including the results
presented here, lead us to reassess the role of high-risk HPV
E2 proteins as potential oncogenes in the early steps of
HPV-induced cancers.
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