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The E2 proteins of papillomaviruses regulate both viral transcription and DNA replication. The human
papillomavirus type 18 (HPV18) E2 protein has been shown to repress transcription of the oncogenic E6 and
E7 genes, inducing growth arrest in HeLa cells. Using HPV18 E2 fused to the green fluorescent protein (GFP),
we showed that this protein was short-lived in transfected HeLa cells. Real-time microscopy experiments
indicated that the E2-dependent signal increased for roughly 24 h after transfection and then rapidly disap-
peared, indicating that E2 was unstable in HeLa cells and could confer instability to GFP. Similar studies done
with a protein lacking the transactivation domain indicated that this truncation strongly stabilizes the E2
protein. In vitro, full-length E2 or the transactivation domain alone was efficiently ubiquitinated, whereas
deletion of the transactivation domain strongly decreased the ubiquitination of the E2 protein. Proteasome
inhibition in cells expressing E2 increased its half-life about sevenfold, which was comparable to the half-life
of the amino-terminally truncated protein. These characteristics of E2 instability were independent of the
E2-mediated G1 growth arrest in HeLa cells, as they were reproduced in MCF7 cells, where E2 does not affect
the cell cycle. Altogether, these experiments showed that the HPV18 E2 protein was degraded by the ubiquitin-
proteasome pathway through its amino-terminal transactivation domain. Tight regulation of the stability of the
HPV 18 E2 protein may be essential to avoid accumulation of a potent transcriptional repressor and antipro-
liferative agent during the viral vegetative cycle.

Human papillomavirus type 18 (HPV18) is one of the vi-
ruses associated with the development of cervical cancer. Dur-
ing the initial viral infection of susceptible cells, the E2 early
protein represses the transcription of the viral oncogenes E6
and E7 by binding to sites within the promoter, interfering with
the binding of two proteins essential for transcription initia-
tion, the TATA binding protein and SP1 (6, 7, 11, 12, 36).
Carcinogenic progression of productive lesions is accompanied
by integration of part of the viral genome in the cellular ge-
nome disrupting the E1 and E2 open reading frames (2, 3, 5,
33). Consequently, in cervical carcinoma, expression of the two
viral oncoproteins E6 and E7 is upregulated due to loss of the
E2 protein. In addition, E2 is required for viral DNA replica-
tion together with the E1 viral helicase and therefore appears
as a key regulator of both viral replication and viral transcrip-
tion (8). Reintroduction of HPV18 E2 to cervical carcinoma
cell lines by transient transfection leads to repression of the
endogenous E6/E7 transcription, inducing cell cycle arrest in
G1 via a mechanism involving stabilization of p53 (9, 14, 23). In
addition, E2 induces cell death by apoptosis, independently of
p53 (10).

E2 proteins are composed of three distinct functional do-
mains, an amino-terminal transactivation domain and a car-
boxy-terminal DNA binding domain (DBD) separated by a
variable hinge domain (13, 17, 27). The carboxy-terminal do-

main, of about 80 amino acids, binds to specific palindromic
DNA sequences as highly structured dimers (22). The amino-
terminal domain, of about 200 amino acids, is required for
activation of both transcription and replication. Its recently
determined crystal structure shows two distinct structural re-
gions separated by a fulcrum (1, 19). Its most N-terminal part
contains a helices that can interact to form dimers (1).
Whether dimerization of the amino-terminal domain is of
physiological relevance remains to be demonstrated, although
it seems likely. The amino-terminal domain is involved in all
known functions of E2, including transcriptional repression,
growth arrest, and induction of apoptosis in transfected HeLa
cells (10, 18).

Although E2 is a crucial regulator of the viral vegetative
cycle, its detection in productive genital lesions has been elu-
sive, while the E6 and E7 transcripts and gene products are
readily detectable in the basal layers of infected lesions. More-
over, in organotypic cultures of differentiated keratinocytes,
while the complete vegetative cycle of certain types of papil-
lomaviruses could be reproduced (16, 28), expression of the E1
and E2 regulatory proteins often remained below the level of
detection. We found that the level of HPV18 E2 protein over-
expressed in cultured cell lines was low, even though its bio-
logical activities were readily detectable. These observations
pointed to a potential instability of E2, at least under certain
conditions. Many transcriptional regulators, including Myc
(31), c-Jun (39), E2F (20), ATF-2 (15), and p53 (21, 24), have
been shown to be unstable and tightly regulated by degradation
pathways. In addition, such control of protein stability is par-
ticularly relevant regarding proteins involved in growth inhibi-
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tion and apoptosis. Since E2 plays an active role in both the
viral vegetative cycle and control of cell proliferation, we in-
ferred that a crucial pathway to regulate these activities could
be mediated through stability of the protein.

The green fluorescent protein (GFP) was fused to the amino
terminus of full-length HPV18 E2. This GFP-E2 fusion protein
was shown to retain the biological activities of the wild-type E2
as well as a similar half-life. It was transfected in HeLa cells,
and the fate of the fluorescent protein was analyzed by real-
time microscopy. We show here that the GFP-E2 fusion pro-
tein accumulates in the nuclei of transfected cells for the first
24 h and then rapidly disappears, while the control GFP nu-
clear protein is stable. The GFP-E2 fusion protein appeared to
be stabilized by use of proteasome inhibitors in both HeLa and
MCF7 cells, indicating the involvement of the proteasome
pathway in its degradation. We found that the E2 transactiva-
tion domain carried a degradation signal since deletion of this
domain led to a strong stabilization of the protein in the cells.
In addition, in vitro ubiquitination experiments showed that
the full-length E2 protein and the transactivation domain
alone were efficiently ubiquitinated. Altogether, these data in-
dicate that HPV18 E2 stability is controlled by the ubiquitin-
proteasome degradation pathway through its amino-terminal
transactivation domain.

MATERIALS AND METHODS

Construction of plasmids and recombinant adenoviruses. The pEGFP-C1
expression plasmid (Clontech) was used to clone the E2 protein and its separate
domains. The complete E2 open reading frame was cloned in frame with the
carboxy terminus of GFP. Separate domains were defined by comparison of E2
primary sequences and were prepared by PCR amplification using specific prim-
ers containing EcoRI and BamHI restriction sites for cloning in frame with the
carboxy terminus of GFP. Sequences of the oligonucleotides used are as follows:
for the Trans domain, 59-CGAATTCCATGGAGACACCGAAGGAAACC-39
and 59-CGCGGATCCACTGCACATAGAGTCATTAC-39; for the Hinge, 59-C
GAATTCCACCAGTGACGACACGGTATCC-39 and 59-CGCGGATCCGTTA
CCACTACAGAGTTTCC-39; and for the DBD, 59-CGAATTCCACTACGCCT
ATAATACAT-39 and 59-AAAGGATCCTTACATTGTCATGTATCCC-39 (re-
striction sites are indicated in boldface). The nuclear localization sequence
(NLS) of the simian virus 40 T antigen (SV40 TAg) was cloned between the XhoI
and EcoRI restriction sites in the GFP-Trans and GFP-Hinge plasmids in frame
between GFP and E2 protein with two hybridized oligonucleotides containing
the sense (59-TCGACCTCCAAAAAAGAAGAGAAAGGTA-39) and anti-
sense (59-AATTTACCTTTCTCTTCTTTTTTGGAGG-39) sequences.

The GFP-NLS expression plasmid was generated by cloning of the E2 NLS in
frame between the HindIII and BamHI restriction sites at the GFP carboxy
terminus. Two oligonucleotides containing the sense (59-AGCTTTAAAATGT
TTACGGTACAGATTGCGAAAAG-39) and antisense (59-GATCCTTTTCGC
AATCTGTACCGTAAACATTTTAA-39) sequences of the NLS were used.

Recombinant adenoviruses were constructed by bacterial recombination as
described elsewhere (4). The complete expression cassettes for full-length and
amino-terminally truncated E2, DTrans (deletion of amino acids 1 to 215), fused
to GFP were prepared from the pEGFP expression plasmids and used for
recombination with the adenovirus vector (kind gift from P. Yieh, Rhone Pou-
lenc Rhorer).

The HPV18 E2 protein cloned in pET 14B (Novagen) has already been
described (7). Two separate domains of E2, containing either the complete Trans
or the fused Hinge and DBD domains (Hinge/DBD), were cloned between the
NdeI and BamHI sites (in boldface) in the pET 14B after PCR amplification with
the following primers: for the Trans domain, 59-CAATCTAGACATATGGAG
ACACCGAAGGAAAAC-39 and 59-CGCGGATCCACTGCACATAGAGTCA
TTAC-39; and for the Hinge/DBD domain, 59-CAATCTAGACATATGACCAG
TGACGACACGGTA-39 and 59-AAAGGATCCTTACATTGTCATGTATCC
C-39.

Cell cultures, transient transfections, and infections. Cells were grown in
Dulbecco’s modified Eagle medium supplemented with 7% fetal calf serum.
Transient transfections of HeLa cells were done by the standard calcium phos-

phate coprecipitation technique as previously described (7) with 1 or 2 mg of the
GFP expression plasmids for direct observation of GFP fluorescence in living
cells. For real-time microscopy, cells were transferred in a thermostated chamber
under the microscope, where they were maintained for 24 h. Images were taken
every 5 min in phase contrast and every 30 min in fluorescence. For chloram-
phenicol acetyltransferase (CAT) assays, 4 mg of the P105 CAT expression plas-
mid (38) was cotransfected with 2 mg of the GFP expression plasmids. CAT
assays were done 40 h posttransfection as previously described (7).

Stocks of recombinant adenoviruses were prepared in 293 cells. A control
recombinant virus expressing the GFP alone (Quantum) was used to assess the
infectivity of the stocks. Cells were infected at a multiplicity of infection (MOI)
of 20 for metabolic labeling or 100 for flow cytometry.

Proteasome inhibition. For inhibition experiments, cells were treated 40 h
after transfection with either 10 mM lactacystin or 40 mM MG132 dissolved in
dimethyl sulfoxide (DMSO) or with DMSO alone for 6 to 8 h. Inhibitors were
purchased from Calbiochem.

In vitro ubiquitination. In vitro transcription-translation of the plasmids ex-
pressing E2 and its subdomains was done with the TNT T7 coupled reticulocyte
lysate system (Promega). For ubiquitination assays, 1/25 of the translated lysates
was incubated at 30°C with various concentrations of fresh reticulocyte lysate (0
to 4 ml for a final volume of 12 ml) or, alternatively with a constant concentration
of fresh reticulocyte lysate (2 ml for a final volume of 12 ml) plus increasing
concentrations of purified bovine ubiquitin (0 to 7.5 mg). Incubations were
restricted to 20 min to prevent extensive degradation of the ubiquitin-targeted
complexes. Polypeptide products were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% gel.

Immunofluorescence. HeLa cells grown on coverslips were rinsed with phos-
phate-buffered saline (PBS) 24 h after transfection with the expression plasmids
of GFP fusion proteins and then fixed in 4% formaldehyde. After rehydration,
cells were permeabilized with 0.1% Triton and incubated with a rabbit polyclonal
antibody against HPV18 E2 followed by an anti-rabbit antibody coupled to Texas
red.

DNA binding assays. A double-stranded oligonucleotide, end labeled by Kle-
now fill-in with [32P]dATP, was used as a probe in gel shifts. It contains the core
sequence of E2 binding site 2 of the HPV18 long control region, 59-AATT
GTAGTATATAAAAAAGTTAGTGACCGAAAACGGTCGGG-39 (the con-
served palindrome recognized by E2 is underlined). Binding reactions were
carried out in a final volume of 20 ml in a buffer containing 12 mM HEPES (pH
7.9), 10% glycerol, 0.5 mM EDTA, 4 mM MgCl2, 60 mM KCl, 8 mM dithio-
threitol, and 0.1% NP-40. Reactions containing 8 mg of proteins of total cell
extracts were preincubated for 20 min at 4°C in the presence of 1 mg of poly(dI-
dC) and 1 mg of salmon sperm DNA. After addition of the specific labeled probe,
they were further incubated 5 min at 4°C, then loaded on a polyacrylamide gel,
and run for 2 h at room temperature.

In vivo 35S labeling and immunoprecipitation. Cells were incubated with
medium deficient in methionine and cysteine and supplemented with 5% dia-
lyzed fetal calf serum for 30 min. Radiolabeling with Trans 35S label (0.25
mCi/ml; ICN) was done for 30 min, followed by chase with complete medium for
the indicated times. Treatment with proteasome inhibitors was initiated 2 h
before labeling. Cell lysates were prepared in HNB buffer (0.5 M sucrose, 15 mM
Tris [pH 7.5], 0.42 M KCl, 0.25 mM EDTA, 0.125 mM EGTA, 0.1% NP-40, 0.15
mM spermidine, 0.5 mM spermine, 1 mM dithiothreitol) containing protease
inhibitors (Roche). The KCl concentration was decreased to 0.26 M prior to
preclearing with a nonspecific rabbit antibody. Immunoprecipitation was done
with a specific anti-E2 antibody directed against the C terminus of E2. Immune
complexes were collected on protein A-Sepharose and washed three times with
HNB (0.26 M KCl) buffer. Proteins were eluted in SDS-PAGE sample buffer,
boiled, and separated by SDS-PAGE on a 10% gel. Gels were fixed, dried, and
autoradiographed. Quantification was performed using a PhosphorImager and
ImageQuant software (Molecular Dynamics).

Flow cytometry. Infected cells were detached from P60 dishes by incubation
for 10 min in trypsin-EDTA. After washing, the cells were fixed in 80% ethanol
and then rehydrated in PBS and incubated for 1 h at 37°C with propidium iodide
(10 mg/ml). Cells were analyzed with a flow cytometer (EPICS XL; Coulter). The
cell cycle was analyzed with Multicycle software (Phoenix Flow System, Inc.).

RESULTS

Characterization of GFP fusion proteins with full-length E2
and separate domains. The GFP-E2 fusion protein was ob-
tained by fusion of GFP to the amino terminus of the full-
length E2 protein and expressed under the control of the
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cytomegalovirus promoter (Fig. 1A). The E2 protein is consti-
tuted of three structurally and functionally distinct domains:
the amino-terminal domain of 206 amino acids (Trans), the
carboxy-terminal domain (DBD) of 80 amino acids, and a
79-amino-acid domain (Hinge). GFP was also fused to the
amino terminus of each of the three domains (Fig. 1A). We
found that while the GFP-E2 and GFP-DBD fusion proteins
were expressed in the nuclei of transfected cells, the GFP-
Hinge fusion was cytoplasmic and the GFP-Trans fusion was
expressed both in the nuclei and in the cytoplasms of trans-
fected cells (results not shown). This is in agreement with the
presence of a functional well-conserved NLS in the DBD (34).
The transactivation domain appeared to contain a weak NLS,
not sufficient for a strict nuclear localization, and no NLS was
found in the hinge of the HPV18 E2, in contrast to a recent
report indicating the presence of a strong NLS in the hinge of
the HPV11 E2 protein (40). To target all of the fusion proteins
to the nuclei of transfected cells, we fused a sequence contain-
ing the NLS from the SV40 TAg to the amino terminus of the
Hinge and Trans domains in the corresponding GFP fusion
proteins. GFP alone was also targeted to the nucleus by addi-
tion of the E2 NLS (Fig. 1A).

To test if the fusion proteins were correctly expressed, we
compared the immunodetection by immunofluorescence with
anti-E2 antibodies with the GFP fluorescence in the nuclei of
cells transfected with plasmids expressing the full-length E2
and the separate domains fused to GFP. These experiments
indicated that the GFP and immunofluorescence patterns co-
localized in nuclei of transfected cells, although part of the
GFP staining appeared concentrated in nucleoli that were not
stained by anti-E2 antibodies (Fig. 1B). This was particularly
visible for the constructs expressing GFP-Hinge and GFP-
DBD, but we have no explanation for this phenomenon. West-
ern blot analysis of total extracts of transfected cells with both
the anti-E2 and anti-GFP antibodies revealed that the fusion
proteins ran at their expected sizes (data not shown).

Biological activities of the fusion proteins. A crucial control
for our experiments was to verify whether the stability of the
fusion GFP-E2 protein was comparable to that of wild-type E2.
We performed pulse-chase experiments using HeLa cells 24 h
after transfection with expression plasmids of both proteins.
These experiments showed that the two proteins are similarly
stable, with relatively short half-lives of 50 min, indicating that
fusion with GFP does not interfere with the stability of the E2
protein (Fig. 2A). In functional assays, the behavior of the
GFP-E2 fusion protein was indistinguishable from that of wild-
type E2. These assays included transcriptional activation of a
synthetic thymidine kinase promoter containing six upstream
E2 binding sites (37) (data not shown) and repression of the

FIG. 1. Schematic representation of the GFP fusion proteins and
their expression in HeLa cells. (A) The three domains of E2 (gray
bars) and the GFP moiety (stripped ovals) are shown. Sequence con-
taining the E2 NLS is schematized in black, and the SV40 TAg NLS is
shown in white. (B) The four constructs were transfected in HeLa cells,
and their expression was checked 24 h later by either direct green
fluorescence of GFP or immunofluorescence with anti-E2 antibodies
revealed by Texas red as indicated. NT, not transfected.

FIG. 2. Biological activities of the GFP fusion proteins. (A) E2 and
GFP-E2 exhibit identical half-lives in pulse-chase experiments done in
transfected HeLa cells. Cells were labeled for 30 min and chased for 30
min, 2 h, or 3 h, as indicated, prior to immunoprecipitation of the E2
proteins and separation by SDS-PAGE on a 10% gel. (B) The various
GFP fusion protein expression plasmids were cotransfected in HeLa
cells with the HPV18 P105 CAT expression plasmid (38) as indicated at
the top. Results of representative CAT assays are shown, giving con-
version values of 15% for GFP alone as a control, 1 and 5% for E2 and
GFP-E2, and 80% for the GFP-Trans, 15% for the GFP-Hinge, and
0.8% for GFP-DBD fusion proteins. (C) Binding assays with a DNA
probe containing the E2 binding site and extracts prepared from cells
transfected with GFP-E2 (lane 1), GFP-NLS-Trans (lane 2), GFP-
NLS-Hinge (lane 3), GFP-DBD (lane 4), and probe alone (lane 5).
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HPV18 P105 promoter (Fig. 2B), DNA binding (Fig. 2C), viral
DNA replication, p53 stabilization (data not shown), and cell
cycle arrest (see Fig. 5A) (9). These experiments indicated that
the GFP-E2 fusion protein retained all tested functions of the
E2 protein.

Functional assays performed with the separately fused do-
mains indicated that the GFP-DBD fusion protein could bind
DNA as well as the GFP-E2 protein and could repress tran-
scription from the HPV18 P105 promoter (Fig. 2B and C). In
contrast, the GFP-Trans fusion protein was inactive in DNA
binding assays, whereas it activated transcription from the P105

promoter (Fig. 2B and C). This ;5-fold activation of the P105

promoter could be attributed to its intrinsic transactivating
properties and was detected as well with heterologous promot-
ers (not shown). As expected, the hinge domain appeared
inactive in these functional assays (Fig. 2B and C).

Real-time microscopy of HeLa cells transfected with GFP
fusion proteins. HeLa cells transfected with the GFP-E2 ex-
pression plasmid were analyzed by real-time microscopy for a
period of 16 h, between 16 and 32 h posttransfection. Images
were recorded at 5-min intervals in phase contrast and at
30-min intervals in fluorescence. We found that the fluores-
cence started to accumulate in the nuclei of transfected cells
immediately after cell division and separation of the two sister
cells. Fluorescence increased at similar rates in these two sister
cells for about 7 to 8 h until around 24 h posttransfection, after
which one of two events occurred: either the two sister cells
expressing E2 died concomitantly by apoptosis and remained
fluorescent or, in cells that stayed alive, the fluorescence
sharply dropped (Fig. 3A). Therefore, these experiments con-
firmed that E2-mediated apoptosis is an early event occurring
immediately after maximal accumulation of the protein (Fig.
3A), as previously published (10). At 28 to 30 h posttransfec-
tion, fluorescence had disappeared in all living cells, indicating
that expression of the GFP-E2 protein was no longer detect-
able at this time due to high instability of the protein.

To compare the stability of proteins with similar localization,
we used a nuclear GFP protein as a control for our experi-
ments. We fused the NLS, contained within the E2 DBD and

conserved among E2 proteins, to the C terminus of GFP in the
GFP-C1 expression plasmid (Fig. 1A) and performed real-time
microscopy with transfected HeLa cells. Cells were analyzed
for a period of 23 h, between 16 to 39 h after transfection.
Accumulation of fluorescence occurred for 7 to 8 h, reaching a
maximum level at around 28 h posttransfection. At that time,
and in contrast to the E2 fusion protein, GFP showed a steady-
state level of expression for the remaining 8 h (Fig. 3B). This
result was not surprising since GFP has been shown to be
extremely stable, and we showed here that its nuclear localiza-
tion did not alter this property.

The behavior of GFP, either alone or fused to E2, clearly
indicated that the presence of the E2 moiety destabilized the
fusion protein in HeLa cells. Furthermore, characteristics of
the E2 expression in real-time microscopy suggested that the
stability of the E2 protein might vary during the cell cycle.
Indeed, although the appearance of both fluorescent proteins,
either alone or fused to E2, seemed to follow cell division,
accumulating immediately after mitosis, the sharp disappear-
ance of the E2 fusion protein occurred after a constant period
of time (7 to 8 h), independently of the maximum level of
expression reached, while GFP alone remained stable (Fig. 3).
More work is needed to establish the putative link between E2
stability and specific phases of the cell cycle.

E2 is degraded by the ubiquitin-proteasome pathway,
mostly through its transactivation domain. To check whether
the instability of E2 was due to degradation by the proteasome
pathway, we used proteasome inhibitors in vivo and studied the
stability of GFP-E2. When used from 30 h after transfection, at
a time when the GFP-E2 protein was no longer detectable in
living cells, treatment with MG132 or lactacystin allowed re-
appearance of the GFP fluorescence signal in nuclei of trans-
fected cells (Fig. 4A). These experiments demonstrated a sig-
nificant stabilization of the fusion protein upon inhibition of
the proteasome, indicating that E2 degradation occurs through
this pathway.

Pulse-chase experiments done with the GFP-E2 fusion ex-
pressed following HeLa cells infection with recombinant ad-
enoviruses indicated that it was strongly stabilized when the

FIG. 3. Real-time microscopy of HeLa cells transfected with GFP-E2 or GFP-NLS. (A) Transfected cells were subjected to real-time
microscopy 16 h posttransfection. Phase-contrast and GFP fluorescent images were taken at the times after transfection indicated at the top.
Appearance of the fluorescence in two sister cells arising from mitosis, which will undergo rapid apoptosis, is indicated by white arrows. Black
arrows indicate living cells in which the GFP-E2 fluorescence declined. (B) Similar experiment done with the GFP-NLS, indicating that the GFP
fluorescence was sustained for a longer time, at least until 36 h after transfection.
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cells were treated with lactacystin (Fig. 4B). Interestingly, the
stabilization of E2, due to inhibition of the proteasome, was
calculated to be sevenfold, which is in close agreement with the
stabilization of the amino-terminally truncated E2 (GFP-
DTrans [Fig. 4B]).

The implication of the transactivation domain in E2 insta-
bility was confirmed by real-time microscopy. Real-time mi-
croscopy experiments performed with the GFP-NLS-Trans,
GFP-NLS-Hinge, or GFP-DBD protein, indicated that the
transactivation domain exhibited expression kinetics similar to
that of the full-length protein, while those of the hinge and

DBD domains were comparable to the kinetics of the GFP
protein alone (data not shown and Fig. 3). Altogether, these
results indicated that the transactivation domain of E2 is able
to confer intrinsic instability to the GFP similarly to the full-
length E2 protein, while the two other domains are not.

We then asked whether E2 and the transactivation domain
alone could be ubiquitinated in vitro in reticulocyte lysate,
which is a commonly used method to identify sequences re-
sponsive to ubiquitination (29). In vitro-translated HPV18 E2
protein was efficiently ubiquitinated by addition of fresh lysate,
as demonstrated by shift of the protein to high-molecular-

FIG. 4. E2 is degraded by the ubiquitin-proteasome pathway mostly through its transactivation domain (A) Proteasome inhibitors restore GFP
fluorescence in nuclei of cells when added 40 h after transfection of the GFP-E2 fusion protein. Shown are phase-contrast and the corresponding
fluorescent fields of living cells treated for 8 h with DMSO, 8 h with 10 mM lactacystin, and 6 h with 40 mM MG132 beginning 40 h posttransfection,
as indicated. (B) Cells infected with recombinant adenovirus expressing either GFP-E2 or GFP-DTrans were labeled for 30 min with [35S]
methionine and chased in the presence of excess of nonradioactive methionine for 1, 2.5, and 4 h, as indicated, in the absence (2) or presence (1)
of 50 mM lactacystin, 24 h postinfection. (C) Ubiquitination of in vitro-translated E2, Trans domain, or Hinge/DBD domain in reticulocyte lysate
with increasing concentrations of fresh lysate: 0 (lanes 1, 4, and 7), 2 (lanes 2, 5, and 8), and 4 (lanes 3, 6, and 9) ml of lysate added; 0 (lane 10)
and 2 ml of lysate added (lanes 11 to 14) with the presence of 2.5 mg, 5 mg, and 7.5 mg of ubiquitin (lanes 12, 13, and 14, respectively).
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weight species (Fig. 4C, lanes 1 to 3). In similar experiments,
we found that the Trans domain was ubiquitinated as well as
the full-length protein (Fig. 4C, lanes 4 to 6), while ubiquiti-
nation of the Hinge/DBD domain was much less efficient (Fig.
4C, lanes 7 to 9). To confirm that the protein shift was due to
ubiquitination, the radiolabeled E2 protein was incubated with
a limiting concentration of fresh reticulocyte lysate and in-
creasing concentrations of purified bovine ubiquitin. These
increasing concentrations of ubiquitin led to an increasing shift
of the E2 protein (Fig. 4C, lanes 10 to 14). We conclude from
these experiments that the HPV18 E2 transactivation domain
contains sequences that allow efficient ubiquitination of the
protein and can therefore mediate the ubiquitin-proteasome
degradation of the E2 protein observed in vivo.

E2 degradation by the proteasome is independent of E2-
mediated control of cell growth. As expected from previously
published data showing that expression of E2 in cervical car-
cinoma cell lines led to cell cycle arrest (9, 14, 23), HeLa cells
infected with an adenovirus expressing the GFP-E2 fusion
protein were arrested in G1 (Fig. 5A, chart b) compared to
cells infected with an adenovirus expressing only GFP (Fig. 5A,
chart a). To verify that the E2 degradation observed in HeLa
cells was not a consequence of the E2-mediated cycle arrest,
we checked E2 stability in infected MCF7, a breast carcinoma
cell line not associated with HPV. At identical conditions of
infection, MCF7 cells exhibited an unaltered cell cycle when
expressing the GFP-E2 fusion (Fig. 5A, chart d) compared to
GFP alone (Fig. 5A, chart c).

Pulse-chase experiments indicated that E2 was as unstable in
MCF7 as in HeLa cells, with a half-life of about 1 h, and could
be stabilized by lactacystin treatment, thus indicating that it is
degraded by the proteasome (Fig. 5B). Furthermore, trunca-
tion of its amino-terminal domain led to stabilization in MCF7
cells (Fig. 5B) as well as in HeLa cells (Fig. 4B). Therefore,
comparative studies of the stability of E2 in the HeLa and
MCF7 cell lines showed that the proteasome-dependent deg-
radation of the HPV E2 protein, through its amino-terminal
domain, is an intrinsic property of the protein that was not a
consequence of the cycle arrest observed in HeLa cells.

DISCUSSION

We have shown that the amino-terminal domain of HPV18
E2 protein is responsible for its rapid turnover in transfected
or infected cells. In addition, this domain contains signals that
confer instability to the GFP to which it was fused. This deg-
radation is mediated by the ubiquitin-proteasome pathway.
The lability of many regulatory proteins is crucial for their
function in the cell. The instability of many transcription fac-
tors affects their regulatory properties. The E2 proteins of
genital HPVs play a multifunctional role in viral infection,
since they are required for regulation of both viral transcrip-
tion and viral DNA replication. Furthermore, the loss of E2
function plays a determining role in carcinogenic progression
of HPV-associated lesions. In this respect, it is not surprising
that the HPV18 E2 protein is unstable in transfected cells. The
rapid turnover of E2 could explain why the protein is not
detected in benign productive lesions associated with genital
HPVs, despite its crucial role in the vegetative viral cycle.

Previous studies have shown a close correlation between

transcriptional activation and degradation domains in several
transcription factors (31, 32). Interestingly, although sequences
for transcriptional activation and for degradation overlap in
E2, its transactivation function is not sufficient to mediate
protein instability. We found that a point mutant of the amino-
terminal transactivation domain that is impaired in transcrip-
tional activation (10) is as unstable as the wild-type protein in
HeLa cells (results not shown). This means that the link be-
tween sequences involved in transcriptional activation and deg-
radation is not absolute, as previously discussed for the Myc
protein (32). The E2 amino-terminal domain is highly struc-
tured and contains many amino acids conserved among E2
proteins. Most of these conserved amino acids appear to play
a crucial structural role that makes mutational analysis of the
protein very laborious. Examination of the 200 amino acids of
the amino-terminal domain of HPV18 E2 revealed the pres-
ence of putative PEST sequences in the first a helix. Deletion
of these sequences, in the context of the full-length protein
fused to GFP, led to a protein that was not expressed properly
and could therefore not be studied (results not shown). Alter-
native ways to dissect the sequences responsible for protea-
some degradation of E2 are needed.

Our finding that the HPV18 E2 protein is degraded by a
proteasome pathway is in agreement with a recent paper show-

FIG. 5. E2 degradation by the proteasome is independent of cell
cycle arrest. (A) HeLa (a and b) and MCF7 (c and d) cells were
infected at an MOI of 100 with adenoviruses expressing GFP alone (a
and c) or the GFP-E2 fusion (b and d). The DNA content of infected
cells was determined by flow cytometry. (B) Pulse-chase experiments
were performed with MCF7 cells infected at an MOI of 20 with
adenovirus expressing either GFP-E2 or GFP-DTrans, labeled for 30
min with [35S] methionine, and chased as indicated in the absence (2)
or presence (1) of 50 mM lactacystin 24 h postinfection.
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ing that the E2 protein from bovine papillomavirus type 1
(BPV1) is degraded by the same pathway (30). Half-lives of the
two proteins are very similar, but there are some interesting
differences between the two systems. One of the most intrigu-
ing differences is that the stability of BPV1 E2 is regulated by
phosphorylation of a specific site in the hinge domain of the
protein. BPV1 E2 phosphorylation was shown to be involved in
regulating viral DNA replication or cellular transformation by
BPV1 (25, 26). There are, however, no similar phosphorylation
sites in the hinge of the HPV18 E2 protein, and the phosphor-
ylation status of E2 proteins from human papillomaviruses has
not been specifically addressed. In addition, the results pre-
sented here indicate unambiguously that the hinge of the
HPV18 E2 protein is not involved in controlling the stability of
the protein, at least in our experimental conditions. Although
HPV and BPV1 E2 proteins are highly homologous and show
close structural and functional similarities, they may be sub-
jected to different regulatory pathways for their stability. A
crucial difference between the two proteins is that BPV1 E2
acts mainly as a transcriptional activator of the transforming
functions in the BPV1 life cycle, whereas HPV E2 is a tran-
scriptional repressor in the HPV life cycle.

Real-time microscopy of GFP-E2 accumulation in trans-
fected HeLa cells suggested that the turnover of E2 might be
linked to the cell cycle. We found that the protein started to
accumulate in the nuclei of transfected cells following mitosis
and that its concentration then increased for about 8 h. This
maximal accumulation was followed by one of two events:
either the cells died by apoptosis or the cells survived and the
fluorescence sharply declined after a constant period of time.
This observation suggests that the stability of E2 is regulated
differentially between the different phases of the cell cycle.
However, more work is needed to decipher the link between
E2 degradation and the cell cycle. In addition, it should be
noted that when expressed in HeLa cells, E2 induces a cell
cycle arrest in G1, due to stabilization of the p53 protein that
in turn activates p21, a negative regulator of the cell cycle (9).
At 40 h after transfection of a plasmid expressing E2 in HeLa
cells, accumulation of p53 and p21 is clearly detected, while the
cells are arrested in G1 (reference 10 and results not shown).
However, at that time, as shown here, E2 is no longer detect-
able. Therefore, the link between E2 stability and the cell cycle
needs to be studied in a cell line in which E2 does not induce
cell cycle arrest. We found that E2 is unstable and degraded by
the proteasome in the MCF7 cell line, which does not express
HPV genes and is not sensitive to E2-induced cell cycle arrest,
thus representing a good recipient cell for further studies.

The potential link between E2 stability and cell cycle that we
inferred from real-time microscopy analyses led us to propose
a hypothesis regarding the control of E2 accumulation during
the viral vegetative cycle in infected lesions (Fig. 6). Infected
benign lesions are characterized by a hyperplasia of the epi-
thelium due to E6/E7 expression that induces basal cell pro-
liferation. In these cycling cells of the basal layer, E2 would be
degraded in one phase of the cycle. Consequently, only low
levels of E2 are expressed and viral DNA replication remains
low, maintaining a low stable copy number of viral genome per
cell. In addition, the transforming genes E6 and E7 are not
efficiently repressed, leading to cellular proliferation. The up-
per layers of the lesion contain cells that left the cell cycle and

are undergoing terminal differentiation and sustain late phases
of the viral vegetative cycle, including viral genome replication,
late gene expression, and viral maturation. In these noncycling
cells, E2 would be stabilized, leading to its accumulation; this
would (i) reinforce transcriptional repression of the transform-
ing genes E6 and E7, with high amplification of the viral ge-
nomes, and (ii) induce apoptosis of recipient cells, favoring
spreading of the viral progeny. In the line with the present
model, a recent study showed that HPV16 E2 protein expres-
sion is highest in differentiated cells of lower-grade lesions,
while it decreases with increasing grade (35). In the BPV1
model, high E2 expression was also found in a subset of dif-
ferentiated cells of the upper layers of the lesions where high
viral DNA replication takes place (30).
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