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We show that E6 proteins from benign human papillomavirus type 1 (HPV1) and oncogenic HPV16 have the
ability to alter the regulation of the G,/S transition of the cell cycle in primary human fibroblasts. Overex-
pression of both viral proteins induces cellular proliferation, retinoblastoma (pRb) phosphorylation, and
accumulation of products of genes that are negatively regulated by pRb, such as p16™%**, CDC2, E2F-1, and
cyclin A. Hyperphosphorylated forms of pRb are present in E6-expressing cells even in the presence of ectopic
levels of p16"™~%**, The E6 proteins strongly increased the cyclin A/cyclin-dependent kinase 2 (CDK2) activity,
which is involved in pRb phosphorylation. In addition, mRNA and protein levels of the CDK2 inhibitor

2]WAFVCIPL were strongly down-regulated in cells expressing E6 proteins. The down-regulation of the
p21WAFYVCIPL gene appears to be independent of p53 inactivation, since HPV1 E6 and an HPV16 E6 mutant
unable to target p53 were fully competent in decreasing p21™VA¥V/C™"! Jevels. E6 from HPV1 and HPV16 also
enabled cells to overcome the G, arrest imposed by oncogenic ras. Immunofluorescence staining of cells
coexpressing ras and E6 from either HPV16 or HPV1 revealed that antiproliferative (p16"™~“*) and prolifer-
ative (Ki67) markers were coexpressed in the same cells. Together, these data underline a novel activity of E6

that is not mediated by inactivation of p53.

Human papillomaviruses (HPVs) infect keratinocytes in the
basal layer of stratified epithelia at a variety of anatomical sites
(26). On the basis of their tissue tropism, the HPVs can be
subdivided into cutaneous and mucosal types, which infect the
skin and the mucosae, respectively. All HPV types are able to
induce hyperproliferative benign lesions. Indeed, HPV-in-
duced proliferation is an absolute requirement for comple-
tion of the viral life cycle. In addition, certain mucosal types,
termed high risk, can promote transformation of a benign
lesion into a malignant one (26). HPV16 is the high-risk type
most frequently found in premalignant and malignant cervical
lesions worldwide (2). Several studies have demonstrated that
two viral early proteins, E6 and E7, play a key role in the
induction of benign and malignant lesions (23) by associating
with several cellular factors and altering their function (11, 13).
The best-characterized property of HPV16 E6 is its binding to
the p53 tumor suppressor, leading to degradation of the cel-
lular protein via the ubiquitin pathway (20). The role of p53 is
to safeguard the integrity of the genome by inducing cell cycle
arrest or apoptosis in the presence of DNA damage. There-
fore, its inactivation by the E6 protein leads to chromosomal
instability and increases the probability of an HPV-infected
cell evolving towards malignancy. Several studies have shown
that HPV16 E6 is able to associate with other cellular proteins
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(11), indicating its involvement in additional pathways. Exper-
iments with transgenic mice have shown that E6 can induce
epithelial hyperplasia (14, 19). It has recently been reported
that E6 protein from nononcogenic and oncogenic HPV types
alters the regulation of the G,/S restriction point and induces
S-phase progression in immortalized rodent cells (NIH 3T3) in
the presence of antiproliferative stimuli such as high levels of
the cyclin-dependent kinase (CDK) inhibitors p16™4* and
p27%F! (10). This E6 activity appears to be associated with
pRD phosphorylation, since HPV16 E6 did not promote G,/S
transition in the presence of high levels of a pRb mutant
lacking all phosphorylation sites (11). However, the precise
mechanism underlying this activity remains to be character-
ized.

In this study, we have further investigated the effect of
HPV16 E6 and HPV1 E6 in altering cell cycle control in
human primary oral fibroblasts (POFs) in which all cell cycle
regulatory pathways are unaltered. We show that in these cells,
HPV1 and HPV16 E6 proteins induce cellular proliferation,
pRb phosphorylation, and accumulation of products of genes
that are negatively regulated by pRb, such as p16™%42 CDC2,
E2F-1, and cyclin A. Consistent with the hyperphosphory-
lated state of pRb, cyclin A/CDK2 activity is highly elevated
in cells expressing either of the two E6 proteins. We also
show that the E6 proteins induce strong down-regulation of the
p21WAFVCIPL gene. Overexpression of p21WAFVCIP decreases
the E6-induced proliferation, indicating that down-regulation
of the endogenous p21WVAFVCP! gene observed in E6-express-
ing cells is a key mechanism for cell cycle deregulation. Inter-
estingly, all these events appear to be independent of p53
inactivation.
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MATERIALS AND METHODS

Retroviral expression vectors. The E6 genes were cloned in retroviral vectors
pBabe-puro or pBabe-neo (12). The H-rasV12 pBabe-puro construct has been
previously described (1), while the pBabe-puro/p16"™X4® construct was kindly
provided by Bruno Amati (European Institute of Oncology, Milan, Italy).

Cell culture and retroviral infections. NTH 3T3 cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% calf serum. Phoenix cells
and human POFs were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum. POFs were purified from oral mucosa as
previously described (21, 22). High-titer retroviral supernatants were generated
by transient transfection of Phoenix cells (amphotropic viruses) (16) and used to
infect POFs as previously described (1). After infection, POFs were selected with
0.5 mg of G418 (for 5 to 6 days) or 0.5 pg of puromycin (for 4 to 5 days).
Coexpression of the viral genes and p16"™ 4 or ras was achieved by consecutive
retroviral infections (5, 18).

Population doublings. Cells were cultured in flasks (7.5 X 10 cm) and
trypsinized when they reached approximately 80% confluence (3 X 10° to 4 X
10 cells/ml). Population doublings were calculated with the number of passages
and the split ratio taken into consideration. P values of the slopes for the
differences between the growth curves were determined by ¢ test.

Cell extract preparation. Total cellular extractions were performed by lysing
the cells in lysis buffer (20 mM Tris-HCI [pH 8], 200 mM NaCl, 0.5% Nonidet
P-40, 1 mM EDTA, 10 mM NaF, 0.1 mM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride, 1 pg of leupeptin/ml, 1 pg of aprotinin/ml) for 20 min at 4°C. After
centrifugation (12 000 X g, 5 min), the supernatant was collected and used for
immunoblot analysis.

Determination of CDK-associated activities. The activities of CDK4 and
CDKG6 were determined using a mixture of CDK4 and CDK6 monoclonal anti-
bodies (kindly provided by Michele Pagano, New York University Cancer Insti-
tute, New York, N.Y.). The complexes were immunoprecipitated from 1 mg of
cellular extracts. After immunoprecipitation, the kinase activity was measured
according to a previously described method (6) with bacterial glutathione S-
transferase—pRb fusion protein as the substrate. For determination of cyclin
A-associated activity, the cyclin A/CDK2 complex was immunoprecipitated from
1 mg of various cellular extracts. The kinase activity was determined as described
previously (10), using histone H1 as the substrate.

Immunoblot analysis and antibodies. Cell extracts were fractionated by elec-
trophoresis on a sodium dodecyl sulfate (SDS)-polyacrylamide gel. Proteins were
transferred onto a Polyscreen polyvinylidene difluoride (PVDF) membrane
(NEN Life Sciences) in a Trans-Blot semidry electrophoretic transfer cell (Bio-
Rad) (130 mA, 1 h 30 min).

Immunoblot analyses were performed using the following antibodies: anti-@-
tubulin (TUB2.1; dilution, 1:1,000; Sigma), anti-p53 (dilution, 1:1,000; DAKO),
anti-p16™K4@ (DCS-50; dilution, 1:250; NovoCastra), anti-pRb (554136; dilution,
1:1,000; Pharmingen), anti-E2F-1 (C-20; dilution, 1:1,000; Santa Cruz Biotech-
nology), anti-cyclin A (H-432; dilution, 1:1,000; Santa Cruz Biotechnology), anti-
CDC?2 (17; dilution, 1:1,000; Santa Cruz Biotechnology), and anti-p21WAF1/CIP1
(AB-1; dilution, 1:1,000; Calbiochem).

Immunofluorescence. Immunofluorescence staining was performed as previ-
ously described (24), with primary antibodies anti-Ki67 rabbit (dilution, 1:100;
DAKO) and anti-p16™¥4 mouse (F-12; dilution, 1:100; Santa Cruz Biotechnol-
ogy).

Northern blotting. Total RNA was prepared using TRIZOL reagent (Life
Technologies) by following the manufacturer’s instructions and loaded onto a
formaldehyde agarose gel, blotted on a nylon membrane (Hybond-N; Amersham
Pharmacia Biosciences), and incubated with a 3*P-labeled p21 DNA gene frag-
ment. After being washed, the membrane was exposed to Kodak film for 12 h at
—80°C.

Reverse transcription-PCR analysis. Total RNA was extracted from mamma-
lian cells with the RNeasy kit (Stratagene), and cDNA was synthesized with a
First Strand cDNA synthesis kit (MBI Fermentas) by use of 1 pg of total RNA,
a random hexamer primer, and Moloney murine leukemia virus reverse tran-
scriptase. The following primers were used in the PCR to determine the expres-
sion of HPV16 E6, HPV1 E6, and Gap-DH genes: 5'-GTT TCA GGA CCC
ACA GGA GC-3'" and 5'-GCA TAA ATC CCG AAA AGC AAA G-3', which
amplify a 151-bp fragment of the HPV16 E6 gene; 5'-AAT TCA TGG CGA
CAC CAA-3" and 5'-TTT GCA ATA AAG GTC TGT-3', which amplify a
290-bp fragment of the HPV1 E6 gene; and 5'-AAG GTG GTG AAG CAG
GCG T-3' and 5'-GAG GAG TGG GTG TCG CTG TT-3', which amplify a
110-bp fragment of the Gap-DH gene.

BrdU incorporation. Cells were grown on cover slides under appropriate
conditions and labeled with 5'-bromo-2-deoxyuridine (BrdU) for the desired
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time. Cells were fixed in 70% ethanol, and BrdU incorporation was determined
with an in situ cell proliferation kit (Roche).

DNA microarrays. Briefly, total RNA was extracted from the two cell cultures,
i.e., the reference culture containing the empty vector and the test culture
expressing HPV16 E6, by use of TRIZOL reagent (Life Technologies) and by
following the manufacturer’s protocol. The DNA microarray procedure was
performed as previously described (3). Briefly, cDNA was synthesized in the
presence of fluorescent nucleotides (Cye3 for the reference and Cye5 for the
test) and simultaneously hybridized to the glass chip. Finally, the array was
scanned, and the image was analyzed.

RESULTS

HPV1 E6 and HPV16 E6 induce proliferation of primary
fibroblasts. It has previously been shown that HPV16 E6 is
able to promote G,/S transition in immortalized rodent fibro-
blasts (10). To analyze this activity of E6 in the context of intact
cell cycle regulatory pathways, we determined the effect of E6
expression in human POFs. These cells can survive in culture
for several passages, but their growth capacity decreases after
approximately 1 month. POFs were infected with recombinant
retroviruses expressing E6 from the high-risk HPV16 or the
benign-type HPV1. The expression of the viral gene in the
different cultures is shown in Fig. 1A. After neomycin selec-
tion, the different cell populations showed dissimilar growth
behaviors (Fig. 1B). Cells expressing either HPV1 E6 or
HPV16 E6 proliferated faster than control cells containing the
empty vector. Microphotographs (Fig. 1C) reveal that the mor-
phologies of these cells were also very different. HPV1 E6- and
HPV16 E6-expressing cells appeared smaller and more refrac-
tive than the control cells containing the empty vector. Cells
expressing HPV1 E6 behaved similarly to those expressing
high-risk HPV16 E6. HPV1 E6 does not induce degradation of
the tumor suppressor p53 (Fig. 1D) (4). Thus, the E6-induced
proliferation in primary human cells is not a consequence of
p53 degradation.

HPV16 E6 or HPV1 E6 expression in primary fibroblasts
leads to accumulation of p16™%4?, Inactivation of pRb leads to
deregulation of the G,/S transition, induction of proliferation,
and accumulation of the CDK inhibitor p16™%** (7). The
increase in p16™% 42 levels is part of a safety mechanism which
is activated in an attempt to arrest abnormal proliferation. We
observed that in highly proliferative E6-expressing cells, the
levels of p16™%4* were higher than in the control culture (Fig.
2A), indicating that the pRb pathway is altered in these cells.
In fact, cells infected with HPV1 or HPV16 E6 recombinant
retroviruses have higher levels of both forms of pRb (hyper-
phosphorylated and hypophosphorylated) than cells infected
with empty retroviruses (Fig. 2B). Interestingly, both E6 pro-
teins promoted pRb phosphorylation even in the presence of
high exogenous levels of p16™%4 (Fig. 2C). In agreement with
the phosphorylation state of pRb, cells overexpressing E6
and p16™ 42 proliferate at a higher rate than control cells
(p16™%42 only) (Fig. 2D). However, after several passages,
HPV1 E6 appeared to be less efficient than HPV16 E6 in
blocking the inhibitory functions of p16™%#* (Fig. 2D and data
not shown). The morphologies of the different cell populations
are shown in Fig. 2E. Cells expressing only p16"™~%** were very
few and became flat and enlarged, characteristics of arrested
cells. In contrast, cells coexpressing HPV16 E6 or HPV1 E6
with p16™4* were small and refractive and had a much higher
density.
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FIG. 1. HPV16 E6 and HPV1 E6 induce proliferation of POFs. (A) Determination of mRNA levels of HPV16 E6 and HPV1 E6 by reverse
transcription-PCR. Total RNA was extracted from cells, and cDNA was generated. The cDNA obtained from all the cells infected with different
retroviruses, including the empty vector retroviruses, was probed with all the different primers. As an internal control, the Gap-DH ¢cDNA was also
amplified (third panel). cDNA produced with the omission of the reverse transcriptase was probed with Gap-DH primers to confirm the absence
of genomic DNA contamination (fourth panel). The products were separated on 2% agarose gels and visualized by staining with ethidium bromide.
(B) Growth profiles of POFs expressing the viral proteins. After selection, the growth of the different cell populations was monitored for more than
40 days. Differences between the growth curves are statistically significant (pBabe-neo versus HPV16 E6, P = 0.001; pBabe-neo versus HPV1 E6,
P < 0.0010). (C) Morphologies of POFs expressing HPV16 E6 or HPV1 E6. The different cell populations were photographed at day 40 after
selection. Original magnification, X10 (all photographs). A photograph of early-passage POFs (approximately three doubling times) is included
for comparison. (D) Determination of p53 levels in POFs expressing HPV16 E6 or HPV1 E6. Total protein extracts (100 pg) from cell populations
expressing the different viral proteins indicated were applied to an SDS-10% polyacrylamide gel, transferred onto a PVDF membrane, and
incubated with an anti-p53 or B-tubulin antibody. The B-tubulin signal was used as a loading control.

Together, these data show that E6 promotes cellular prolif-
eration and pRb phosphorylation in the presence of high levels
of the CDK inhibitor p16™¥ 42,

Products of genes that are negatively regulated by pRb are
up-regulated in E6-expressing cells. In quiescent cells, the
hypophosphorylated form of pRb associates with the transcrip-
tion factor E2F, blocking its activity. Hyperphosphorylation of
pRD results in the disruption of the complex and the release of
active E2F that in turn promotes the expression of genes in-
volved in S-phase progression. To further confirm that the
inhibitor functions of pRb are lost in E6-expressing cells, we
determined by immunoblotting the levels of several gene prod-

ucts negatively regulated by pRb. As shown in Fig. 3, the levels
of CDC2, cyclin A, and E2F-1 were elevated in POFs infected
with the HPV1 E6 or HPV16 E6 recombinant retroviruses.
The difference in levels of these cellular proteins in control and
E6-expressing cells was even more evident in serum-deprived
medium (data not shown). These data are in agreement with
previous findings, which showed that E6 activates the cyclin A
promoter in serum-deprived NIH 3T3 cells (10). In summary,
these findings provide further evidence for functional inactiva-
tion of the pRb pathway in E6-expressing cells.
CDK-associated activities are elevated in E6-expressing
cells. Phosphorylation of pRb is initiated in G, phase by active
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FIG. 2. pRb is hyperphosphorylated in the presence of high levels of p16™%4* in E6-expressing cells. (A) Determination of p16™%** levels in
POFs expressing HPV16 E6 or HPV1 E6. Total protein extracts (100 pg) of cells expressing the different viral proteins as indicated were applied
to an SDS-15% polyacrylamide gel, transferred onto a PVDF membrane, and incubated with a p16™¥%4* or B-tubulin antibody. The B-tubulin
signal was used as a loading control. (B) Phosphorylation state of pRb in E6-expressing cells. Total protein extracts (100 pg) of the different cells
indicated were loaded onto an SDS-6% polyacrylamide gel. To obtain separation of the different pRb phosphorylated forms, electrophoresis was
performed until the 75-kDa marker reached the bottom of the gel. Proteins were transferred onto a PVDF membrane and incubated with pRb
antibody. As a loading control, protein extracts of the same amount (100 pg) were loaded on an SDS-12% polyacrylamide gel, processed as
described for panel A, and incubated with B-tubulin antibody. (C) Overexpression of p16"™¥4* does not prevent pRb phosphorylation in
Eo6-expressing cells. POFs were doubly infected with recombinant retroviruses as described previously (10), and Western blot analysis was
performed as described for panel B. (D) Growth profile of POFs coexpressing HPV1 or HPV16 E6 and p16'™¥42, The growth of the different cell
populations was monitored for about 1 month. Day 0 represents the first day after completion of antibiotic selection. Differences between the
growth curves are statistically significant (pBabe-neo versus HPV16 E6, P = 0.022; pBabe-neo versus HPV1 E6, P < 0.078). (E) Microphotographs
(magnifications, X10) of the different cell populations indicated were taken 25 days after selection.
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FIG. 3. Levels of proteins encoded by E2F-regulated genes are
elevated in E6-expressing cells. Total protein extracts (100 pg) from
cell populations expressing the different viral proteins indicated were
applied to an SDS-10% polyacrylamide gel, transferred onto a PVDF
membrane, and incubated with an anti-E2F-1, -CDC2, -cyclin A, or
-B-tubulin antibody. The B-tubulin signal was used as a loading control.

CDK4 and CDKG6 associated with the D cyclins (1, 2, and 3)
and is continued in the subsequent phases of the cell cycle by
additional CDK complexes, such as cyclin A/CDK2. Therefore,
we next checked whether the increase in pRb phosphorylation
observed in E6-expressing cells corresponds to an activation of
CDK complexes. We initially determined the activity of cyclin
D/CDK4 and cyclin D/CDK6 complexes. For this purpose, we
immunoprecipitated the CDK complexes by use of a mixture of
CDK4- and CDKG6-specific antibodies and determined their
kinase activities by using bacterial recombinant pRb as the
substrate. We observed in independent experiments that the
cyclin D/CDK4 and cyclin D/CDK6 complexes were weakly
activated in cells expressing HPV1 E6 and HPV16 E6 in com-
parison to activation in the control cells. A representative
experiment is shown in Fig. 4A. Next, we immunoprecipitated
the cyclin A/CDK2 complex by use of a cyclin A antibody and
determined its activity by using histone H1 as the substrate. As
shown in Fig. 4B, high levels of cyclin A/CDK2 activity were
detected in POFs expressing the E6 proteins. Similar results
were obtained by immunoprecipitation of the kinase complex
with a CDK2 antibody (data not shown). Thus, the hyperphos-
phorylation of pRb in E6-expressing cells correlates with acti-
vation of the CDK complexes that are directly involved in this
event.

HPV1 and HPV16 E6 down-regulate the p21"VAFV/C™1 gepe,
Several lines of evidence indicate that the E6 protein interferes
with the cellular transcription machinery. For instance, HPV16
E6 associates with the transcriptional coactivator p300/CBP,
repressing its activity (15, 25). Therefore, it is possible that the
activity of E6 in cell cycle deregulation is mediated by alter-
ation in the expression of specific cellular genes. To evaluate
this hypothesis, we compared the gene expression profiles of
POFs expressing or not expressing HPV16 E6 by use of a
c¢DNA microarray. We used a chip in which 13,348 human
genes were spotted at least two times (F. Diehl and J. Hoheisel,
unpublished data). Analysis of the data revealed several
genes to be down- or up-regulated in HPV16 E6-expressing

HPV E6 AND G,/S TRANSITION 13773

cells (I. Malanchi et al., unpublished data). Interestingly,
two genes involved in cell cycle regulation, the cyclin D2 and
p21WAFVCIPL genes were found to be differentially expressed.

The cyclin D2 gene was weakly up-regulated (approximately
1.5- to 2-fold). However, we did not observe any increase in
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FIG. 4. Activities of CDK complexes are higher in E6-expressing
cells than control cells. Cyclin D/CDK4 or cyclin D/CDK6 (A) and
cyclin A/CDK2 (B) complexes were immunoprecipitated, and kinase
activities were determined as described in Materials and Methods.
Autoradiographs of the CDK reactions are shown in the upper panels.
The intensities of the bands were determined by Phosphorimager
scanning (ImageQuant software; Molecular Dynamics). The glutathi-
one S-transferase (GST)-pRb-kinase activities and the histone H1-
kinase activities in E6-expressing cells were normalized to the activities
in control cells. The data shown in panel B are the averages of the
results of two independent experiments.
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levels of cyclin D2 mRNA or protein by Northern or Western
blot analyses, respectively (data not shown).

The p21WAFVCIPL gene was found to be strongly down-
regulated in HPV16 E6-expressing cells. The p21WAFYCIPL
gene is positively regulated by p53, and thus its down-regula-
tion may be due to an indirect effect of E6 via inactivation of
p53. Northern and Western blot analyses showed that HPV1
E6 also down-regulates p21WVAFY<IPL although less efficiently
than HPV16 E6 does (Fig. 5SA and B). Since HPV1 E6 is not
able to promote p53 degradation (Fig. 1D) (4), this activity of
E6 appears to be partly independent of the p53 pathway. To
corroborate these data, we analyzed the ability of an HPV16
E6 mutant (G130V) which is not able to target p53 (9) (Fig.
5C) to induce p21VAFCIPI down-regulation. Figure 5D shows
that this HPV16 E6 mutant induced decreases in p21 WAFY/<IP!
levels, further supporting the existence of a p53-independent
mechanism of down-regulation of p21WVAFVCIPL by Ee6,

Together, these data indicate that the induction of prolifer-
ation by the E6 proteins is in part due to the down-regulation
of p21 WAFI/CIPL gene expression. To further confirm our find-
ings, we determined whether exogenous levels of p21 WAFY/CIP!
lead to a reduction of the E6-induced cellular proliferation.
POFs were doubly infected with recombinant retroviruses as
indicated in Fig. 6. Analysis of the morphologies of the differ-
ent cultures showed that cells expressing p21WAF/“'"1 alone or
together with HPV16 E6 have elongated shapes (Fig. 6A, bot-
tom panels), a sign of low-rate proliferation. However, this
phenomenon appears to be more evident in POFs infected with
p21WAFVCIPL glone than in cells coexpressing HPV16 E6 and the
cell cycle inhibitor (Fig. 6A, bottom panels). In agreement with
their morphology, cells containing high exogenous levels of
p21 WAFVCIPL have a reduced proliferation in comparison to that
of control cells infected with HPV16 E6 retroviruses (Fig. 6B).

E6 of HPV1 and HPV16 cooperates with ras to induce ab-
normal proliferation in primary fibroblasts. To further char-
acterize the actions of E6 in cell cycle deregulation, we exam-
ined whether the viral protein was able to circumvent cell cycle
arrest imposed by various means.

Expression of oncogenic ras (H-rasV12) alone in primary
cells induces increases in p16™ 2 Jevels, resulting in cell cycle
arrest in G; (17). In agreement with previous data, expression
of oncogenic ras in POFs led to an accumulation of p16™k42
(Fig. 7A). Next, we determined whether HPV1 or HPV16 E6
could reverse the ras-induced cell cycle arrest. As shown in Fig.
7B, growth of cells coexpressing the HPV16 E6 or HPV1 E6
gene and ras followed an exponential growth curve, while con-
trol cells expressing ras alone underwent cell growth arrest. As
observed for cells with ectopic levels of p16™** (Fig. 2D),
HPV1 E6 was less efficient than HPV16 E6 in overcoming the
ras-induced cell cycle arrest. In addition, the different cells
presented different morphologies (Fig. 7C); ras-expressing
cells became enlarged, reflecting a phenotype typical of a non-
proliferative condition, while cells coexpressing HPV16 or
HPV1 E6 and ras retained a morphology characteristic of
proliferative cells (i.e., were small and highly refractive). The
higher proliferation of the E6-containing cells corresponds to
an increase of cells in S phase. Indeed, in a BrdU incorporation
assay, 13% of cells in the culture expressing HPV16 E6 and ras
together entered S phase, versus 1.5% of the cells in the cul-
ture expressing ras alone.
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FIG. 5. The p21WAFVCIPL gene is down-regulated in E6-expressing
cells. (A) Analysis of p21VAFVCIPL mRNA levels by Northern blotting.
Total RNA was prepared as described in Materials and Methods. Five-
and 15-pg amounts of total RNA from each cell population were
loaded onto a formaldehyde agarose gel, blotted onto a nylon mem-
brane, and incubated with a *?P-labeled p21WAPVCIPI DNA gene frag-
ment. After being washed, the membrane was exposed to Kodak film
for 12 h at —80°C. (B) p21WAFVCIP! Jevels are lower in E6-expressing
cells than in the control cells. Total protein extracts (50 pg) from cell
populations infected with the different recombinant retroviruses indi-
cated were applied to an SDS-10% polyacrylamide gel, transferred
onto a PVDF membrane, and incubated with an anti-p21WAF/CIP! or
-B-tubulin antibody. (C and D) An HPV16 E6 mutant unable to target
p33 efficiently decreases p21WVAFVCIPL Jevels. Total protein extracts (50
ng) from the cell populations infected with the different recombinant
retroviruses indicated were applied to an SDS-10% polyacrylamide
gel, and Western blot analysis was performed as described for panel B
with an anti-p21WAFVCIPL 553 or -B-tubulin antibody.
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FIG. 6. High exogenous levels of p21WAFVCIP1 Jead to a reduction
of proliferation in HPV16 E6-expressing cells. (A) Microphotographs
(magnifications, X6.5) of the different cell populations indicated were
taken 10 days after selection. (B) Percentages of S-phase cells in
different cultures. BrdU incorporation was performed as described in
Materials and Methods. The percentages of BrdU-positive cells were
determined for five to six randomly selected fields containing approx-

T imately 300 to 400 DAPI (4',6'-diamidino-2-phenylindole)-stained
pBabe-neo  pBabe-16E6 pBabe-16E6 cells. The standard deviations of the percentages of BrdU-positive cells
pBabep21*+ pBabe-puro pBabep2 1t in the different fields are indicated by error bars.
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FIG. 7. Coexpression of HPV16 E6 or HPV1 E6 and oncogenic ras in primary human fibroblasts. (A) Determination of p16™** levels in POFs
coexpressing HPV16 E6 or HPV1 E6 and oncogenic ras. Total protein extracts (200 pg) from cells expressing ras or containing only the empty
vector (as indicated) were loaded onto an SDS-15% polyacrylamide gel, transferred onto a PVDF membrane, and incubated with p16™ 4
(DCS-50; dilution, 1:250; NovoCastra) or -tubulin (TUB2.1; dilution, 1:1,000; Sigma) antibody. (B) Growth profiles of POFs coexpressing the
viral proteins and oncogenic ras. The growth of the different cell populations was monitored for more than 1 month. Day 0 represents the first day
after the completion of antibiotic selection. Differences between the growth curves are statistically significant (pBabe-neo versus HPV16 E6, P <
0.001; pBabe-neo versus HPV1 E6, P < 0.0010). (C) Morphologies of POFs expressing the different viral proteins with oncogenic ras. The different

cell populations were photographed on day 30 after selection. Magnifications, X10.

To further confirm the alteration of cell cycle regulation in
E6-expressing cells, we performed an immunofluorescence as-
say for p16™% 42 and for the proliferative marker Ki67. Higher
percentages of cells staining positive for both p16™k4* and
Ki67 were observed in cultures coexpressing HPV 16 or HPV1
E6 and oncogenic ras in comparison with the culture express-
ing ras alone (Fig. 8). Thus, the coexpression in the same cells
of negative and positive proliferative markers represents a
direct proof of E6-induced proliferation activity in the pres-
ence of high levels of p16™&2,

Together, the data show that E6 from HPV1 and HPV16
efficiently overcomes the cell cycle arrest imposed by ras and
that this activity is independent of p53 inactivation, since
HPV1 E6 is unable to induce p53 degradation.

DISCUSSION

In this study, we show that E6 from both nononcogenic
HPV1 and oncogenic HPV16 has the ability to alter regulation
of the cell cycle in primary human cells. Both viral proteins

stimulate proliferation when expressed in POFs. Interestingly,
the endogenous levels of p16™ ** were higher in cells express-
ing HPV E6s than in the control cells. Several studies have
demonstrated that the accumulation of p16™ 42 in proliferat-
ing cells corresponds to a functional loss of pRb. This phe-
nomenon can be explained by the fact that the p16"™%*? gene
is transcriptionally repressed by pRb (7, 8). Cells harboring
pRb mutations or overexpressing the HPV16 E7 oncoprotein,
which promotes pRb degradation, have high levels of p16™ 42
in order to counteract the loss of cell cycle control (7). Thus,
the accumulation of p16™%4 in E6-expressing cells indicates a
loss of functionality of the pRb pathway. We have observed
that pRb is hyperphosphorylated in cells containing HPV1 or
HPV16 E6, even in the presence of ectopic levels of
p16™%4 Accordingly, the activities of the kinases involved
in pRb phosphorylation (cyclin D/CDK4, cyclin D/CDKG6,
and cyclin A/CDK2 complexes) are elevated in E6-express-
ing cells. Taking into consideration all these data, it is highly
likely that E6 proteins induce proliferation by promoting
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FIG. 8. Immunohistochemistry of POFs coexpressing the viral proteins and oncogenic ras. Cells were grown on cover slides, washed in
phosphate-buffered saline, fixed in 70% ethanol, and incubated with anti-Ki67 rabbit (dilution, 1:100; DAKO) and anti-p16"™%** mouse (F-12;
dilution, 1:100; Santa Cruz Biotechnology) antibodies. At the end of the procedure, an incubation of 10 min with DAPI solution in phosphate-
buffered saline was performed. Photomicrographs were taken with a fluorescence microscope at a magnification of X40. The percentages of cells

positive for p16™%4? or Ki67 and with the overlapping staining were calculated, considering the DAPI-stained cells as the total number of cells

on the coverslips.

activation of the CDK complexes and consequently of pRb
hyperphosphorylation. In agreement with this model, it has
previously been shown that E6 is not able to overcome a G,
arrest imposed by the overexpression of a pRb mutant in
which all CDK phosphorylation sites were mutated (10).
The inactivation of pRb functions in E6 cells is also sup-
ported by the elevated levels of cellular proteins that are en-
coded by E2F-regulated genes, such as E2F-1, cyclin A, and
CDC2.

Expression of oncogenic ras in primary cells induces cell
cycle arrest and premature senescence as a consequence of the
accumulation of cell cycle inhibitors such as p53, p16"™%** and
p21WAFVCIPL (17) We have shown here that both HPV1 E6
and HPV16 E6 can counteract the negative effect of ras on cell
proliferation. Since HPV1 E6 is not able to promote p53 deg-
radation, we conclude that the reversal of ras-induced G, ar-
rest is independent of p53 inactivation. To further confirm the
activity of E6 in cell cycle deregulation, we used immunofluo-
rescence staining of cells coexpressing ras and HPV16 E6 or
HPV1 E6 to show that antiproliferative (p16™%4*) and prolif-
erative (Ki67) markers were coexpressed in the same cells. In
contrast, the presence of Ki67 and p16™** was mutually ex-
clusive in normal cells.

Together, these data demonstrate that E6 is able to promote
cell cycle progression in the presence of high levels of p16™ 42,
The E6-induced neutralization of p16™ 4 functions may be
explained by two different mechanisms. It is possible that E6
protein directly inactivates p16™**2, by, for instance, chang-
ing its cellular localization. Alternatively, E6 may increase
the levels of CDK complexes responsible for pRb phosphor-
ylation. Our data support the second hypothesis. First, we
observed that p16™™** Jocalization did not differ in cells
with or without E6. Second, we observed that CDK2 activity
is strongly stimulated in E6-expressing cells. This event cor-
relates with increased levels of the positive regulatory sub-
unit cyclin A and down-regulation of the CDK2 inhibitor
p21WAFVCIPL - Qyerexpression of p21WAFVCIPL by yse of a
heterologous promoter decreases the E6-induced prolifera-
tion, showing that down-regulation of this cell cycle inhibitor is
a key mechanism for the G,/S transition promoted by the viral
protein.

In conclusion, our data show that, like the E7 protein, E6 is
able to alter the regulation of the restriction point in the G,
phase of the cell cycle. However, the two viral proteins act by
different mechanisms.
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