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The human papillomavirus (HPV) E7 protein promotes S-phase reentry in a fraction of postmitotic,
differentiated keratinocytes. Here we report that these cells contain an inherent mechanism that opposes
E7-induced DNA replication. In organotypic raft cultures of primary human keratinocytes, neither cyclin E nor
p21cipl is detectable in situ. However, E7-transduced differentiated cells not in S phase accumulate abundant
cyclin E and p21cipl. We show that normally p21cipl protein is rapidly degraded by proteasomes. In the
presence of E7 or E6/E7, p21cipl, cyclin E, and cyclin E2 proteins were all up-regulated. The accumulation of
p21cipl protein is a posttranscriptional event, and ectopic cyclin E expression was sufficient to trigger it. In
constract, cdk2 and p27kip1 were abundant in normal differentiated cells and were not significantly affected by
E7. Cyclin E, cdk2, and p21cipl or p27kipl formed complexes, and relatively little kinase activity was found
associated with cyclin E or cdk2. In patient papillomas and E7 raft cultures, all p27kip1-positive cells were
negative for bromodeoxyuridine (BrdU) incorporation, but only some also contained cyclin E and p21cipl. In
contrast, all cyclin E-positive cells also contained p27kipl. When the expression of p21cipl was reduced by
rottlerin, a PKC & inhibitor, p27kip1- and BrdU-positive cells remained unchanged. These observations show
that high levels of endogenous p27kip1 can prevent E7-induced S-phase reentry. This inhibition then leads to
the stabilization of cyclin E and p21cip1. Since efficient initiation of viral DNA replication requires cyclin E and

cdk2, its inhibition accounts for heterogeneous viral activities in productively infected lesions.

Human papillomaviruses (HPVs) comprise a large family of
ubiquitous human pathogens that infect cutaneous and muco-
sal squamous epithelial cells and are etiologically linked to
carcinomas of the anogenital tract. However, the most com-
mon lesions associated with these viruses are benign and self-
limiting warts, condylomata, and papillomas. Productive infec-
tion depends on squamous differentiation. As viral DNA
replication depends heavily on the cellular DNA replication
machinery, HPVs must reactivate the corresponding host
genes (reviewed in reference 9). Indeed, unscheduled cellular
DNA synthesis occurs in a subset of differentiated cells in
papillomas caused by the nononcogenic HPVs, typically HPV
type 6 (HPV-6) and HPV-11. We have also shown that the
HPV-18 E7 gene alone, under the control of the differentia-
tion-dependent native promoter, is necessary and sufficient to
induce S-phase reentry by differentiated primary human kera-
tinocytes (PHKSs) in an organotypic model system (abbreviated
hereafter as epithelial raft cultures) (7). Thus, a major natural
function of E7 is to reestablish an S-phase milieu to allow HPV
replication in postmitotic, differentiated keratinocytes.

Cell cycle progression is normally regulated by cyclins, cy-
clin-dependent kinases (cdks), and cdk inhibitors (reviewed in
reference 64). Underphosphorylated retinoblastoma suscepti-
bility protein (pRb) recruits histone deacetylases and binds to
the family of transcription factors E2F/DP on the promoter of
a number of genes involved in DNA replication and cell cycle
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progression, leading to their transcriptional repression (re-
viewed in reference 15; 4, 39, 43). Ordinarily, D-type G, cyclins
are induced after mitogen stimulation to activate cdk4 or cdkeé.
The cyclin D-cdk complexes phosphorylate and inactivate pRb,
activating E2F-responsive gene. One of the genes controlled by
E2F is cyclin E (21, 53), which binds to and activates cdk2.
Cyclin E-cdk2 is present maximally in late G, and early S and
is essential for S-phase entry (54). It phosphorylates pRb fur-
ther, shoring up the G,-to-S-phase transition (25). This kinase
also functions downstream of pRb (27, 35, 38). A few cellular
proteins and papillomaviral E1 and E2 proteins have been
identified as targets of this kinase, and each is involved in some
aspect of DNA replication (10, 40, 41, 44, 71, 81).

The activities of cyclin-cdk complexes are themselves regu-
lated by inhibitors (CKIs). For example, p2lcipl and the re-
lated p27kipl are potent inhibitors of cyclin E- and cyclin
A-dependent kinases (reviewed in reference 64). p21lcipl me-
diates the p53-dependent G, checkpoint upon DNA damage.
In addition, p21cipl mRNA is up-regulated in postmitotic cells
in many different tissue types in vivo and in vitro through
pS3-independent pathways (11, 24, 42, 77). Of particular rele-
vance is our observation that p21cipl mRNA is expressed at
high levels in differentiated keratinocytes in normal human
skin, raft cultures, or biopsies of benign papillomas, but the
p2lcipl protein cannot be detected by in situ techniques unless
HPYV or, more specifically, HPV E7 is also present (28, 61, 68).
Similarly, p21cipl mRNA is also highly expressed in mouse
epithelium (57). Under submerged culture conditions that in-
duce squamous differentiation, mouse keratinocytes express
high levels of p21cipl mRNA but low levels of p21cipl protein
which, however, can be increased when the proteasome path-
way is blocked (14). p27kip1 controls G,/G,-to-S transition in
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normal cycling cells (64). In addition, p27kip1 is also induced
when normal or E7-transduced keratinocytes differentiate
upon growth as suspension culture in methylcellulose-contain-
ing medium (59) and has been detected in HPV-associated
patient lesions (76). But the significance of its presence regard-
ing HPV pathobiology has not been investigated.

The E7 protein of oncogenic HPVs interacts with a large
group of cellular targets (reviewed in reference 83). The best-
characterized target is the pRb-E2F pathway. The E7 protein
inactivates and promotes the degradation of the underphos-
phorylated form of pRb (3, 31), bypassing the need for cyclin
D-cdk4 or -6. Consequently, E7 induces cyclin E and cyclin A
in growth-arrested NIH 3T3 cells (79). In addition, several
reports indicate that E7 can also associate with p2lcipl and
p27kip proteins in vitro, abrogating their inhibitory activities
(20, 30, 78). Similarly, the E6 protein of oncogenic HPVs also
interacts with a number of cellular proteins. In particular, it
functions as a cofactor of E6-AP to ubiquitinate p53, resulting
in its rapid degradation (reviewed in reference 69). These
properties of the viral oncoproteins have provided mechanistic
interpretations for HPV-associated oncogenesis in patients
when the viral oncogenes are inappropriately expressed in nor-
mally quiescent epithelial stem cells (82).

We have reported novel virus-host interactions in epithelial
raft cultures that simulate benign lesions (28, 29, 61). Upon
expression of HPV-18 E7 from its differentiation-dependent
native viral enhancer and promoter (or upstream regulatory
region [URRY]) (56), at least two populations of PCNA-posi-
tive, postmitotic, differentiated keratinocytes are observed. In
one, high levels of cyclin E and p2lcipl proteins simulta-
neously accumulate, but there is no active DNA replication. In
the other, p2lcipl and cyclin E proteins are below detection,
but active DNA synthesis takes place. These observations have
been confirmed in papillomatous clinical specimens. In addi-
tion, there is an inverse relationship between p2lcipl or cyclin
E induction and high levels of HPV DNA or RNA in these
lesions regardless of the associated HPV types. We concluded
that the induction of p2lcipl protein inhibits cyclin E-cdk2,
prevents both viral and host DNA synthesis, and accounts, at
least in part, for the heterogeneous nature of viral activities in
the spinous cells of benign HPV lesions. However, the cause
for leading to these distinct cell populations was not under-
stood. We also proposed that the coinduction of these two
normally short-lived cell cycle regulatory proteins was attrib-
uted to protein stabilization in an inactive cyclin E-cdk2-
p2lcipl complex, but this hypothesis has not been tested. In
the present study, we present data supporting this interpreta-
tion as well as evidence implicating p27kip1l as a possible trig-
ger for initiating cyclin E-p21cipl costabilization. Fortuitously,
the differentiation-dependent expression of the endogenous
p2lcipl and p27kipl proteins in effect constitutes an inherent
mechanism by which host cells suppress viral replication.

MATERIALS AND METHODS

Tissue specimens. Neonatal foreskins were collected from Cooper Green
Hospital (Birmingham, Ala.). Juvenile laryngeal papillomas were collected from
The Children’s Hospital of Alabama (Birmingham, Ala.) as part of routine
therapies. The latter tissues were incubated with 50 pg of bromodeoxyuridine
(BrdU) per ml in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum for 6 h before being fixed in 10% buffered formalin and embedded in
paraffin.
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Retroviruses, cells, and organotypic raft cultures. PHKSs recovered from neo-
natal foreskins were grown in serum-free medium (Life Technologies, Inc.,
Rockville, Md.), infected with recombinant Moloney murine leukemia retrovi-
ruses, and used to seed the epithelial raft cultures as previously described (7, 56).
Recombinant retroviruses containing HPV-18 URR-E7 or HPV-18 URR-E6/E7
have been described elsewhere (7). These vectors express the bacterial neomycin
resistance gene from the SV40 promoter, whereas the HPV gene or genes are
under the control of the native HPV enhancer and promoter (URR). To express
cyclin E under the control of URR, the retrovirus pLNSX (45) was modified. In
this vector, the neomycin resistance gene is expressed from the retroviral pro-
moter in the long terminal repeat. The SV40 promoter in the vector was substi-
tuted by HPV-18 URR using the BamHI and HindIII restriction sites. Then,
human cyclin E ¢cDNA from pCS2*-cyclin E (kindly provided by James M.
Roberts) was excised using HindIII and cloned in the sense or antisense orien-
tation downstream of the HPV-18 URR.

Epithelial raft cultures were harvested after 9 or more days at the medium-air
interface by fixation in 10% buffered formalin, embedded in paraffin, and then
cut into 4-wm sections. Treatment with inhibitors is described below with each
experiment. To mark newly synthesized cellular DNA, the cultures were incu-
bated in raft culture medium containing 50 g of BrdU/ml for 12 or 24 h before
harvest, as described in the figure legend for each experiment.

Antibodies and chemicals. Rabbit polyclonal antibodies used for immunopre-
cipitation were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.)
and were anti-p21cipl (sc-397), anti-p27kip1 (sc-528), and anti-cdk2 (sc-163).
The primary monoclonal antibodies used for immunoblotting (1:1,000 dilution in
all cases) and in situ immunodetections (with dilutions used indicated) were
cyclin E (catalog no. 14591C; PharMingen, San Diego, Calif.; 1:25), p2lcipl
(catalog no. OP64; Oncogene Research, Cambridge, Mass.; 1:25), p27kip1 (cat-
alog no. NCL-p27; Novocastra, Newcastle upon Tyne, United Kingdom; 1:20),
p53 (catalog no. NCL-p53-DO1; Novocastra; 1:20), and BrdU (catalog no. 18-
0103; Zymed Laboratories, San Francisco, Calif.; 1:50). Lactacystin, PD150606,
and rottlerin were purchased from Calbiochem (San Diego, Calif.). Each was
dissolved in dimethyl sulfoxide as a concentrated stock solution and was added
to the raft culture medium for the duration and at the final concentrations
indicated for each experiment.

Protein extraction and immunoprecipitation. To prepare protein extracts
from raft cultures, the rafts were frozen in liquid nitrogen after 9 to 11 days of
culturing and detached from the metal grids with a scalpel. Two to five rafts were
minced in a mortar containing liquid nitrogen and collected in 100 to 500 pl of
cold radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 10 mM
phosphate buffer [pH 7.3], 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 2 mM EDTA). After 5 min on ice, the tubes were vortexed
briefly and centrifuged for 5 min at 10,000 X g to separate the insoluble material.
Protein concentrations were measured by the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, Calif.) using known concentrations of bovine serum
albumin (Sigma-Aldrich, St. Louis, Mo.) as a standard. For immunoprecipita-
tion, 400 g of total raft extracts was first preincubated with approximately 3 mg
of protein A-Sepharose CL-4B (Amersham Pharmacia Biotech AB, Uppsala,
Sweden) in a rocking shaker for 1 h at 4°C. Following a brief, low-speed cen-
trifugation, the supernatant was transferred to a new tube containing fresh
protein A-Sepharose CL-4B beads and 3 pg of the appropriate polyclonal anti-
body. The mix was further incubated for 2 h at 4°C. The Sepharose beads were
collected after a 1-min low-speed centrifugation and washed three times with
RIPA buffer. The beads were finally resuspended in Laemmli sample buffer
containing B-mercaptoethanol.

Histone H1 kinase assays. Raft cultures were homogenized using a glass tissue
grinder in lysis buffer consisting of 250 mM NaCl, 50 mM HEPES (pH 7.0), 5
mM EDTA, 1 mM dithiothreitol, 10 puM ZnCl,, 0.5% Nonidet P-40, and one
tablet of protease inhibitors cocktail (Complete Mini; Roche Biochemicals, In-
dianapolis, Ind.) per 10 ml. Insoluble material was removed and protein con-
centrations were measured as described above. Next, 400 wg of extracts was
diluted to a volume of 0.4 ml with lysis buffer and precleared with 3 mg of protein
A-Sepharose CL-4B beads as described above. One milligram of fresh protein
A-Sepharose CL-4B and 4 pg of either cyclin E polyclonal antibody (sc-248;
Santa Cruz Biotechnology) or cdk2 polyclonal antibody (sc-163; Santa Cruz
Biotechnology) were added to the precleared extracts and were incubated with
rocking at 4°C for 2 h. The beads were collected by brief centrifugation and were
washed three times with lysis buffer and twice with 50 mM Tris (pH 7.0), 10 mM
MgCl,. In vitro kinase assays were performed using [y-*>P]JATP and H1 histone
as substrates as described before (58). The incorporated radioactivity was quan-
titated using a Storm phosphorimager (Molecular Dynamics, Sunnyvale, Calif.).

Western blotting. Proteins were resolved by electrophoresis through sodium
dodecyl sulfate-12% polyacrylamide gels and then transferred to polyvinylidene
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difluoride membranes (Amersham Pharmacia Biotech) using semi-dry blotting
techniques. The membranes were blocked for 1 h in 5% nonfat milk, probed for
1 to 2 h with the primary antibodies and, after extensive washing, reprobed with
horseradish peroxidase (HRP)-conjugated secondary antibodies. The bands were
revealed using enhanced chemiluminescence procedures according to the man-
ufacturer’s recommendations (Amersham Pharmacia Biotech).

Immunohistochemical and immunofluorescence detection. Deparaffinized
sections were incubated in 10 mM citrate buffer (pH 6) at 95°C for 10 min for
antigen retrieval. Immunohistochemical detections of BrdU were performed
using the primary antibody in conjunction with the Histostain-SP broad-spec-
trum kit following the manufacturer’s instructions (Zymed Laboratories Inc.).
The sections were then counterstained lightly with hematoxylin. Images were
captured with a SPOT digital camera (Diagnostic Instruments, Sterling Heights,
Mich.) attached to an Olympus BH-2 microscope.

For double immunofluorescence involving BrdU, the sections were treated for
antigen retrieval, blocked, and then probed overnight with the monoclonal an-
tibody to the protein antigen of interest. The sections were then washed with
phosphate-buffered saline and reprobed with biotinylated anti-mouse immuno-
globulin G (IgG). After washing, the sections were reacted with streptavidin-
Texas Red (Vector Laboratories, Burlingame, Calif.), blocked again, and probed
with fluorescein-conjugated anti-BrdU antibody (Roche Biochemicals).

For double immunofluorescence of cyclin E and p27kipl, the sections were
first probed overnight with anti-p27kip1 IgG2a (NCL-p27; Novocastra) and then
with anti-mouse IgG2a-HRP conjugate (Roche Biochemicals). The p27kip1 sig-
nals were enhanced with fluorescein conjugated with tyramide following the
manufacturer’s instructions (NEN Life Science Products, Boston, Mass.). The
HRP was inactivated by treatment with 3% H,O,, and the sections were re-
blocked and incubated overnight with anti-cyclin E IgG1 monoclonal antibody
(14591C; Pharmingen). Next, they were probed with anti-mouse IgG1-HRP
conjugate (Roche Biochemicals), and the signal was amplified by the deposition
of Cy3-tyramide conjugates (NEN Life Science Products). For double immuno-
fluorescence of cyclin E and p2lcipl, the sections were first probed overnight
with the cyclin E antibody mentioned above and developed with Texas Red as
described above. Then, they were reprobed with anti-p21cipl conjugated with
fluorescein (OP64F; Oncogene) and then with anti-fluorescein conjugated with
HRP (1426346; Roche Molecular Biochemicals). Finally, the signal was ampli-
fied by the deposition of fluorescein-tyramide conjugates as described above. The
images were captured with an Olympix 2000 digital camera (Life Sciences Re-
sources, Cambridge, United Kingdom) attached to an Olympus Provis AX70
microscope. All the images were digitally processed using Photoshop 5.0 (Adobe
Systems, San Jose, Calif.).

RNA extraction and Northern blot analysis. Total RNA from raft cultures was
extracted using Trizol reagent (Life Technologies) following the manufacturer’s
instructions. About 100 pg of total RNA was obtained from two raft cultures
pooled together. Twenty micrograms of total RNA was used for Northern blot
analysis as described before (2). p21cipl-specific probes were synthesized by the
random primer method using [a->?P]dCTP and the RTS Radprime DNA label-
ing system (Life Technologies) using a 2.1-kb p21cipl cDNA as template (a gift
from Yue Xiong).

mRNA in situ hybridization. Biotinylated riboprobes were prepared from a
pGEML1 vector containing the p21lcipl cDNA (61) using the Renaissance RNA
biotin labeling kit (NEN Life Science Products). Treatment and preparation of
the tissue sections were performed as described before (61). Hybridization was
performed overnight at 37°C in Hybrisol VII (Ventana Medical Systems), and
washings were performed at 37°C in 1X SSC (1X SSC is 0.15 M NaCl plus 0.015
M sodium citrate), 50% formamide, and 0.5% Triton X-100 for 30 min. After
washing, the slides were blocked with 4X SSC and 1% casein and probed with
streptavidin-HRP. Finally, the color was developed using a 3-amino-q-ethyl car-
bazole (AEC) kit (Zymed Laboratories Inc.), and the slides were lightly coun-
terstained with hematoxylin.

RESULTS

p21cipl protein is stabilized in normal, differentiated ker-
atinocytes by the proteasome inhibitor lactacystin. To test our
hypothesis that the p21cipl protein is normally short-lived in
differentiated keratinocytes in squamous epithelium, we
treated normal raft cultures or cultures transduced with
HPV-18 URR-E7 or HPV-18 URR-E6/E7 with 10 wM lacta-
cystin or 50 uM PD150606 for 12 h immediately prior to
harvest on day 9. Lactacystin is a specific inhibitor of the 26S
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subunit of the proteasome (16), while PD150606 targets the
calcium binding site of calpain, a calcium-dependent protease
(73). The cultures were preexposed to BrdU for 12 h prior to
treatment with lactacystin to mark cells in S phase prior to the
addition of the drug.

Typical results of double immunofluorescence detection of
p2lcipl protein and BrdU are shown in Fig. 1A. In untreated
raft cultures of untransduced PHKs, p21cipl protein was not
detectable in any strata (Fig. 1A, top row, left panel). However,
after treatment with lactacystin, high levels of p21cipl protein
were detected in nearly all the keratinocytes, including basal
BrdU-positive cells (top row, middle panel). In untreated cul-
tures expressing HPV-18 E7 or HPV-18 E6/E7 from the
HPV-18 URR, a significant subset of postmitotic cells was
strongly positive for p21cipl protein while another subset was
positive for BrdU (middle and bottom rows, left panels), as
reported previously (28). As with the control raft cultures,
upon treatment with lactacystin, nearly all the cells were pos-
itive for p2lcipl protein, including BrdU-positive cells in all
cell strata (middle and bottom rows, middle panels). In con-
trast, the calpain inhibitor PD150606 had no effect on p21cipl
accumulation in the control or in E7-expressing raft cultures
(Fig. 1A, right panels). We also added BrdU during the last
12 h of a 24- or 36-h lactacystin treatment. The sections were
then probed by immunohistochemistry. Bright-field micro-
graphs revealed that DNA replication was abrogated in all the
cells while the histology of the tissues remained unaffected
(Fig. 1B). These results are consistent with an interpretation
that p2lcipl protein stabilization effectively inhibits both the
initiation and elongation of cellular DNA synthesis. However,
additional deleterious effects of lactacystin cannot be excluded.

We next performed Western blotting on crude protein ex-
tracts of raft cultures to provide a more quantitative compar-
ison than in situ assays. The results were in agreement (Fig.
2A). p2lcipl was very low in control cultures, whereas p21cipl
protein was elevated in both URR-E7- and URR-E6/E7-trans-
duced raft cultures relative to control cultures. Upon lactacys-
tin treatment, the amounts of p21cipl increased but were sim-
ilar in all four cultures. Thus the increase was largest for the
control cultures and least for the E6/E7 cultures.

p21cipl protein accumulation induced by E7 is a posttran-
scriptional event. The above observations and our previous in
situ data indicated that the p21cip1 protein accumulation induced
by E7 is attributable to posttranscriptional stabilization. To sub-
stantiate this conclusion, we performed two additional experi-
ments. First, we measured the level of p53 protein by Western
blotting, as p53 protein is up-regulated in our HPV-18 URR-E7-
transduced raft cultures (28). Second, we performed Northern
blotting to measure the relative p21cipl mRNA abundance.

Western blots showed that the elevated levels of p2lcipl
observed in E7 or E6/E7 raft cultures did not correlate with the
amounts of p53 protein in the tissues (Fig. 2A). p53 was de-
tected in all cultures except those containing HPV-18 URR-
E6/E7, in keeping with the ability of E6 to promote p53 deg-
radation. The sporadic weak induction of p53 in differentiated
keratinocytes in E7-transduced raft cultures (28) was not dis-
cernable by Western blot. Interestingly, p53 was not signifi-
cantly affected by lactacystin, suggesting that it can be de-
graded by other mechanisms as well. These data clearly ruled
out p53 being a major contributor in transcriptional induction
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FIG. 1. Effect of lactacystin or PD150606 on p21cipl protein accumulation and DNA synthesis in raft cultures. (A) On day 9, triplicate sets of
control (PHK) or E7- or E6/E7-expressing raft cultures were incubated with BrdU for 12 h. Then, one set was left untreated while the remaining
sets were treated either with 10 wM lactacystin, an inhibitor of proteasomes, or with 50 wM PD150606, an inhibitor of calpain. The incubation
proceeded for another 12 h. Four-micrometer sections of the formalin-fixed, paraffin-embedded cultures were subjected to double immunofluo-
rescence assays. p2lcipl protein was visualized using Texas Red, and BrdU was visualized with fluorescein (green). Arrows point to the basal
stratum. (B) On day 9, one set of raft cultures was left untreated, while two additional sets were treated with 10 uM lactacystin. After 12 or 24 h,
BrdU was added to the culture medium without removing the lactacystin, and the cultures were incubated for another 12 h. Four-micrometer
sections of formalin-fixed, paraffin-embedded raft cultures were subjected to immunohistochemical probing to detect BrdU incorporation and then
counterstained lightly with hematoxylin to reveal tissue histology.
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FIG. 2. Cellular proteins, mRNA, and cellular DNA replication in raft cultures in the presence or in the absence of lactacystin. (A) Western
blot of control raft cultures (PHK, vector), E7-, or E6/E7-containing raft cultures that were either left untreated or treated with 10 pM lactacystin
for the last 12 h prior to harvest on day 9. Fifty micrograms of each of these extracts was Western blotted for immunodetection of p21cipl, p27kip1,
p53, and cyclin E. (B) Northern blot for p2lcipl RNA from untreated raft cultures. Twenty micrograms of total RNA from raft cultures was
analyzed by using a probe specific for p21cipl. 18S rRNA was visualized by ethidium bromide staining and was included as a control of loading
and RNA integrity. (C) Western blots of total raft extracts. Fifty micrograms of total protein extracts from indicated raft cultures was Western
blotted and probed with the antibodies to cyclin E, cyclin E2, and cdk2 as indicated. (D) Lack of effects by lactacystin on the accumulation of cyclin
E in raft cultures. Thin sections from the same raft cultures as those in Fig. 1A were probed for cyclin E (Texas Red) and BrdU (fluorescein, green)
by double immunofluorescence. Sporadic, nonspecific trapping of the cyclin E antibody was observed in the granular layer and in the acellular

squamous layer. Arrows point at the basal stratum.

of p2lcipl in differentiated cells. Northern blotting revealed
that the levels of p21cipl mRNA did not change significantly in
the presence of E7 or E6/E7 when compared with the control
rafts (Fig. 2B). Collectively, the data support the conclusion
that the increase in the steady-state levels of p21cipl protein in
the presence of E7 is a posttranscriptional event.

As described earlier (7, 28, 29) and throughout the present
study, the E6/E7-transduced cultures elicited the same cellular
responses as the E7-transduced cultures, except that they were
more effective. This quantitative difference could be due to
either higher titers of the E6/E7 virus or more efficient E7
translation from E6/E7 mRNAs relative to the construct con-
taining E7 alone (67). It is also possible that the E6 and
truncated E6* proteins enhance E7 functions. Although these
alternatives were not pursued in the present work, the data
from the E6/E7 cultures are included for completeness.

Level of cyclin E is not altered by lactacystin treatment. We
also probed the same raft cultures, with or without lactacystin,
used in p2lcipl protein studies for cyclin E and BrdU by
double immunofluorescence. In the control cultures, cyclin E
was below the detection threshold of indirect immunofluores-
cence or immunohistochemistry even though some of the pro-
liferating basal and parabasal cells may have been in G,/S
phase boundary, when cyclin E is normally present at the
highest level. This may be construed to be a consequence of
failing to capture the brief period during which cyclin E is
abundant. Cyclin E is degraded by proteasomes (74). However,
after treatment with lactacystin, cyclin E remained below de-
tection in the control cultures and in BrdU-positive cells of E7
cultures (Fig. 2D). Concordant with in situ observations, West-
ern blotting showed that the levels of cyclin E in control or
E7-containing raft culture extracts were not discernibly af-
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FIG. 3. Effect of ectopic cyclin E expression on p21cipl protein accumulation and DNA replication. (A) Double immunofluorescence to detect
cyclin E (Texas Red) and BrdU (fluorescein, green) in raft culture sections. Cyclin E was ectopically expressed in the differentiated keratinocytes
using the retrovirus pLN-URR-cyclin E. In the control, the cyclin E cDNA was cloned in the opposite direction from the URR promoter. The
transduced raft cultures were exposed to BrdU for 12 h prior to fixation. (B) Western blot of total extracts from raft cultures containing
pLN-URR-cyclin E or the antisense control. Forty micrograms of total protein was loaded per lane and probed with cyclin E and p2lcipl
antibodies. (C) Double immunofluorescence assay to detect cyclin E (Texas Red) and p21cip1 (fluorescein, green). The left and right panels reveal
p2lcipl and cyclin E, respectively, while the middle panel shows a merged image. Arrows point at the basal stratum.

fected by lactacystin (Fig. 2A). Thus, most of the cyclin E
present in the E7-expressing raft cultures is already stable and
inhibiting protein degradation cannot significantly increase it.

In the Western blotting, several closely spaced cyclin E an-
tibody-reactive bands were detected (Fig. 2A and C). The
faster migrating bands, possibly hypophosphorylated forms,
are those most prominently up-regulated by E7 or E6/E7. A
band of molecular mass significantly smaller than cyclin E was
also detected (data not shown). By using a polyclonal antibody
specific for cyclin E2, which shares significant homology with
cyclin E (23, 75), we concluded that the fast-migrating band is
likely a cyclin E degradation product. However, we did detect
a marked induction of cyclin E2 in E7-containing cultures (Fig.
2C), as also reported in human fibroblasts (75). Similar to
cyclin E, the putative unphosphorylated cyclin E2 is also the
most prominently up-regulated. The cyclin E2 antibody, how-
ever, did not react with its antigen in tissue sections and it was
not further investigated. In the same blot, the amounts of cdk2
were equally abundant in all cultures (Fig. 2C). Thus, cdk2 is
constitutively expressed in raft cultures and is not a limiting
factor for the G,/S transition. This result also indicates that
cdk2 alone cannot stabilize p21cipl protein in the absence of
cyclin E despite its ability to interact with p21cipl in vitro (6).

Ectopic expression of cyclin E induces low level of p21cipl
protein accumulation. To demonstrate that cyclin E induced
by E7 is sufficient to increase p2lcipl protein, cyclin E cDNA
was cloned downstream of differentiation-dependent HPV-18
URR (56). Using a recombinant retrovirus, this construct was
transduced into the raft cultures. Cyclin E expression was de-
tected in a subset of differentiated cells (Fig. 3A). The obser-

vation that not all the differentiated cells had detectable cyclin
E might be at least in part due to the varied URR activities
from individual proviruses integrated at different chromosomal
locations. This varied but nonetheless differentiation-depen-
dent URR activity has previously been observed with the bac-
terial B-galactosidase as a reporter (56). As predicted, p2lcipl
protein was also induced in a subset of differentiated cells.
Double immunofluorescence showed that p2lcipl was only
found in those cells that also contained cyclin E (Fig. 3C), but
some cyclin E-positive cells were negative for p21cipl. This is
probably because the levels of both cyclin E and p21cipl pro-
teins were low and were below the threshold of p21cipl detec-
tion in some of the cells. Western blotting of crude protein
extracts from these raft cultures indeed showed a significant
and concordant increase in both cyclin E and p21cipl proteins
(Fig. 3B). Interestingly, unlike reports using growth-arrested
cell lines (1, 35, 36, 38, 60), the expression of cyclin E by itself
in differentiated keratinocytes was insufficient to induce S-
phase entry, since BrdU-positive cells were only found in the
basal and parabasal layer (Fig. 3A). This is further indication
that the suprabasal cells in our normal raft cultures are post-
mitotic.

A significant fraction of the cyclin E in E7-expressing epi-
thelial raft cultures is found in a complex with cdk2 and
p21cipl. The data presented so far suggest that cyclin E induc-
tion is tightly linked to p21cipl accumulation, consistent with
the formation of a complex. To confirm this interpretation and
to quantify the amount of the complex in different cultures, a
polyclonal antibody against the carboxyl-terminal region of
p2lcipl was used to perform immunoprecipitation studies. The
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FIG. 4. Coimmunoprecipitation of cyclin E, p21, and cdk2 from
raft culture extracts. (A) Coimmunoprecipitation with a polyclonal
antibody directed against the carboxyl terminus of p2lcipl. Three
hundred micrograms of total extracts from various raft cultures was
put through one round of immunoprecipitation. The precipitates and
the supernatants were Western blotted and probed with the indicated
antibodies. (B) Coimmunoprecipitation with a polyclonal antibody di-
rected against the carboxyl terminus of cdk2. Four hundred micro-
grams of total extracts from raft cultures was immunoprecipitated,
Western blotted, and probed with the indicated antibodies. Forty mi-
crograms (10% of input) of the total extracts was analyzed in parallel.

presence of cyclin E and p2lcipl in the precipitates was con-
firmed by Western blotting (Fig. 4A). A significant fraction of
cyclin E present in the E7-expressing raft extracts was also
detected in the supernatants, whereas little or no p21cipl pro-
tein remained in the supernatant. The reason for this differ-
ence in the partition of these two proteins will be addressed
later. To prove that cdk2 is also part of the cyclin E-p21cipl
complex, we repeated the immunoprecipitation experiment by
using an antibody against the carboxyl terminus of cdk2. As
shown in Fig. 4B, both p21cipl and cyclin E coimmunoprecipi-
tated with cdk2.

The majority of cyclin E or cdk2 immunoprecipitate in E7-
expressing raft cultures does not have an associated kinase
activity. p21cipl strongly inhibits cdk2 and PCNA (18, 64, 72),
but this inhibition can be overcome by E7 in cycling cells and
in a cell-free system (20, 30). However, the BrdU-incorpora-
tion results suggest that the p21cip1 inhibition is not abolished
in E7-expressing raft cultures except in a small fraction of
differentiated keratinocytes. To quantify the cdk2 kinase activ-
ity present in the rafts, we performed in vitro kinase assays with
immune precipitates obtained with cdk2 or cyclin E antibody
using histone H1 as a substrate. Additional aliquots were used
to measure the relative levels of cyclin E in the same extracts
by Western blotting. The results were quantified using a Phos-
phorImager (Fig. SA). The kinase activities among the control
and E7-expressing raft cultures were within twofold of one
another. However, cyclin E was five- to sevenfold as abundant
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FIG. 5. H1 histone kinase activities associated with cdk2 or with
cyclin E. (A) Four hundred micrograms of total raft culture extracts
was immunoprecipitated with the appropriate antibodies. After exten-
sive washing, the H1 histone kinase activity present in the immunopel-
lets was determined by using an in vitro kinase assay followed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and phos-
phorimaging. The intensity of each band was quantified and is shown
as a percentage of the strongest band (100%). (B) The relative level of
cyclin E on each extract was determined by Western blotting and
quantified by densitometry. The intensity of each band is expressed as
a percentage of the strongest band (100%). Actin was included as a
control of loading.

in E7-containing rafts as that in normal rafts (Fig. 5B). Taken
together, these data demonstrate that the majority of the cyclin
E-cdk2 complex is inactive in the presence of E7 or E6/E7 due
to the association with p2lcipl or p27kipl (see below).

p27kipl protein is normally present in most differentiated
keratinocytes. Although p21cipl is constitutively transcribed in
the differentiated keratinocytes (28, 61), only a subset of the
differentiated cells in E7-expressing raft cultures accumulated
p2lcipl protein. Moreover, the proportion of cyclin E in the
supernatant after precipitation with a p2lcipl antibody (Fig.
4A) would have predicted a substantial increase in cdk2 activ-
ity in E7-expressing cultures relative to that in control cultures.
However, this was clearly not the case (Fig. 5). We hypothe-
sized that another cdk inhibitor might be heterogeneously dis-
tributed among the differentiated cells and it might be respon-
sible for initiating the accumulation of cyclin E and p2lcipl
proteins. Our candidate was p27kip1, which normally controls
Gy/G,-to-S phase transition in cycling cells (64). Double im-
munofluorescence of normal raft cultures indicated that
p27kipl was present in the majority of the differentiated cells
but not in the basal or parabasal cells, regardless of whether
they were actively incorporating BrdU (Fig. 6A, left panel).
The signals were stronger in the upper strata than in the lower
strata. Western blotting showed that p27kipl was present in all
cultures (Fig. 2A). Its level appeared to be slightly higher in the
presence of E7 or E6/E7. However, it did not appreciably
increase upon lactacystin treatment (Fig. 2A). Thus, the
p27kipl protein is stable in normal, differentiated cells, unlike
p21cipl, which is unstable.
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FIG. 6. Distribution of p27kipl protein in raft cultures and in a laryngeal papilloma. (A) Double immunofluorescence assay to reveal the
distributions of cells positive for p27kip1 (Texas Red) or BrdU (fluorescein, green) in sections from vector-only, E7-, and E6/E7-expressing raft
cultures that were exposed to BrdU for 12 h prior to fixation in formalin. (B) Double immunofluorescence assay for p27kipl and BrdU on a
laryngeal papilloma caused by HPV-6 which was exposed to BrdU for 6 h prior to fixation in formalin. Two areas are shown. (C) Coimmuno-
precipitation of cyclin E and p27kip1. Three hundred micrograms of total extracts from controls (PHK, vector-only), E7-, and E6/E7-expressing
raft cultures was immunoprecipitated with a polyclonal antibody against the carboxyl terminus of p27kipl. The immunoprecipitates and the
supernatants were Western blotted and probed with the indicated antibodies. (D) Colocalization of p27kip1 (green) and cyclin E (red) by double
immunofluorescence in normal (PHK) or E6/E7-containing raft cultures. Both p27kipl and cyclin E signals were enhanced using tyramide
deposition, as described in Materials and Methods. The signals from cyclin E (red) or p27kip1 (green) are shown individually in the left and right
panels. The merged images are shown on the center panels. Arrows point at the basal stratum.

p27kip1 protein is present in cells not in S phase, regardless
of the level of cyclin E. To examine the functional significance
of p27kip in E7-expressing raft cultures, we used double im-
munofluorescence to probe URR-E7 and URR-E6/E7 raft
cultures exposed to BrdU. The pattern of p27kip1 distribution
was similar to that in the control cultures without E7. As
demanded by our hypothesis, p27kipl-positive cells did not

contain BrdU, and vice versa (Fig. 6A). We also examined
HPV-6-induced laryngeal papillomas and observed an identi-
cal pattern of distribution (Fig. 6B). We were not able to
confirm these findings with benign lesions associated with on-
cogenic HPV-16 or HVP-18; since it is not a recommended
practice for physicians to remove low-grade genital lesions, due
to high spontaneous regression rates. These observations sug-
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gest that p27kipl may play an important role in determining
the fate of E7-expressing differentiated keratinocytes.

Immunoprecipitation of the raft culture extracts with a poly-
clonal antibody against the carboxyl terminus of p27kip dem-
onstrated that a fraction of the cyclin E was found in a complex
with p27 (Fig. 6C). This observation explains why a significant
amount of cyclin E remained in the supernatant after immu-
noprecipitation with an antibody to p2lcipl (Fig. 4A). To
determine whether p27kip1 plays a role in initiating the accu-
mulation of cyclin E and p2lcipl protein in E7-expressing
cultures, we examined the relative distribution of p27kipl and
cyclin E (Fig. 6D). Our hypothesis would predict that, among
the p27kipl-positive population, some would be positive for
cyclin E while others are yet to accumulate cyclin E to detect-
able levels. Indeed, in E7- or E6/E7-transduced raft cultures,
cyclin E antibody reactivity coincided with that of p27kip1, but
only a fraction of the p27kip1-positive cells contained cyclin E.
In untransduced raft cultures, only p27kip1 was detected in the
differentiated strata (Fig. 6D and data not shown). Since cyclin
E and p21cipl always colocalize in E7-expressing raft cultures
(29), these results infer that some of the p27kip1-positive dif-
ferentiated keratinocytes also accumulated detectable p21cipl
protein.

Reduction of p21cipl levels in differentiated keratinocytes
by rottlerin does not increase BrdU-positive cells. The above
observation strongly suggests that p2lcipl protein accumula-
tion by E7-induced cyclin E may be a consequence of S-phase
arrest caused initially by abundant p27kip1 protein that is nat-
urally present in the differentiated cells. If this is true, then one
should be able to reduce p21cipl protein accumulation without
significantly increasing the fractions of differentiated cells in S
phase in the E7-expressing raft cultures. To test this hypothe-
sis, we sought to affect the endogenous p21cipl mRNA level. It
has been reported that the expression of p2lcipl gene is up-
regulated by pathways requiring protein kinase C (PKC) in
several different cell lines (19, 77, 80), but keratinocytes have
not been examined. Since PKC is activated upon squamous
differentiation (13, 52), we reasoned that the constitutive tran-
scription of the p21cipl gene in the differentiated keratinocytes
might also be linked to PKC activation.

We treated E6/E7-transduced raft cultures with rottlerin, a
naturally occurring specific inhibitor of the novel PKC 3 iso-
type (22). p2lcipl transcription was indeed markedly reduced
relative to levels in untreated cultures, as assessed by in situ
hybridization with biotinylated p21cipl antisense-strand ribo-
probes. A sense-strand probe did not elicit any signals in either
culture (Fig. 7A). As an additional proof for the effect of
rottlerin on p2lcipl expression, we treated PHK raft cultures
with rottlerin for 24 h and then with 10 uM lactacystin during
the last 12 h to reveal the amount of p21cipl protein that can
be stabilized. Figure 7B (bottom panel) shows that p2lcipl
protein, in the culture treated with both inhibitors, was signif-
icantly reduced. In contrast, the culture not treated with either
inhibitor had no detectable p21cipl protein (data not shown,
but see Fig. 1A), whereas that treated with lactacystin alone
was positive for p2lcipl in virtually all the cells, as demon-
strated previously (Fig. 1A). These data establish that the con-
stitutive expression of the p2lcipl gene in differentiated ker-
atinocytes is, at least in part, linked to the activity of PKC 3.

To examine the effect of p21cipl mRNA reduction on un-
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scheduled DNA synthesis in E6/E7-transduced cultures, we
examined the patterns of BrdU incorporation and those of
p21cipl and p27kipl accumulation. Cultures were either mock
treated or treated with 10 or 20 uM rottlerin for 24 h. BrdU
was added to the cultures for the last 12 h immediately before
harvest. Immunofluorescence showed that p21cipl protein was
reduced in the E6/E7-transduced raft cultures after rottlerin
treatment (Fig. 7C, top row). However, despite the significant
reduction of p21cipl protein, there was little or no change in
the fraction of BrdU-positive cells (Fig. 7C, top row). More-
over, neither the fractions of p27kipl-positive cells nor the
p27kipl signal strength was discernibly affected by rottlerin
treatment (Fig. 7C, bottom row). These results support the
notion that p27kipl causes the accumulation of p2lcipl and
plays the primary role in preventing S-phase reentry by inhib-
iting cyclin E-cdk2.

DISCUSSION

We have previously shown that HPV infection can induce a
subset of postmitotic, differentiated keratinocytes to reenter
into S phase, whereas a separate population accumulates ex-
ceptionally high levels of cyclin E and p2lcipl proteins, and
that the viral gene responsible is E7 (28, 29, 61). We suggested
that cyclin E and p21cipl protein accumulation is due to co-
stabilization into a kinase-inactive, replication-incompetent
complex. In this report, we examined the regulation of p21cipl
expression and presented multiple lines of evidence confirming
our interpretation.

Through the use of the proteasome inhibitor lactacystin, we
have established that p21cipl protein is indeed present but is
turned over very rapidly in all strata of normal raft cultures
(Fig. 1A). Sheaff et al. have also shown that free p2lcipl
protein is very unstable and does not require ubiquitination in
order to be degraded by the proteasomes (63). Our data show
that E7 is able to indirectly overcome this rapid degradation in
many of the cells through the induction of cyclin E that se-
questers p2lcipl in an inactive complex that also includes
cdk2. First, the presence of E7 does not affect the level of
p2lcipl mRNA found in the raft cultures, but it increases the
levels of p2lcipl protein (Fig. 1A and 2A and B; see also
reference 28). Second, ectopic expression of cyclin E alone is
sufficient to cause an induction of p2lcipl, although it is less
efficient than E7 (Fig. 3). This latter result is expected because
ectopic cyclin E expression does not involve a cascade of sig-
nals, whereas induction by E7 does. For example, E7 also
significantly induces cyclin E2 (Fig. 2C) which can also bind
p2lcipl (23, 34, 75). Cyclin E2 was absent from this experi-
ment. Third, we have shown that cyclin E, cdk2, and p21cipl
form a complex and the amount of this complex is higher in
E7-expressing cultures than in control cultures (Fig. 4). Fourth,
an in vitro kinase assay demonstrated that the cdk2 or cyclin E
complex had low activities despite the large increase in cyclin
E (Fig. 5). Furthermore, we have previously demonstrated a
genetic link between cyclin E and p2lcipl induction in raft
cultures. An E7 dDLLC mutation, which lacks the consensus
pRb binding motif LXCXE and is unable to bind to pRb or
p107 in vitro, was also unable to induce either cyclin E or
p2lcipl in the differentiated keratinocytes (8). Conversely, sev-
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FIG. 7. Effects of PKC inhibition on the expression of p21cipl and p27kipl and on unscheduled DNA synthesis in E6/E7 raft cultures. (A) In
situ hybridization of p2lcipl mRNA in E6/E7 raft cultures treated with 20 wM rottlerin or mock treated with solvent. p2lcipl sense- and
antisense-strand biotinylated riboprobes were used to probe the sections. The positive signal appears as a reddish cytoplasmic deposition. (B) Day
9 untransduced PHK rafts were treated with lactacystin alone, as described for Fig. 1A, or with rottlerin and lactacystin as follows. The raft culture
was incubated in the presence of 20 uM rottlerin for 12 h. Then, 10 uM lactacystin was added to the culture medium for another 12 h without
removing the rottlerin. The sections were probed for p21cipl (green). Arrows point at the basal stratum. (C) E6/E7 raft cultures were treated on
day 9 with 10 or 20 uM rottlerin for 12 h. BrdU was then added to the medium and the incubation was continued for another 12 h without removing
rottlerin. Immunofluorescence assays to detect p21cipl (red) and BrdU (green) are shown in the top panels, while p27kip1 (green) is shown in the

bottom panels.

eral DNA replication-incompetent E7 mutants that bind pRb
and induce cyclin E also accumulate p21cipl protein (8).

We should mention that the coregulation of cyclin E with
CKI in CKI-arrested cells is not unique to our raft cultures. In
HeLa cells, a cervical carcinoma cell line expressing abundant
HPV-18 E6 and E7 proteins, cyclin E increases while cdk2
kinase activity decreases when p21cip1 is conditionally induced
or when p2lcipl or p27kipl is transduced into the cells via an
adenovirus (51). We have confirmed the coregulation of cyclin
E with p2lcipl proteins in a fibrosarcoma cell line, p21-9,

which is devoid of HPV oncogenes (data not shown). Upon
induction of p21cipl from an inducible promoter, the cell cycle
was halted while cyclin E mRNA remained unchanged (5).
Thus, in some aspects, these cell lines are analogous to our E7
raft cultures except that, in our system, the transcription of
both p2lcipl and p27kipl was induced by squamous differen-
tiation rather than by ectopic overexpression. In the raft cul-
tures, the sequestration of cyclin E into inactive CKI-contain-
ing complexes (Fig. 5) not only blocked the entry into the S
phase, as seen in cycling cells (26), but it also prevented the



VoL. 75, 2001 HPV E7-INDUCED CYCLIN E STABILIZES p2lcipl PROTEIN 6131
Low p27Kkipl High p27kipl
@ degradation by @ AA
proteasomei A éA |:I> < nA
= s A C NV
O G €
0009 ¢ Ce>S 909
“Cdkz & p27 @ @ ‘0
c > & i“ Q C’
( Aquvm @ Q
Inhibition of Cyclin E @ H @
_ transcription @ ﬁ +(
+| CyclinE Q
S-phase
‘+ —=> ’ C—>  entry ‘ - <f|::'l> Q
L2 + |
active complexes X ~accumulation of
inactive complexes

FIG. 8. A model to account for the different populations of differentiated keratinocytes detected in the raft cultures containing HPV-18
URR-E7 and in patient papillomas. In differentiated keratinocytes, cdk2 is stably present. While p21cipl protein is quickly degraded and below
the threshold of in situ detection, the p27kip1 protein is detectable in most of the differentiated cells. In cells with undetectable levels of p27kipl
protein, E7-induced cyclin E easily overcomes the very low steady-state levels of p21cipl protein and promotes S-phase reentry. Once in S phase,
the transcription of cyclin E is turned off and there is no accumulation of either cyclin E or p21cipl protein. In cells that contain high levels of
p27kipl protein, the E7-induced cyclin E is trapped in an inactive complex with cdk2 and p27kipl. When sufficient cyclin E accumulates, an
equilibrium is established between cyclin E-cdk2-p27kip1 and cyclin E-cdk2-p21cipl complexes. S-phase reentry is inhibited and the continuous
expression of cyclin E eventually leads to the accumulation of cyclin E and p21cipl proteins, in addition to p27kip1 in the same cell. This scenario
accounts for the three populations observed in the differentiated strata of E7 raft cultures: those in S phase without detectable cyclin E or p2licpl;
those not in S phase but with a high level of the p27kipl protein; and those not in S phase and containing high levels of p27kipl, cyclin E, and

p2lcipl proteins.

subsequent transcriptional inactivation of the E2F pathway by
cyclin A (33). The failure of this feedback control then led to
the continuous synthesis of cyclin E with concomitant stabili-
zation of p2lcipl, accounting for the unusually high amounts
of both proteins in a subset of the differentiated keratinocytes.

It is also interesting that lactacystin did not stabilize cyclin E
to a detectable level in any of the raft cultures, in sharp con-
trast to the stabilization of p21cipl protein by lactacystin in all
cells (Figs. 1A and 2A and D). Both free cyclin E and the form
phosphorylated by cdk2 are rapidly degraded, but the bound
unphosphorylated form is stable (49, 66, 74). Our observations
are consistent with the interpretation that, in both normal and
E7 cultures, cells capable of entering S phase and cells already
in S phase express low amounts of cyclin E and, for a short
period of time such that the protein levels remain undetect-
able, even after stabilization with a proteasome inhibitor. This

situation is in contrast to the E7-transduced raft cultures in
which most of cyclin E is already in stable complexes with cdk2
and p2lcipl or p27kip1 in cells prevented from S-phase reentry
(Fig. 4 and 6). Thus, very little is targeted for degradation,
accounting for the lack of effects by the proteasome inhibitor.
Moreover, these results also suggest that E7 does not contin-
uously deregulate cyclin E expression once the cells enter S
phase. Thus, the function of E7 is to promote S-phase entry. In
support of this latter conclusion, cyclin A was only observed in
BrdU-positive cells in the E7 raft cultures (data not shown).
The most intriguing finding of our study is that endogenous
p27kipl, another potent cdk2 inhibitor, appears to play an
important role in HPV biology. Unlike p21cip1, p27kip1 has to
be phosphorylated by cdk2 in order to be ubiquitinated and
turned over (46, 47, 50, 55, 62, 65, 70). Several observations
strongly suggest the accumulation of cyclin E-p21cipl protein
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to be secondary to S-phase arrest caused by high levels of the
endogenous p27kipl protein.

First, we showed that p27kip1 protein was not observed in
basal or parabasal cells but was easily detected in most differ-
entiated cells in the presence or in the absence of E7 and also
in patient laryngeal papilloma specimens (Fig. 6). This high
stability explains why the proteasome inhibitor did not increase
p27kipl to any appreciable extent (Fig. 2A). Second, all
p27kip1-positive cells, regardless of whether they also accumu-
lated detectable levels of cyclin E and hence p21cipl proteins,
were negative for BrdU incorporation, whereas all cyclin E-
positive cells were also positive for p27kipl (Fig. 6) and
p21cipl (29). Thus, there are three populations of differenti-
ated cells in E7 cultures and in patient specimens: those in S
phase without detectable p27kip1, p21cipl, or cyclin E; those
not in S phase but with detectable p27kip1 protein; and those
not in S phase but with detectable levels of p27kipl, p2lcipl,
and cyclin E proteins. These observations show that the pres-
ence of p27kipl is incompatible with S-phase reentry by the
differentiated keratinocytes. This interpretation is supported
by the observation that rottlerin, which caused a reduction in
the distribution and signal strength of p21cip1 but not p27kip1
protein, did not increase or decrease the BrdU-positive cells in
the differentiated strata (Fig. 7). Third, immunoprecipitation
assays revealed that, as did p2lcipl, p27kipl sequestered a
fraction of the E7-induced cyclin E (Figs. 6C). Moreover, de-
spite a large increase in cyclin E relative to control cultures, the
cdk2 or cyclin E immune precipitates from E7-expressing cul-
tures had a low kinase (Fig. 5), strongly suggesting that the
cdk?2 kinase was inhibited by the associated p27kip1 or p21cipl.
The observation that p27kip1 in the E7-expressing cultures did
not decrease but may have slightly increased relative to the
control cultures (Fig. 2A and 6A) also agrees with the low cdk2
kinase activities of the cdk2 complexes. Had E7-induced cyclin
E exceeded that of the preexisting p27kipl to constitute an
active cyclin E-cdk2 complex, the kinase would have then phos-
phorylated p27kipl, causing its degradation. This is clearly not
the case.

We conclude that, in differentiated keratinocytes in warty
lesions and in raft cultures, the E7 protein cannot overcome
the inhibitory effect of elevated p27kipl or p2lcipl proteins,
consistent with the report by Niculescu et al. on HeLa cells
(51). This is probably because the amount of E7 is not suffi-
cient to inactivate all the p27kipl and p2lcipl through a stoi-
chiometric mechanism. We propose a model to explain the
three distinct cell populations in E7-expressing cells just de-
scribed (Fig. 8). We surmise that during squamous differenti-
ation, p27kipl is stably synthesized in most of the postmitotic
cells, regardless of the presence or absence of HPVs. p27kipl
then sequesters HPV E7-induced cyclin E in a stable and
kinase-inactive complex with cdk2. At an early stage of arrest,
the concentration of stabilized cyclin E is too low to be de-
tected or to stabilize the p21cipl protein, which is also low due
to its instability in these cells. However, with time, as the
amount of cyclin E increases, an equilibrium is established
between p27kip and p2lcipl in complex with cyclin E/cdk2.
Eventually, a significant fraction of cyclin E-cdk2 is in a com-
plex with p2lcipl, and both cyclin E and p2lcipl become
detectable in situ. The sequestration of cyclin E-cdk2 into the
kinase-inactive complexes containing either CKI then effec-
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tively inhibits or, at a minimum, significantly delays S-phase
reentry by differentiated keratinocytes. However, in p27kip1-
negative, postmitotic cells, E7-induced cyclin E is able to over-
come the low steady-state level of p21cipl protein to promote
S-phase reentry. Since efficient initiation of HPV DNA repli-
cation also requires the activity of cyclin E-cdk2 (37, 41), the
presence of elevated CKIs would then also inhibit viral DNA
replication, accounting for the heterogeneous viral activities in
benign patient lesions (9).

In summary, we have demonstrated that the differentiated
keratinocytes contain an inherent mechanism that suppresses
E7-induced DNA replication in postmitotic cells. p21cipl or
p27kipl knockout mice indicate that neither of these CKls is
essential for achieving tissue differentiation (12, 17, 32, 48).
Perhaps their purpose in differentiated cells is at least in part
to prevent unscheduled S-phase reentry under unusual circum-
stances. In the case of HPV infections, viral propagation occurs
in cells that have only low levels of the inhibitory CKlIs. This
attenuating process could work to the benefit of the long-term
virus-host coexistence but can also be eventually exploited as a
new alternative for treatment of papillomaviral diseases.
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