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Human papillomaviruses (HPVs), most commonly the HPV16 genotype, are the principle etiological deter-
minant for cervical cancer, a common cancer worldwide resulting in over 200,000 deaths annually. The
oncogenic properties of HPVs are attributable in part to the virally encoded protein E7, best known for its
ability to bind to and induce the degradation of the retinoblastoma tumor suppressor, pRb, and related “pocket
proteins” p107 and p130. Previously, we defined a role for E7 in the productive stage of the HPV16 life cycle,
which takes place in stratified squamous epithelia. HPV perturbs the normal processes of cell growth and
differentiation of stratified squamous epithelia. HPVs reprogram cells to support continued DNA synthesis and
inhibit their differentiation in the suprabasal compartment of the epithelia, where cells normally have with-
drawn from the cell cycle and initiated a well-defined pattern of terminal differentiation. These virus-induced
perturbations, which contribute to the production of progeny HPVs, are dependent on E7. In this study, we
define the mechanism of action by which E7 contributes to the productive stage of the HPV16 life cycle. We
found that the ability of HPV16 to reprogram suprabasal cells to support DNA synthesis correlates with E7’s
ability to bind pocket proteins but not its ability to induce their degradation. In contrast, the ability of HPV16
to perturb differentiation correlated with both E7’s binding to and degradation of pocket proteins. These data
indicate that different hallmarks of the productive stage of the HPV16 life cycle rely upon different sets of

requirements for E7.

Human papillomaviruses (HPVs) are small DNA tumor vi-
ruses that infect stratified squamous epithelial cells. There are
over 100 genotypes of HPV that are classified as cutaneous or
mucosotropic, based on whether they primarily infect the skin
or the anogenital tract/cavity, respectively. The mucosotropic
HPVs are further subclassified as low or high risk, depending
on their etiological association with human cancers. High-risk
HPVs, such as HPV16, are accepted as the main causal factor
for cervical cancer, a leading cause of death among women
worldwide, and other less common anogenital cancers includ-
ing cancers of the vagina, vulva, penis, and anus (50, 52). In
addition, high-risk HPVs are associated with a subset of oral
cancers (17, 52). One of the HPV genes implicated in HPV-
associated cancer is E7 (23, 26, 34, 44). E7 also plays a critical
role in the viral life cycle by reprogramming cells within the
suprabasal compartment of stratified squamous epithelia to
support DNA synthesis, a prerequisite for viral DNA amplifi-
cation and production of progeny virus (12). E7 is a multifunc-
tional protein best known for its ability to bind and inactivate
the retinoblastoma tumor suppressor, pRb, and related
“pocket proteins” p107 and p130 (10, 28, 36, 42). In this study,
we examined the mechanism of action by which E7 contributes
to the viral life cycle and, in particular, the importance of E7
interaction with pRb and the other pocket proteins for the viral
life cycle.
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The life cycle of HPVs is intimately tied to the differentia-
tion of the stratified squamous epithelia these viruses infect
(37, 41, 49). HPVs are thought to initiate infection at sites of
wounding where they can gain access to the poorly differenti-
ated basal compartment of stratified squamous epithelial cells.
There HPV establishes its circular, double-stranded DNA ge-
nome as extrachromosomal nuclear plasmids of low number
and expresses a subset of viral genes, the early (E) genes, at low
levels (6, 48). In this nonproductive stage of the viral life cycle,
no late (L) viral structural genes are expressed, and therefore
no progeny virions are generated. The productive stage of the
life cycle takes place in the suprabasal compartment of the
stratified squamous epithelia. Normally, when a basal cell di-
vides, one of the daughter cells loses contact with the basement
membrane that separates the epithelium from the underlying
stroma. As a consequence, the daughter cell migrates into the
suprabasal compartment where it withdraws from the cell cycle
and initiates a program of terminal differentiation; these events
are hallmarks of normal suprabasal cells. HPV perturbs mul-
tiple aspects of this differentiation program including the with-
drawal of cells from the cell cycle and the expression of differ-
entiation-specific cellular genes. Most notably, suprabasal cells
that harbor HPV genomes undergo DNA synthesis and have
delayed expression of differentiation-specific proteins (11, 12,
16, 24). These changes induced by the virus are thought to be
critical for the synthesis of viral genomic DNA and its encap-
sidation to form progeny virus (24). Within the HPV16 life
cycle, E7 plays a critical role in this productive stage of the life
cycle, as shown by the fact that E7™"" HPV16 genomes are
deficient in delaying the onset of differentiation, inducing
DNA synthesis in the suprabasal cells and supporting viral
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DNA amplification (12). How E7 contributes to these different
processes in the viral life cycle is not known. E7 is a multifunc-
tional protein that can interact with at least 20 different pro-
teins, including cell cycle regulators, transcription factors, and
other metabolic factors (33). One of the most-studied partners
of E7 is pRb. E7 can bind and induce the degradation of pRb,
as well as its family members pl07 and p130. The pocket
proteins regulate the cell cycle at least in part by their modu-
lation of the E2F family of transcription factors. The E2F
family members are DNA-binding proteins that can both in-
hibit and activate transcription of cellular genes implicated in
cell cycle regulation and DNA synthesis (3). The disruption of
the pocket proteins by E7 leads to dysregulation of these E2F-
responsive genes and thus aberrant cell cycle entry and/or an
inability to exit the cell cycle (5, 9, 18, 20, 22). Therefore, the
ability of the viral oncogene E7 to bind and induce the degra-
dation of the pocket proteins, especially pRb, has been postu-
lated to contribute to the life cycle of HPV, in particular the
ability of the virus to reprogram suprabasal cells to support
DNA synthesis.

In this study, we investigated whether the ability of E7 to
bind and degrade the pocket proteins is required for the
HPV16 life cycle in stratified squamous epithelial cells. For
these studies, wild-type HPV16 genomes or E7 mutant HPV16
genomes defective in binding to and/or degradation of the
pocket proteins were introduced into a human keratinocyte
cell line, NIKS, that supports the viral life cycle (12, 35, 43).
These different populations of NIKS were then grown in or-
ganotypic raft cultures (rafts) to allow differentiation and com-
pletion of the viral life cycle. To determine the effect of the E7
mutations on the life cycle, raft cultures were analyzed for
DNA synthesis, cellular proliferation, differentiation, and late
viral gene expression. The results of our study indicate that in
the context of the entire HPV16 genome, different biochemical
properties of E7 are required for it to contribute to these
different processes in the viral life cycle.

MATERIALS AND METHODS

Cell lines. The normal immortalized keratinocyte cell line NIKS (previously
termed BC1-Ep/SL cells), was used in this study. NIKS cells are a spontaneously
immortalized human keratinocyte cell line that is able to support the entire life
cycle of HPV16 (13). NIKS were maintained as subconfluent cultures on mito-
mycin C-treated m1 3T3 feeder cells, as previously described (16). Early-passage
human foreskin keratinocytes (HFKSs) were maintained in culture as previously
described (12).

Construction of E7 mutant HPV16 genomes. A recombinant plasmid,
pEFHPV-16W12E, derived from W12E cells was used as the source of HPV16
DNA. The E7N""" mutant HPV16 genome used in this study was constructed as
previously described (12). The four-amino-acid in-frame deletion mutant,
E72PLYC and the five-amino-acid in-frame deletion mutant, E74PTMHE | have
been previously described (36). These mutant sequences were constructed in
pEFHPV-16WI2E in the same fashion as the E7N" mutant HPV16 genome
(12). The presence of the desired mutations was confirmed by sequence analysis,
and the entire HPV16 genome of representative clones containing the desired
mutation was then sequenced to confirm the absence of spurious mutations.

Stable transfectants. Transfection of NIKS cells was performed as previously
described (24). Briefly, to excise the bacterial vector, 5 pg of recombinant
plasmid DNA was digested with BamHI for 2 h and then heat inactivated at 80°C
for 20 min. DNA was then diluted up to 2 ml in ligase buffer with appropriate
amount of ligase and allowed to ligate overnight at 16°C. Religated DNA was
then purified with a QTAGEN (Valencia, CA) Spin kit. The purified DNA, along
with pEGFP-N1 (Clontech, Palo Alto, CA), was then transfected into NIKS cells
using Superfect (QIAGEN), as previously described (12). At 24 h after trans-
fection, populations were subjected to G418 selection for 4 days. Following G418
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selection, populations were maintained in culture until harvested for the pres-
ence of HPV16 DNA.

Identification of transfected populations that stably harbor HPV16 replicons.
To identify populations that stably carried the HPV16 genome as an extrachro-
mosal plasmid, i.e., replicon, Southern analyses of total genomic DNA were
performed as previously described (24) with the following modifications. Briefly,
total genomic DNA was extracted from populations maintained subconfluently.
A total of 10 ug of DNA extract was digested with BamHI and run on a 0.8%
agarose gel to detect linear forms of the HPV16 genome. A total of 20 pg of
undigested total genomic extract was also separated by electrophoresis in the
same manner to detect supercoiled (SC) and open circular (OC) extrachromo-
somal forms of the HPV16 genome. Electrophoresed DNAs were transferred
from agarose gels onto nitrocellulose membranes (Schleicher & Schuell Bio-
Science, Inc., Keene, NH). The nitrocellulose membranes were then probed
with a BamHI-digested pEFHPV-16W12E probe, which was labeled with
[«-*?P]dCTP with a random primer labeling kit (Amersham, Piscataway, NJ).
Following hybridizations and standard washes, **P-labeled probe was detected
with a phosphorimager.

Organotypic raft cultures. To produce organotypic rafts, populations of NIKS
cells were treated as previously described (16), with the following modifications.
Transwell inserts (Costar, Acton, MA) were placed into Deep Well plates
(BIOCOAT; Becton Dickinson, San Jose, CA). Four days after the collagen
dermal equivalent was made in transwell inserts, 1.4 X 10° keratinocytes were
added onto the dermal equivalents in keratinocyte plating medium. Two days
later, medium was removed from the outer well and fresh keratinocyte plating
medium was added. After 2 more days, the collagen dermal equivalent was lifted
to the air-liquid interface by placing the transwell inserts on three or four 1- by
1-in. cotton pads (Schleicher & Schuell BioScience, Inc.). At this point, the
cultures were fed every other day with cornification medium. Eleven days after
the dermal equivalent was lifted to the air-liquid interface, 10 uM bromode-
oxyuridine (BrdU) was added to the medium for 8 h prior to harvesting the rafts.
After rafts were harvested, they were fixed in 2% agar-1% formalin/phosphate-
buffered saline (PBS) overnight at 4°C, embedded in paraffin, and cut into 5 uM
sections.

Immunofluorescence. Immunostaining was performed with 5 uM sections of
raft cultures that were formalin fixed and paraffin embedded. All sections were
deparaffinized by being submerged in two changes of xylenes for 3 min each and
then rehydrated by being submerged in a graded (100%, 95%, 85%, and 70%)
series of alcohol:aqueous solutions. For pRb, keratin 10 (K10), BrdU, L1, and
involucrin immunostaining, sections were placed in a 10 mM citrate buffer,
pH 6.0, and microwaved for 3 min on high power and then at power level 7 for
17 min to unmask the antigens. Raft sections that were analyzed for Ki67 and E4
were also boiled in the same manner but in a 10 mM citrate buffer, pH 9.5, or 10
mM citrate buffer, pH 5.0, respectively. After being unmasked, rafts were cooled
to room temperature, rinsed in PBS, and then blocked in 5% normal horse serum
(Vector Laboratories, Inc., Burlingame, CA)-PBS at room temperature for
30 min. To detect pRb, sections were incubated with an anti-pRb primary mono-
clonal antibody (catalog no. 54136; Pharmingen, BD Dickinson, San Jose, CA) at
1:25. All antibodies are diluted in the 5% normal horse serum—PBS blocking
solution. For MCM?7 staining, MCM7-specific cdc47 monoclonal antibody (Neo-
Markers, Fremont, CA) was used at a 1:200 dilution. Ki67-specific staining was
achieved with the NAS9 monoclonal antibody (clone K-3; Oncogene, San Diego,
CA) at 1:100. Clone Ck 8.60 and clone SY-5 (Sigma, St. Louis, MO) monoclonal
antibodies were used at 1:200 to detect K10 and involucrin, respectively. H16.D9,
an L1-specific antibody, was a gift from Neil Christensen and was incubated with
the raft sections at a dilution of 1:20. For BrdU-only immunofluorescence,
anti-BrdU monoclonal antibody Ab-2 was used at a 1:50 dilution (Oncogene). In
double immunofluorescence involving BrdU, i.e., pRb/BrdU and K10/BrdU
staining, BrdU was detected using a biotin-labeled mouse anti-BrdU specific
primary antibody (Zymed, San Francisco, CA). In both cases of double immu-
nofluorescence, pRb and K10 were detected as stated above. Incubation times
for primary antibodies were either 1 h at 37°C, 3 h at room temperature, or
overnight at 4°C in a humid chamber. Primary antibodies were detected with
fluorescein or Texas red anti-mouse immunoglobulin G (Vector Laboratories)
secondary antibodies at a 1:100 dilution. To detect biotin-BrdU, Texas red-
conjugated anti-streptavidin secondary antibody (Vector Laboratories) was used
at a 1:50 dilution. Sections were incubated with secondary antibodies in the dark
for 30 min at room temperature. E4 was detected as previously described (16).

Quantification of suprabasal DNA synthesis and proliferation. For all calcu-
lations, averages were calculated based on counting 10 fields at a magnification
of X40 of at least three different populations. To determine the average pRb
expression for each population of NIKS cells, the total number of cells per field
were counted, as well as the total number of pRb-positive cells per field in
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FIG. 1. Establishment of wild-type and E7 mutant HPV16 populations that stably harbor the HPV16 genome as an extrachromosomal plasmid
(replicon). NIKS cells were cotransfected with a neomycin-resistant plasmid and wild-type or E7 mutant HPV16 genomes. After G418 selection,
total genomic DNA was extracted from the transfected populations to determine if the HPV16 genomes were maintained as an extrachromosomal
nuclear plasmid (replicon) within NIKS cells. (A) Total genomic DNA extracted from NIKS cells and NIKS cells transfected with wild-type or E7
mutant HPV16 genomes was sheared and subsequently analyzed by Southern blotting. Blots were probed with a full-length HPV16 probe labeled
with 32P. The presence of OC and SC forms of the HPV16 genome confirms that the populations harbor HPV16 as a replicon. (B) Total genomic
extracts of populations were sheared, digested with BamHI, which cuts the HPV16 genome only once, and then analyzed by Southern analysis as
in panel A. As evidenced by the singular band representing the linear form of the HPV16 genome, the NIKS populations transfected with wild-type
or E7 mutant genomes contained wild-type genomes with no gross aberrations and/or integrations.

pRb-specific, immunohistochemically stained raft sections. The percentage of
pRb-positive cells was calculated for the basal compartment (pRb-positive basal
cells divided by the total number of basal cells) and for the suprabasal compart-
ment (pRb-positive suprabasal cells divided by the total number of suprabasal
cells). The percentage of pRb-positive cells in the untransfected NIKS was
standardized to 1.0. For each compartment, the percentage of pRb-positive cells
in the population harboring HPV16 replicons was divided by the average per-
centage of pRb-positive in the untransfected NIKS cells, thus giving a relative
pRb expression index (e.g., percentage of pRb-positive basal cells in HPV16
rafts/pRb-positive basal cells in NIKS = average basal pRb expression for
HPV16). This method was also used to calculate the suprabasal BrdU index. A
two-sided Wilcoxon rank sum test was performed with the MStat Program to
determine the statistical significance of values. All error bars indicate standard
deviations.

MCMT expression was calculated as the number of MCM7-positive cells in the
suprabasal compartment divided by the total number of suprabasal cells in
MCM7-specific, immunohistochemically stained raft sections. Ki67 suprabasal
expression was calculated in the same fashion. To calculate the percentage of
BrdU-positive suprabasal cells in the supraparabasal compartment, the total
number of BrdU-positive cells in the suprabasal compartment was determined
and the number of BrdU-positive cells in the parabasal layer was subtracted from
that value to give the number of BrdU-positive supraparabasal cells. The frac-
tional value of the expression [(number of BrdU-positive supraparabasal cells)/
(total number of BrdU-positive suprabasal cells) X 100] gave the percentage of
BrdU-positive suprabasal cells in the supraparabasal compartment.

Western analyses. Analyses of steady-state levels of pRb and E7 were per-
formed with monolayer cultures and raft sections. For monolayer protein anal-
yses, subconfluent cultures were treated with 0.02% EDTA for 2 min at room
temperature to remove the mitomycin C-treated m1 3T3 feeders. Subsequently,
cells were either directly lysed with the addition of lysis buffer onto the plates at
4°C or treated with 0.05% trypsin-0.53 mM EDTA (Mediatech, Inc., Herndon,
VA). Trypsin-treated cells were allowed to detach at 37°C, at which point an
equal volume of medium was added to the cells to inhibit further trypsinization.
Cell pellets were then isolated by centrifugation at 1,100 rpm for 5 min at 4°C.
Cell pellets were washed with cold PBS twice and then resuspended in lysis
buffer. The lysis buffer contained 20 mM Tris (pH 8.0), 0.1 M KCl, 5 mM MgCl,,
10% glycerol, 0.1% Tween 20, phenylmethylsulfonylfluoride, dithiothreitol, and
a general protease inhibitor cocktail that included aprotinin, pepstatin, and
leupeptin. For direct lysis of cells on tissue culture plates, cells were washed twice
with cold PBS, and then 1 ml lysis buffer was added to 10-cm dishes or 2 ml of

lysis buffer was added to 15-cm dishes. The dishes were then placed on a rocker
at 4°C for 20 min. After 20 min, cells were collected by being scraped and placed
on ice for 20 min, with vortexing every 5 min. After complete lysis, lysates were
centrifuged at 14,000 rpm for 10 min at 4°C. The soluble fraction was then
subsequently used for protein analyses.

To analyze protein levels from raft sections, rafts were harvested as normal but
not formalin fixed or further treated. Instead, rafts were frozen at —80°C or
immediately placed into lysis buffer and subjected to low-power homogenization
by the PowerGen 125 Homogenizer (Fisher Scientific; Hampton, N.H.) until a
single-cell suspension was achieved. The lysate was then treated in the same
manner as monolayer lysates.

To detect E7, protein lysates were subjected to electrophoretic separation on
a sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis gel or a gra-
dient gel (4.5 to 15%; Bio-Rad, Hercules, CA) and then transferred to a poly-
vinylidene difluoride Immobilon-P membrane (Millipore, Billerica, MA). Sub-
sequently, the membrane was blocked for 1 h at room temperature in 5% skim
milk-PBST (PBST is 0.1% Tween 20-PBS). A primary antibody mixture con-
taining a 1:150 dilution of 8C9 (Zymed, Burlingame, CA) and a 1:200 dilution of
ED17 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in blocking solution was
then incubated with the membrane overnight with shaking at 4°C. After blots
were washed with PBST, they were then treated with a goat anti-mouse perox-
idase-conjugated secondary antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA) at a 1:5,000 dilution in blocking solution at room temperature
for 1 h. Blots were subsequently washed and developed with ECL Plus (Amer-
sham, Piscataway, NJ).

Detection of pRb, actin, and filaggrin was similar to the detection methods
used for E7, with the following exceptions. pRb lysates were electrophoretically
separated on a 4.5 to 15% gradient gel (Bio-Rad), and pRb was detected using
a mouse anti-pRb primary antibody (SC-102; Santa Cruz) at a 1:500 dilution in
blocking solution. B-Actin was detected with the monoclonal antibody clone
SY-5 (Sigma) at a dilution of 1:5,000 to 1:10,000. Filaggrin-specific primary
antibody (Covance, Richmond, CA) was used at a 1:200 dilution.

RESULTS

Binding of E7 to pocket proteins and induction of their
degradation are not required for the nonproductive stage of
the life cycle of HPV16. To examine the role of E7 interacting
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FIG. 2. HPVI16 significantly degrades pRb in the basal compartment versus the suprabasal compartment yet still can inactivate pRb in the
suprabasal compartment, as judged by the induction of an E2F-responsive gene. (A) pRb levels in raft cultures of NIKS cells harboring no (NIKS),
wild-type (HPV16), or E7 mutant (HPV16*P™YC HPV16*F™HE  and HPV16" Ny HPV16 replicons. Formalin-fixed, paraffin-embedded
sections of raft cultures were subjected to pRb-specific immunofluorescence. The white dotted lines indicate the bottom of the basal compartment
of the stratified squamous epithelium. (B) Quantification of pRb-positive cells in the basal and suprabasal compartments. For quantification,
pRb-positive cells in the basal and the suprabasal compartments of raft sections were counted in 10 random fields (magnification, X40) of sections
from raft cultures of at least three different cell populations for each HPV replicon, as described in Materials and Methods. For each compartment,
the average number of pRb-positive cells in the HPV-negative populations was set at a value of 1.0, and the number of pRb-positive cells in the
HPV-positive populations is shown relative to that of the HPV-negative populations. A significant decrease in pRb-positive cells in rafts harboring
wild-type HPV16 replicons versus NIKS cells was observed with the basal (P = 0.02092) and the suprabasal (P = 0.04331) compartments.
(C) Immunoblot analyses of pRb levels in monolayer cultures of keratinocytes. Western blot analyses of cell lysates of monolayer cultures of NIKS
cells and NIKS cells harboring wild-type HPV16 replicons were performed. Loading control (LC) levels of a nonrelevant protein were used to
confirm that equal amounts of cellular protein were loaded on the gel. (D) Comparison of levels of pRb, p130, and p107 in raft (R) cultures versus
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with pocket proteins in the nonproductive stage of the life
cycle, we examined the ability of wild-type and E7 mutant HPV
genomes to be maintained as an extrachromosomal nuclear
plasmid (defined here as a replicon) within NIKS cells. NIKS
cells are a spontaneously immortalized human keratinocyte
cell line that can fully support the HPV replicative life cycle
(13). E7 mutants were made in the context of the entire
HPV16 genome. The mutants included a five-amino-acid in-
frame deletion mutant, APTLHE, which is previously described
and is competent to bind the pocket proteins, but defective in the
degradation of the pocket proteins (18, 22, 36). Another mutant,
ADLYC, contains a four-amino-acid in-frame deletion previously
shown to be defective in binding and in degradation of the pocket
proteins (18, 22, 35). The properties of these E7 mutant genomes
were compared to the previously characterized, E7™" HPV16
genome that contains a translation termination linker in the E7
open reading frame (12). Populations of NIKS were cotrans-
fected with plasmid pEGFPN1 (a plasmid conferring neomycin
resistance) and either the wild-type HPV16 genome or the E7
mutant HPV16 genomes. Populations were selected for resis-
tance to G418. After expansion, total genomic DNA was ex-
tracted, sheared and/or digested with BamHI, and subjected to
HPV16-specific Southern analysis to determine the status of the
HPV16 genomes. Southern analyses of representative popula-
tions are shown in Fig. 1. NIKS populations transfected with
either wild-type or E7 mutant HPV16 genomes (ADLYC,
APTLHE and E7N""), harbored the HPV16 genome as an extra-
chromosomal nuclear plasmid, as illustrated by the presence of
SC and OC HPV16 DNA in samples that were only sheared (Fig.
1A). Digestion with BamHI, which cleaves the HPV16 genome
once, indicated the presence of unit-length viral genomes (Fig. 1,
right). The absence of additional HPV16-specific bands in the
BamHI digest was consistent with an absence of viral DNA inte-
gration. These data confirm an earlier study that demonstrated
HPV16 E7N"! genomes replicate as nuclear plasmids in NIKS
cells (12) and furthermore demonstrate that the ability of E7 to
bind and/or degrade pocket proteins is dispensable for the viral
plasmid maintenance.

HPV16 causes a reduction in the abundance of pRb selec-
tively in the basal compartment of stratified squamous epithe-
lia, and this reduction correlates with E7’s ability to induce
degradation of pRb. To study the contribution of binding and
degradation of the pocket proteins by E7 in the productive
stage of the HPV16 life cycle, we placed our keratinocyte
populations into organotypic (raft) cultures to allow their strat-
ification and terminal differentiation. Prior studies carried out
exclusively with monolayer cultures of human epithelial cells
indicated that E7 can destabilize pRb and that both ADLYC
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and APTLHE E7 mutants are defective for inducing the deg-
radation of the pocket proteins (5). We therefore predicted
that in raft cultures of human keratinocytes harboring wild-
type HPV16 replicons, but not in those harboring E7 mutant
HPV16 replicons, pRb levels would be decreased compared to
those levels observed with raft cultures of cells not harboring
any HPV16 genomes. To test this prediction, we carried out
pRb-specific immunofluorescence analyses (Fig. 2A and B). In
the basal compartment of rafts harboring wild-type HPV16
replicons, there was a significant (P = 0.02) loss of pRb-posi-
tive cells, down to 17% of that seen with HPV16-negative rafts
(Fig. 2B). However, the reduction of pRb levels in the supra-
basal compartment was less. Seventy percent of cells expressed
PRb detectably compared to rafts not harboring HPV16 rep-
licons (Fig. 2B). This reduction was still statistically significant
(P = 0.04), indicating that HPV16 retains some capacity to
destabilize pRb in suprabasal cells, albeit less so than in basal
cells. pRb-specific immunofluorescence was also performed
with rafts of HFKs in the absence and presence of HPV16
DNA (data not shown). Results were similar to those observed
with NIKS cells, i.e., pRb expression in the presence of HPV16
led to a striking decrease in pRb expression in the basal com-
partment of the rafts, but pRb was largely retained in the
suprabasal compartment (data not shown). These data further
emphasize the usage of NIKS as a valid keratinocyte cell line,
which can be used to study the life cycle of HPV16.

To further analyze the expression patterns of the pocket pro-
teins in the presence of HPV16, monolayer and raft culture ly-
sates were examined by Western blotting. Monolayer cultures
were grown subconfluently to maintain cells in the poorly differ-
entiated, basal-like state. Whereas raft cultures are highly strati-
fied and thus are primarily composed of suprabasal, differentiated
cells, Western blot analyses (Fig. 2C) indicated that the steady-
state levels of pRb, p130, and p107 were reduced in the mono-
layer cultures of NIKS cells harboring wild-type HPV16 replicons
compared to NIKS cells not harboring any HPV16 DNA. This
reduction confirms previous reports that E7 HPV16 can destabi-
lize the pocket proteins; these data further demonstrate that E7
is able to destabilize the pocket proteins in the context of the
HPV16 genome in stratified keratinocytes. In contrast to the
monolayer data, the expression pattern of pocket proteins in
the suprabasal compartment was not uniform. pRb expression did
not significantly change in the presence of absence of HPV16
replicons, providing further evidence that HPV16 reduces pRb
most strongly in the basal compartment of stratified keratinocytes
and that pRb is largely retained within the suprabasal compart-
ment. However, in strong contrast to pRb, p130 expression in raft
cultures was significantly diminished in the presence of the

monolayer (M) cultures. Western blot analyses were performed with 20 pg (each) of protein-isolated monolayer (M) and raft (R) cultures of NIKS
cells and wild-type HPV16 replicons. (E) Comparison of levels of E7 protein in raft cultures versus monolayer cultures. E7-specific Western
analysis was performed on 100 g of protein lysate from monolayer and raft cultures as described in Materials and Methods. The intensity of the
E7-specific signal in the two raft cultures was one-third that in the monolayer cultures for the same HPV16-positive cell cultures. The same blot
was probed with antibodies either to B-actin to confirm that equivalent amount of cellular protein were loaded or to filaggrin to assess the
differentiation state of the cells being analyzed. (F) Expression of the E2F-responsive gene MCM-7 in raft cultures of NIKS cells harboring no
HPV16 replicons (NIKS), wild-type HPV16 (HPV16) replicons, or E7 mutant HPV16 (HPV16*PY< HPV164F™HE and HPV16"" N''y HPV16
replicons. MCM7-specific immunofluorescence was performed on sections of raft cultures. The white dotted lines indicate the bottom of the basal
compartments of the stratified squamous epithelium. (G) The number of MCM7-positive cells in the suprabasal compartment versus the total
amount of MCM7-positive cells (percentage of MCM7 suprabasal cells) was graphed. To calculate the averages, 10 random fields (magnification,

X40) of three different populations of each replicon were counted.
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FIG. 3. Degradation of the pocket proteins by HPV16E7 does not correlate with E7’s ability to induce suprabasal DNA synthesis. (A, left) Eight
hours prior to harvesting rafts, rafts of NIKS cells harboring no HPV replicons (NIKS; top row) or NIKS harboring wild-type or E7 mutant HPV16
replicons (second through fifth rows) were incubated with BrdU. BrdU was detected by BrdU-specific immunodetection and visualized by Texas
red-conjugated secondary antibody. Raft sections were also costained with DAPI (4',6'-diamidino-2-phenylindole) nuclear counterstain; DAPI
stains nuclei blue. Shown are representative images of the populations studied. The white dotted lines indicate the bottom of the basal
compartment of the stratified squamous epithelium in each panel. (Right) Ki67 expression in the same populations was determined by Ki67-specific
immunohistochemistry of rafts. Ki67-positive cells are brown. Hematoxylin was used as a counterstain to detect nuclei; hematoxylin-positive cells
are blue. Shown are representative images. (B) Relative suprabasal DNA synthesis was determined as described in Materials and Methods for at
least three populations of each mutant and wild-type HPV16 replicon. (C) Ki67 expression was quantified as the percentage of suprabasal Ki67
expression as described in Materials and Methods. Ten random fields (magnification, X40) of three different populations of each replicon were
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HPV16 replicons. The suprabasal expression pattern of p107 in
the presence or absence of HPV16 replicons was not clear, as
p107 could not be detected in either HPV16-positive or -negative
raft lysates.

To better understand the different expression patterns of the
pocket proteins and their regulation, we decided next to ana-
lyze the expression of E7 in the basal and suprabasal compart-
ments. In an earlier, collaborative study, E7 expression was
observed with both the basal, as well as suprabasal, compart-
ment of rafts harboring wild-type HPV16 based upon E7-
specific immunofluorescence (31). This technique does not
allow one to quantify levels of E7. We therefore extended
these findings by quantifying the level of E7 in protein lysates
extracted from monolayer and raft cultures by Western anal-
ysis (Fig. 2C and E). We observed E7 protein in both the
monolayer and the raft cultures; however, the level of E7
protein in the raft culture was approximately 30% of that seen
in the monolayer culture. These data indicate that the steady-
state levels of E7 are lower in the suprabasal, differentiated
compartment than in the basal compartment.

To assess whether these lower levels of E7 can inactivate
pRb and the other pocket proteins p107 and p130 in the su-
prabasal compartment of rafts, we monitored levels of MCM7
protein by immunofluorescence (Fig. 2F). The MCM7 gene is
highly induced by active E2F, and therefore provides a readout
for the inactivation of the pocket proteins pRb, p107, and
p130, all of which modulate the transcriptional activity of E2F
family members. We found that MCM?7 was highly induced in
the suprabasal compartment of rafts harboring the wild-type
HPV16 genome, but not in the rafts harboring either the
E74PYC or E7N"" HPV16 replicons (Fig. 2F and G). These
data are consistent with E7 inactivating pocket protein func-
tion in the suprabasal compartment and that this inactivation
depends on E7’s ability to bind these pocket proteins. We also
observed an induction of MCM7 (P = 0.05) in the suprabasal
compartment of rafts harboring the E74""™"¥ mutant HPV16
replicon, but this induction was significantly reduced compared
to that seen in rafts harboring wild-type HPV16 replicons
(Fig. 2G). These data support the hypothesis that the ability of
E7 to degrade the pocket proteins contributes to the functional
inactivation of the pocket proteins, even though the degrada-
tion of the pocket proteins in the suprabasal compartment was
not as uniform as in the basal compartment.

The ability of E7 to inactivate pRb and the other pocket
proteins correlates with its capacity to reprogram the supra-
basal compartment of keratinocytes to support DNA synthesis.
Cells within the suprabasal compartment of stratified squa-
mous epithelia are normally quiescent and cannot initiate new
rounds of DNA synthesis. A hallmark of the papillomavirus life
cycle is the reprogramming of suprabasal cells to support DNA
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synthesis. We previously discovered that E7 is required for
conferring this property in the context of the viral life cycle
(12). To assess whether E7’s ability to inactivate the pocket
proteins contributes to suprabasal DNA synthesis, we analyzed
BrdU incorporation into cells in raft cultures harboring wild-
type or E7 mutant HPV16 genomes. The raft cultures were
incubated with BrdU for 8 h prior to harvesting. After the
cultures were harvested, formalin fixed, and paraffin embed-
ded, the histological sections were subjected to BrdU-specific
immunofluorescence (Fig. 3A, left). Raft cultures of keratino-
cytes harboring no HPV DNA exhibited BrdU-positive cells
only in the basal compartment, as expected; raft cultures of
keratinocyte populations harboring the wild-type HPV16 rep-
licons exhibited BrdU-positive cells in both the basal and su-
prabasal compartments, consistent with prior studies (12, 13,
16). Raft cultures of keratinocytes harboring the E7~*" HPV16
genomes did not exhibit any BrdU-positive cells in the supra-
basal compartment, also consistent with prior studies (12). The
same was true for raft cultures of keratinocytes harboring the
E74PLYC mutant HPV16 replicon (Fig. 3A), indicating that
the ability of E7 to bind pocket proteins correlates with its
ability to reprogram suprabasal cells to support DNA synthe-
sis. In contrast, BrdU-positive cells were observed with the
suprabasal compartment of raft cultures harboring E74PT-HE
mutant HPV16 replicons, indicating that while binding of the
pocket proteins by E7 may be required to reprogram the su-
prabasal compartment to support DNA synthesis, degradation
of the pocket proteins by E7 is not essential. To further clarify
the role of E7’s interactions with pocket proteins in the repro-
gramming of suprabasal cells to support DNA synthesis, the
frequency of BrdU-positive cells within the suprabasal com-
partment was quantified for the various raft cultures analyzed
(Fig. 3B). The average frequency of BrdU-positive cells in the
suprabasal compartment of raft cultures harboring wild-type
HPV16 replicons was set to a value of 1.0, and the frequencies
obtained for the other cultures were graphed relative to that
value. The frequency of BrdU-positive suprabasal cells in raft
cultures harboring the E7N"" and E74P™Y“ mutant HPV16
replicons was not significantly different from that obtained with
raft cultures of cells harboring no HPV16 DNA (Fig. 3B). In
contrast, the frequency of BrdU-positive suprabasal cells with
raft cultures of cells harboring the E74PT™"HE mutant HPV16
replicon was significantly greater than that obtained with raft
cultures harboring no HPV genome (P = 0.04) (Fig. 3B), but
that frequency was significantly lower (P = 0.03) than that
observed with raft cultures harboring wild-type HPV16 repli-
cons. These quantitative differences indicate that the ability of
HPV16 to induce the degradation of the pocket proteins is not
absolutely necessary, yet does contribute quantitatively to the
efficiency to which HPV16 induces suprabasal DNA synthesis.

counted to calculate the percentage of suprabasal Ki67 expression. (D) BrdU incorporation in raft cultures that harbor E7*™HE mutant HPV16
replicons is spatially restricted to the lower levels of the suprabasal compartment. Supraparabasal BrdU incorporation in sections of rafts of NIKS
cells harboring wild-type and E74*™HE mutant HPV16 replicons was determined. The number of BrdU-positive supraparabasal cells was divided
by the total number of BrdU-positive suprabasal cells for each set of rafts. To calculate the averages, 10 random fields (magnification, X40) of three
different populations of each replicon were counted. (E) pRb degradation is not required for HPV to reprogram the suprabasal compartment.
Sections of raft cultures of NIKS cells harboring no viral DNA (top) or harboring wild-type HPV16 replicons (bottom) were analyzed for pRb
expression and BrdU incorporation by coimmunofluorescence. pRb-specific antibodies were used in conjunction with a fluorescein-conjugated
secondary antibody to visualize pRb-positive cells. BrdU was detected using a biotin-labeled BrdU-specific primary antibody, followed by
incubation with a Texas red-conjugated anti-streptavidin secondary. Cells that contain both pRb and BrdU are yellow.
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To examine how interactions of E7 with pocket proteins
affect the regulation of cellular factors that may contribute to
and/or reflect the reprogramming of the suprabasal compart-
ment to support DNA synthesis, we analyzed the expression of
Ki67. Ki67 is a cell cycle-specific nuclear antigen that is not
expressed in quiescent cells and is often used as a marker for
cells that are proliferating (2). The expression of Ki67 was
monitored by immunofluorescent staining. In raft cultures that
did not contain any HPV DNA, Ki67 expression was restricted
to the basal compartment of the epithelia (Fig. 3A, right).
However, in rafts harboring wild-type HPV16 replicons, Ki67
expression was seen in the basal, as well as the suprabasal,
compartment. In contrast, the raft cultures harboring E7N"" or
E74PYC mutant HPV16 replicons did not contain suprabasal
Ki67 expression. This finding indicates that the ability of
HPV16 to induce suprabasal proliferation and DNA synthesis
was dependent on E7 and the ability of E7 to bind the pocket
proteins. Raft cultures harboring the E74P™ME mutant
HPV16 replicons exhibited Ki67 expression in the basal and
the suprabasal compartments. Quantification of Ki67 staining
in the suprabasal compartment confirmed that the frequency
of Ki67-positive, suprabasal cells in the raft cultures harboring
the E74PTFE mutant HPV16 replicons was lower than that
observed with rafts harboring the wild-type HPV16 replicon
(Fig. 3C). These findings parallel the results obtained with
BrdU-specific immunofluorescence and indicate that the abil-
ity of E7 to bind the pocket proteins is necessary to establish a
proliferative-like environment in the suprabasal compartment
and that the ability of E7 to degrade the pocket proteins
contributes quantitatively to this property as well.

While Ki67 expression and BrdU incorporation was ob-
served with the raft sections of cells harboring E74FTHE my-
tant HPV16 replicons, it was noted that these markers of
proliferation and DNA synthesis were restricted more to the
lower levels of the suprabasal compartment than seen in rafts
of cells harboring wild-type HPV16 replicons. To determine if
there was a quantitative difference in this regard, the distribu-
tion of BrdU-positive cells in the parabasal (the first layer of
cells above the basal layer) versus supraparabasal (all cells
above the parabasal layer) compartments was determined for
rafts of cells harboring wild-type versus E7°FT-"E mutant
HPV16 replicons. There indeed was a significant decrease
(P = 0.05) in the relative proportion of the BrdU-positive cells
in the supraparabasal compartment of the rafts harboring the
E74PTHE mutant HPV16 replicons compared to the rafts har-
boring wild-type HPV16 replicons (Fig. 3D). These data indi-
cate that while HPV16 does not need to degrade the pocket
proteins to induce suprabasal DNA synthesis, the ability to
degrade the pocket proteins yields a more efficacious repro-
gramming of the suprabasal compartment to support DNA
synthesis throughout a greater portion of the stratified epi-
thelia.

Suprabasal cells that support DNA synthesis retain pRb.
E7’s ability to degrade the pocket proteins contributed quan-
titatively to a reduction in the frequency of suprabasal cells
either retaining pRb (Fig. 2) or supporting DNA synthesis
(Fig. 3), compared to that seen with HPV16 genomes express-
ing wild-type E7. These findings led us to hypothesize that only
in those suprabasal cells in which E7 HPV16 has depleted pRb
levels would we find DNA synthesis to be induced. We there-
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fore carried out double-immunofluorescence studies to iden-
tify the pRb status of suprabasal cells supporting DNA syn-
thesis (Fig. 3E). In the HPV-negative NIKS rafts, BrdU
incorporation was restricted to the basal compartment. Nearly
all of these BrdU-positive cells were also pRb positive (Fig. 3E,
top). In the raft cultures of cells harboring wild-type HPV
DNA, BrdU-positive cells were found in the basal and the
suprabasal compartments. In the basal compartment, these
cells supporting DNA synthesis were largely pRb negative
(Fig. 3E, bottom), consistent with our earlier analyses (Fig. 2)
demonstrating that HPV can lower the levels of pRb in virtu-
ally all basal cells. However, in the suprabasal compartment, cells
supporting DNA synthesis often expressed pRb (Fig. 3E, bot-
tom). Thus, the depletion of pRb is not essential for HPV16 E7
to reprogram suprabasal cells to support DNA synthesis in the
context of the HPV16 life cycle. These results were also ob-
served with HFK raft cultures that harbored wild-type HPV16
replicons, as well as NIKS raft cultures that harbored HPV18
genomes (data not shown).

The ability of E7 to bind and degrade the pocket proteins
correlates with the ability of HPV16 to disrupt differentiation.
Early in the productive stage of the viral life cycle within the
suprabasal compartment, the cellular differentiation program
is disturbed, as evidenced by a delay in the onset of expression
of the differentiation markers, K10 and involucrin. These
markers normally are induced immediately upon cells migrat-
ing into the suprabasal compartment. However, in raft cultures
of cells harboring wild-type HPV16 replicons, this induction is
delayed, leading to the presence of multiple layers of K10-
negative, involucrin-negative cells within the suprabasal com-
partment (13). A prior study demonstrated that HPV16 E7 is
necessary for this disturbance of normal differentiation in the
context of the viral life cycle (12) and sufficient to induce this
delay in differentiation in mouse epidermis (1). To determine
if the ability of E7 to bind and/or degrade the pocket proteins
correlates with this delay in keratinocyte differentiation in the
context of the viral life cycle, we analyzed the expression of
K10 (Fig. 4A) and involucrin (Fig. 4B) in our raft cultures of
cells harboring wild-type or E7 mutant HPV16 replicons. In
the HPV-negative NIKS rafts, K10 and involucrin were ex-
pressed throughout the spinous layer of the rafts, as expected.
The raft cultures of cells harboring wild-type HPV16 genomes
displayed a delayed onset of K10 and involucrin expression
within the spinous layer. In addition, expression of these mark-
ers was patchy in the more terminally differentiated granular
layer. These defects in expression of K10 and involucrin are
consistent with that observed with prior studies (12, 16, 24). In
contrast to what was observed with the raft cultures of cells
harboring wild-type HPV16, the rafts of cell populations har-
boring the E74P™Y€ or the E74""™"® mutant HPV replicons
displayed differentiation staining patterns similar to that seen
with HPV-negative rafts (Fig. 4A and B) and rafts harboring
E7N"" HPV16 replicons (reference 12 and data not shown).
These data indicate that the ability of HPV16 to delay differ-
entiation correlates with both the ability of E7 to bind and to
degrade the pocket proteins.

In contrast to the above-observed correlations between E7
ability to bind and degrade the pocket proteins and the ability
of HPV16 to delay the onset of differentiation (Fig. 4A and B),
E7 did not need to degrade the pocket proteins to induce
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FIG. 4. The ability of E7 to bind and degrade the pocket proteins correlates with the ability of HPV16 to disrupt differentiation in raft cultures.
Immunofluorescence was performed on raft sections from raft cultures of NIKS (first row), HIKS cells harboring wild-type HPV16 replicons
(second row), NIKS cells harboring E7*P-Y< mutant HPV 16 replicons (third row), and NIKS cells harboring E7**"™H¥ mutant HPV 16 replicons
(fourth row). (A) Early differentiation is not perturbed in the absence of binding or degradation of the pocket proteins by E7. K10 expression was
detected by K10-specific primary monoclonal antibody, followed by anti-mouse fluorescein-conjugated secondary antibody. DAPI nuclear coun-
terstaining was also used. (B) Later steps in the differentiation program are not disrupted when E7 cannot disrupt pocket proteins. Raft sections
were incubated with monoclonal antibody raised against involucrin, followed by detection with a fluorescein-conjugated anti-mouse secondary
antibody. (C) Suprabasal DNA synthesis is not precluded in cells undergoing a normal differentiation program. K10- and BrdU-specific
coimmunofluorescence was performed on raft sections; K10 is detected with a fluorescein-conjugated secondary antibody; BrdU is detected with
a Texas red secondary antibody. DAPI counterstaining was also applied to sections. The white arrow highlights a cell undergoing suprabasal DNA
synthesis and expressing the early differentiation marker K10. (D) Late viral gene expression does not require E7-pocket protein interactions. To
determine late viral gene expression in E7 mutant HPV16 replicons, E4-specific immunofluorescence was performed using a fluorescein-
conjugated anti-E4 antibody in conjunction with DAPI nuclear counterstaining. (E) L1-specific immunofluorescence was performed on raft

sections using the L1-specific monoclonal antibody H16D9.

suprabasal DNA synthesis (Fig. 3A and B). This led to the
prediction that suprabasal DNA synthesis that arises in the raft
cultures of cells harboring the E7*"™"® mutant HPV16 rep-
licons will have already initiated their normal differentiation
program. To address this, we performed BrdU and K10 double
immunofluorescence (Fig. 4C). As predicted, K10 and BrdU
double-positive cells were selectively observed with the supra-
basal cells of rafts of cells harboring the E7°FT™"E mutant
HPV16 replicons. This result demonstrates that E7’s disrup-
tion of differentiation is not required for the reprogramming
suprabasal cells to support DNA synthesis.

Late viral gene expression is not affected by loss of E7-
pocket protein interactions. E1”E4 is a papillomaviral protein
that is highly expressed late in the viral life cycle. Expression of
E4 has been shown to correlate with viral DNA amplification
and to precede onset of expression of the structural viral genes
L1 and L2. Therefore, we examined the expression of E4 in the
presence and absence of E7 pocket protein interactions, using
the raft cultures harboring wild-type versus E7 mutant HPV16
replicons (Fig. 4D). Whereas no expression of E1"E4 was
observed in raft cultures not harboring HPV16 DNA, E4 ex-
pression was seen in the more superficial suprabasal layers in
rafts harboring wild-type HPV16. E1”E4 expression was not

dependent upon E7’s ability to bind and/or degrade the pocket
proteins, as E1-E4-positive cells were also seen in rafts har-
boring either the E74P-Y< or E74"™E mutant HPV16 rep-
licons. In addition, L1, a viral capsid late gene, exhibited a
similar expression pattern (Fig. 4E). Thus, late gene expression
is separable from requirements for induction of suprabasal
DNA synthesis and the delay in onset of differentiation.

DISCUSSION

This study is the first to examine the contribution of E7-
pocket protein interactions to the HPV16 life cycle. The
HPV16 life cycle does not require E7 for the nonproductive
stage of its life cycle but does require E7 for the productive
stage (12). This is also the case for HPV18, another high-risk
HPV (30). In contrast, the mid-risk HPV31 seems to require
E7 for the nonproductive, as well as the productive, stage of
the life cycle (29). These differences may be due to unique
technical aspects of analyses performed by different groups but
is most likely the result of genotypic differences between the
high-risk HPVs and the lower-risk viruses. Since HPV16 does
require E7 for its productive stage, we examined how the
E7-pocket protein interactions contributed to the different fac-
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ets of this stage of the life cycle in the context of the HPV16
genome.

We found different facets of the productive stage of the
HPV16 life cycle differentially depend on E7’s ability to bind
and degrade the pocket proteins. In particular, HPV16’s delay
of the onset of terminal differentiation depended on the ability
of E7 to both bind and degrade the pocket proteins. In con-
trast, the ability of HPV16 to reprogram cells to support DNA
synthesis required E7’s binding the pocket proteins but was not
wholly dependent upon E7’s inducing their degradation. Con-
sistent with these findings, we found that DNA synthesis oc-
curred in suprabasal cells even though they retained Rb pro-
tein and had initiated differentiation, as indicated by their
expression of K10. Lastly, we found that neither E7’s binding
nor degradation of pocket proteins was required for viral late
gene expression.

One of the most striking implications of our work comes
from the observation that HPV16 can reprogram cells to sup-
port DNA synthesis under conditions in which it fails to delay
the onset of differentiation. This finding is clearly demon-
strated by the properties of rafts harboring the E74FT-HE my-
tant HPV16 replicon, in which the differentiation program is
unaltered, yet DNA synthesis is induced in the suprabasal
compartment (Fig. 4C). These findings refute the hypothesis
that suprabasal DNA synthesis is merely a consequence of cells
being maintained in a basal compartment-like differentiation
state. Rather, it supports the alternative hypothesis that E7
directly alters the regulation of the cell cycle in a manner that
is separable from the disruption of the differentiation program.
A second set of implications comes from the finding that pRb
expression is significantly diminished in the basal compartment
of rafts harboring wild-type HPV16 replicons, yet pRbD is
largely retained in the suprabasal compartment of these rafts
(Fig. 2A to D). This is in stark contrast to the expression
pattern of p130, which has the opposite suprabasal expression
pattern of pRb in raft cultures of cells harboring HPV16 rep-
licons. Relative to pRb, p130 is greatly diminished in raft
cultures harboring HPV16 replicons (Fig. 2D). This difference
in expression patterns of p130 versus pRb may reflect the
unique roles of E7-pocket protein interactions in reprogram-
ming keratinocytes to support the HPV16 life cycle. The lack
of substantive pRb expression in monolayer HPV16 cultures,
combined with the lack of p130 expression in HPV16 raft
cultures, may illustrate a switch in E7 targeting as necessary for
the different steps of the HPV life cycle. Previous studies have
demonstrated that while both pRb and p130 can contribute to
cell cycle regulation and differentiation, pRb is required for the
switch from proliferation to early differentiation while p130
may largely regulate later stages of differentiation, especially
the maintenance of terminal differentiation (14, 25, 40). These
data indicate that early in the life cycle, as seen in the basal
compartment, it is most important for the virus to dysregulate
the cell cycle and impair the initial differentiation pathway; yet
when the virus moves to the suprabasal compartment later in
the life cycle, the emphasis switches to disruption of the ter-
minal differentiation program. The dysregulation of the cell
cycle and initial differentiation program in the life cycle may be
accomplished by degradation of pRb in the basal compart-
ment, while the disruption of the terminal differentiation path-
way may be gained by degradation of p130 (in conjunction with
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or independent of pRb inactivation) in the suprabasal com-
partment. If such mechanisms are in place to independently
disrupt the cell cycle or the differentiation program by HPV16,
it would also explain how suprabasal cells undergoing DNA
synthesis are also able to express differentiation markers, as
seen in Fig. 4C. In any case, it will be interesting to determine
how E7 is able to modulate its interactions with the different
pocket proteins in the basal versus the suprabasal compart-
ment.

That E7 can inactivate pRb function without degrading pRb,
as evidenced by the efficient induction of MCM?7 in rafts of
cells harboring wild-type or E7*"™™E mutant HPV16 repli-
cons, as well as the presence of pRb-BrdU double-positive cells
in the suprabasal compartment of rafts harboring wild-type
HPV16 replicons, has additional implications. One is that E7 is
present at sufficient stoichiometric levels to bind and sequester
sufficient amounts or an appropriate subpopulation of pRb or
other pocket protein molecules to deregulate the cell cycle,
thereby circumventing the need to degrade the pocket protein.
Alternatively, pRb may not be a critical target to degrade in
this phase of the life cycle. The data may also indicate that the
ability of E7 to disrupt the function of other cellular factors, in
addition to the pocket proteins, contributes to the deregulation
of the cell cycle. For example, E7 can bind and inactivate the
cyclin-dependent kinase inhibitor p21 (15, 27), which corre-
lates with the ability of E7 to inhibit the DNA damage res-
ponse, a property of E7 that likely reflects its ability to override
normal cell cycle control (21). In another study, investigators
have argued that E7’s ability to be phosphorylated by casein
kinase 2 is critical for E7 to reprogram cells to reenter S phase
(5). How the phosphorylation status of E7 affects its function is
not clear. Note that both E7TADLYC and E7APTLHE when
expressed ectopically or in vitro are competent for casein ki-
nase 2 phosphorylation, as well as p21 inactivation. Therefore,
this study does not address the contribution of these pocket
protein-independent factors to the life cycle of HPV16.
Whether such properties of HPV16 E7 contribute to its induc-
tion of suprabasal DNA synthesis in the context of the viral life
cycle remains unknown. Studies with mouse skin using genet-
ically engineered mouse strains clearly demonstrate that com-
plete inactivation of the pRb pathway is sufficient to induce
suprabasal DNA synthesis (1); when placed on a genetic back-
ground encoding a pRb that does not interact with E7, E7 is no
longer able to induce suprabasal DNA synthesis (S. J. Balsitis
and P. F. Lambert, manuscript in preparation). Thus, inacti-
vation of pRb is both necessary and sufficient to induce supra-
basal DNA synthesis in the mouse epidermis. However, it
remains unclear whether, in the context of the viral life cycle,
E7 achieves a complete deregulation of the cell cycle solely
through its binding to pRb. It is in this regard that properties
like E7’s inactivation of p21 are clearly relevant and warrant
further investigation.

Where the induction of DNA synthesis and activation of
MCM7- and Ki67-positive staining in the suprabasal compart-
ment of raft cultures harboring HPV16 replicons were depen-
dent on the ability of E7 to bind but not degrade the pocket
proteins, the delayed onset of differentiation within the spinous
layer relied on both properties of E7. These data suggest that
the delay in differentiation requires the efficient depletion of
one or more pocket proteins by E7. pRb, p107, and p130 are
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each implicated in differentiation processes (40, 45, 46). The
complete inactivation of pRb is sufficient to delay the onset of
differentiation in the spinous layer in the mouse (1). Further-
more, E7’s ability to delay the onset of differentiation in the
mouse epidermis is mostly lost on a genetic background en-
coding a pRb that cannot bind to E7 (Balsitis and Lambert,
manuscript in preparation). These data demonstrate that pRb
is a critical target for HPV16 to disrupt normal keratinocyte
differentiation. How pRb promotes differentiation is not
clearly understood. It is known that the differentiation-pro-
moting activity of pRb is distinct from its ability to interact with
E2F and promote G,/S arrest (47). Generally, epithelial cells,
muscle cells, and adipocytes require pRb for differentiation
(4,7, 19, 38, 46, 51). For muscle cells and adipocyte differen-
tiation, pRb functions as a required transcriptional coactivator
(4,32, 39, 47). In addition, posttranslational modifications of
pRb are also postulated to promote permanent cell cycle arrest
and/or an environment more responsive to differentiation fac-
tors (37). Whatever the mechanism(s), our data correspond
well with previous findings that indicate that the ability of pRb
to inactivate E2F activity is separable from its role in differ-
entiation. Furthermore, our data indicate that E7’s effect on
differentiation cannot be driven solely by its binding to pRb but
must also require its ability to induce pRb’s degradation.

One of the last steps of the viral life cycle is the expression
of late viral genes. While interactions of E7 with pocket pro-
teins have a significant effect on the induction of suprabasal
DNA synthesis, the proliferative capacity of the suprabasal
compartment and differentiation, they do not affect late viral
gene expression. A possible explanation for this lack of depen-
dence on E7 for late gene expression is that late viral gene
expression is regulated by differentiation-specific events arising
in the more superficial compartments. E7 is reduced in its
expression in the raft cultures compared to the monolayer
cultures, consistent with a model in which the level of E7 wanes
as cells migrate more superficially within stratified epithelial
tissue. A reduction in the levels of E7 protein in the more
superficial cells may reduce the efficiency with which E7 mod-
ulates differentiation, thus allowing normal differentiation and
late viral gene expression.

From these data, we put forth the following working model
to explain mechanistically E7’s role in the HPV16 life cycle. In
the basal compartment, E7, while not required for viral DNA
replication, nevertheless efficiently degrades pRb. The conse-
quence of this property in the nonproductive stage of the life
cycle remains obscure from our raft culture studies, but in vivo
studies demonstrate that the inactivation of pRb enhances the
proliferative index of the basal compartment (1). The absence
of such a difference in raft culture could simply reflect a lim-
itation of this dynamic in vitro model system. As basal cells
divide and daughter cells migrate into the suprabasal compart-
ment, E7 delays the onset of differentiation and reprograms
these cells to support DNA synthesis. Both properties corre-
late with E7’s ability to bind the pocket proteins, consistent
with the pocket proteins being relevant targets of E7. However,
the delay in differentiation relies more on E7’s ability to de-
grade the pocket proteins, perhaps specifically p130. We hy-
pothesize that the different facets of HPV16’s life cycle re-
quires different modes of pocket protein inactivation, due to
the ability of E7 to inhibit pocket protein function in the
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context of cell cycle by pocket protein-independent mecha-
nisms, including its inactivation of p21. In contrast, the inhibi-
tion of pocket protein function in differentiation relies upon a
more complete inactivation of the pocket proteins directly by
E7. What remains unclear is an understanding of which pocket
proteins are the relevant targets for E7 in mediating its differ-
ent effects in the viral life cycle and identification of other
biologically significant cellular targets.
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