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The production of the human papillomavirus type 16 (HPV-16) is intimately tied to the differentiation of the
host epithelium that it infects. Infection occurs in the basal layer of the epithelium at a site of wounding, where
the virus utilizes the host DNA replication machinery to establish itself as a low-copy-number episome. The
productive stage of the HPV-16 life cycle occurs in the postmitotic suprabasal layers of the epithelium, where
the virus amplifies its DNA to high copy number, synthesizes the capsid proteins (L1 and L2), encapsidates the
HPV-16 genome, and releases virion particles as the upper layer of the epithelium is shed. Papillomaviruses
are hypothesized to possess a mechanism to overcome the block in DNA synthesis that occurs in the differ-
entiated epithelial cells, and the HPV-16 E7 oncoprotein has been suggested to play a role in this process. To
determine whether E7 plays a role in the HPV-16 life cycle, an E7-deficient HPV-16 genome was created by
inserting a translational termination linker (TTL) in the E7 gene of the full HPV-16 genome. This DNA was
transfected into an immortalized human foreskin keratinocyte cell line shown previously to support the
HPV-16 life cycle, and stable cell lines were obtained that harbored the E7-deficient HPV-16 genome episo-
mally, the state of the genome found in normal infections. By culturing these cells under conditions which
promote the differentiation of epithelial cells, we found E7 to be necessary for the productive stage of the
HPV-16 life cycle. HPV-16 lacking E7 failed to amplify its DNA and expressed reduced amounts of the capsid
protein L1, which is required for virus production. E7 appears to create a favorable environment for HPV-16
DNA synthesis by perturbing the keratinocyte differentiation program and inducing the host DNA replication
machinery. These data demonstrate that E7 plays an essential role in the papillomavirus life cycle.

Human papillomaviruses (HPV) are small, double-stranded
DNA viruses that infect epithelial cells and lead to the pro-
duction of warts. A subset of HPVs infect the anogenital tract
and can be placed into two categories, the low- and high-risk
genotypes. While both low- and high-risk HPV genotypes lead
to the production of warts, the high-risk genotypes are also
associated with anogenital cancers including cervical cancer.
HPV-16 is the genotype most commonly found in cervical
cancer (31). The HPV life cycle is intimately tied to the dif-
ferentiation of the host epithelium that it infects. The HPV life
cycle begins in the basal layer of the epithelium, where the
virus is thought to gain entry at a site of wounding. In this layer
of the epithelium, the nonproductive stage of the HPV life
cycle occurs, where the virus establishes itself as a low-copy-
number episome by synthesizing its DNA on average once per
cell cycle via a bidirectional theta mode (1a, 8, 12, 30). The
productive stage of the HPV life cycle occurs in the suprabasal
layers of the epithelium, where the virus amplifies its DNA to
a high copy number. Here, the virus switches from a theta to a
rolling-circle mode of DNA replication (8), synthesizes the
capsid proteins, L1 and L2, and releases assembled virions
(15). The study of the HPV-16 life cycle and the role of the
various viral genes in the life cycle has been hindered by the
lack of a cell culture system which supports the viral life cycle.
Nevertheless, studying the life cycle of the virus is important,
because understanding the life cycle is important for creating
antiviral therapies that can stop the spread of HPV-16, which
has been associated with the majority of cervical cancers.

An important feature of the HPV life cycle is that it depends
on the host DNA replication machinery to synthesize its DNA,
because the virus does not encode a DNA polymerase. HPV
provides the viral proteins E1 and E2, which bind to the origin
of HPV DNA replication and recruit the host factors necessary
for viral DNA synthesis, including DNA polymerase a (4). The
host DNA replication machinery is readily available in the
proliferating basal layer of the epithelium where the nonpro-
ductive stage of the HPV life cycle occurs. However, host DNA
replication machinery is thought to become limiting in the
postmitotic, differentiated cells located in the suprabasal com-
partment of the epithelium (2, 9, 10). Paradoxically, it is in the
suprabasal compartment of the epithelium where HPV ampli-
fies its DNA to high copy number. Thus, the virus probably
possesses a mechanism to make these cells permissive for
DNA synthesis during the productive stage of the viral life
cycle.

The viral oncogene E7 is hypothesized to cause the postmi-
totic suprabasal cells to become permissive for DNA synthesis
(2, 6); however, the role of E7 in the HPV life cycle has not
been elucidated. E7 in the context of the HPV-16 life cycle
could behave differently from E7 alone, because its activities
may be affected by other viral genes. For example, E6 and E7
affect different proteins involved in the cell cycle; E6 binds and
degrades p53, while E7 binds to pRb (17). Previous studies in
which E7 has been expressed in the absence of the rest of the
HPV genome have demonstrated that E7 alone is sufficient to
induce DNA synthesis in differentiated keratinocytes and that
E7 alone induces factors of the host DNA replication machin-
ery such as proliferating-cell nuclear antigen (PCNA) (2, 6).
The induction of host DNA replication proteins by E7 alone is
thought to occur through the ability of E7 to sequester pRb,
liberating E2F and allowing it to induce the expression of
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genes encoding the DNA replication machinery. Other papil-
lomavirus genes, notably E6, also can alter epithelial differen-
tiation and induce epithelial cell hyperplasia (23). Therefore, it
is unclear what role E7 specifically plays in the viral life cycle.
Our study has focused on whether E7 creates a favorable
environment for viral DNA synthesis in differentiated keratin-
ocytes during the productive stage of the viral life cycle in the
presence of other viral genes that may affect the activities of E7
or may have redundant activities.

To assess the role of E7 in the papillomavirus life cycle, we
obtained cell lines that supported stable maintenance of the
E7-deficient HPV-16 genome. This was possible using an im-
mortalized human foreskin keratinocyte (HFK) cell line, BC-
1-Ep/SL, which supports the full viral life cycle of HPV-16 (7).
Using cells harboring the wild-type or E7-deficient HPV-16
genome episomally, we were able to determine the effects of
the loss of E7 on the HPV-16 life cycle. The cells harboring
wild-type or E7-deficient HPV-16 were grown using organo-
typic raft cultures and also suspended in methylcellulose to
induce differentiation and thus promote the productive stage
of the HPV-16 life cycle. The loss of E7 had a negative effect
on the productive stage of the HPV life cycle as evidenced by
the lack of viral DNA amplification and reduced L1 expres-
sion. Cells harboring the wild-type HPV-16 genome induced
the host DNA replication machinery and inhibited the differ-
entiation of keratinocytes in the suprabasal layer of the rafts.
Both properties were dependent on the presence of an intact
E7 gene. We hypothesize, therefore, that the perturbation of
differentiation and induction of DNA synthesis by E7 contrib-
utes to its ability to create a favorable environment for viral
DNA amplification during the productive stage of the HPV-16
life cycle.

MATERIALS AND METHODS

HPV DNA preparation for transfections. As a source of HPV-16 DNA, plas-
mid pEFHPV-16W12E, derived from W12E cells, was used (GenBank accession
no. AF125673) (7). To construct pEFHPV-16W12E/E7TTL, a translational ter-
mination linker (TTL), 59-TTAGTTAACTAA-39, was inserted at nucleotide 711
in the E7 gene of pEFHPV-16W12E. For transfections into BC-1-Ep/SL cells,
the viral DNA sequences from pEFHPV-16W12E or pEFHPV-16W12E/E7TTL
were excised from the pUC19 vector by digestion with BamHI. The HPV DNAs
were gel purified by electroelution, ethanol precipitated, quantified, and ligated
at low concentrations (50 ng/ml) to avoid the formation of multimers.

Cell culture. Epithelial cells were cultured as described previously (8, 16).
Briefly, cells were maintained at subconfluence on mitomycin C-treated m1 3T3
feeder cells in F medium (0.66 mM Ca21) composed of 3 parts Ham’s F12
medium to 1 part Dulbecco’s modified Eagle’s medium and supplemented with
the following components: 5% fetal bovine serum (FBS), adenine (24 mg/ml),
cholera toxin (8.4 ng/ml), epidermal growth factor (10 ng/ml), hydrocortisone
(2.4 mg/ml), and insulin (5 mg/ml). When the epithelial cells reached subconflu-
ence, the m1 3T3 feeder cells were removed with 0.02% EDTA and vigorous
pipetting. The epithelial cells were removed from the tissue culture dishes by
treatment with 0.1% trypsin–0.5 mM EDTA at 37°C.

Stable transfections. The recircularized HPV-16W12E DNA or HPV-
16W12E/E7TTL DNA (2 to 3.2 mg) was cotransfected with 1.2 to 1.8 mg of
pEGFPN1 (Clonetics), which encodes the green fluorescent protein and confers
G418 resistance, into immortalized HFKs (BC-1-EP/SL cells). The DNA was
transfected into the cells on a 6-cm dish in low-Ca21 F medium supplemented
with adenine (24 mg/ml), cholera toxin (8.4 ng/ml), epidermal growth factor (10
ng/ml), hydrocortisone (2.4 mg/ml), and insulin (5 mg/ml) by using LipofectACE
(Gibco-BRL), LipofectAMINE (Gibco-BRL), or Superfect (Qiagen) as specified
by the manufacturer. At 1 day posttransfection, the cells were trypsinized and
plated in F medium (0.66 mM Ca21) supplemented with 5% FBS, adenine (24
mg/ml), cholera toxin (8.4 ng/ml), hydrocortisone (2.4 mg/ml), and insulin (5
mg/ml) on 10-cm dishes containing m1 3T3 feeder cells. At 2 days posttransfec-
tion, 100 mg of G418 per ml was added to the medium. The level of G418 was
reduced to 50 mg/ml 4 days after transfection. The cells were fed every other day
until the untransfected control cells died, usually 5 to 6 days after selection
began. The resulting G418-resistant colonies (2 to 10 colonies per 10-cm dish)
were pooled and expanded for Southern analysis. This pool was referred to as a
cell population. To generate subclones, 1,000 cells from the populations were
plated on a 10-cm dish of m1 3T3 feeder cells. After 5 to 7 days, individual

colonies were picked and expanded. Cell lines 41AS2 and 13-9 are subcloned
populations. All other cell lines are cell populations.

Screening stable transfectants. Hirt DNA (low-molecular-weight DNA) (14)
was extracted from one 10-cm dish of each HPV-16 or HPV-16/E7TTL stably
transfected cell population. Half of the resulting DNA from each cell population
was linearized, while the other half remained undigested to determine the pres-
ence of open-circular and supercoiled viral DNA, indicators of episomal DNA as
detected in productive HPV infections. Hirt DNA extracted from W12E cells
was used as a positive control and a marker for open-circular, linear, and
supercoiled HPV-16 DNA. The DNA was electrophoresed on a 0.8% agarose gel
and transferred to a nitrocellulose membrane (Schleicher & Schuell). The blot
was probed with a full-length HPV-16 probe generated by restriction enzyme
digestion of pEFHPV-16W12E with BamHI and labeled with [a-32P]dCTP using
a random-primer labeling kit (Amersham). To visualize HPV DNA, the blot was
exposed to a PhosphorImager screen for 1 day or X-ray film for 2 to 5 days.

Raft cultures. Transwell inserts (24 mm in diameter and 0.4 mm in pore size)
(Costar) were coated with 1 ml of bovine tendon collagen type I (1 mg/ml)
(Upstate Biotechnology, Inc.) (1, 7). The remaining collagen was impregnated
with early-passage human foreskin fibroblasts (7.5 3 105 cells/ml) and plated on
the collagen-coated Transwell inserts. The collagen was allowed to contract for
5 days in a 5% CO2 incubator at 37°C in F12 medium containing 10% FBS. After
the collagen had contracted, 7 3 105 keratinocytes per 50 ml of keratinocyte
plating medium (F medium [1.88 mM Ca21] containing 0.5% FBS, adenine [24
mg/ml], cholera toxin [8.4 ng/ml], hydrocortisone [2.4 mg/ml], and insulin [5
mg/ml]) were plated on the collagen plug. Four days after the keratinocytes were
plated, the rafts were placed on two 1-in2 cotton pads (Schleicher & Schuell) in
a six-well tray (Organogenesis) to lift to the air-liquid interface. The rafts were
fed from below the Transwell insert with cornification medium (keratinocyte
plating medium containing 5% FBS) every third day. Ten days after being lifted
to the air-liquid interface, the rafts were fed for 8 h with cornification medium
containing 10 mM bromodeoxyuridine (BrdU). Subsequently, the rafts were fixed
in 4% formalin at 4°C for 15 h, embedded in 2% agar–1% formalin followed by
paraffin, and cut into 4-mm cross sections.

DNA in situ hybridization. DNA in situ hybridization was performed on 4-mm
cross sections of paraffin-embedded rafts using the Microprobe system (Fisher)
(3). Briefly, slides were dewaxed in xylene-HemoDe (FisherBrand) at a 1:3 ratio.
The slides were then hydrated in a graded series of alcohol washes, digested with
3 mg of pepsin per ml at 37°C for 20 min, neutralized with Tris-saline Brij (pH
7.5), and dehydrated with a graded series of alcohol washes. The following
biotin-labeled DNA probes were applied to the slides at 1.5 mg/ml: full-length
HPV-16, human placental DNA (positive control), and pBR322 (negative con-
trol). To denature the probes and target DNA, the slides were heated to 105°C
for 18 min. Hybridization was carried out at 37°C for 2 h. Hybrids were detected
by treatment with avidin-alkaline phosphatase conjugate (1:300) (Sigma) for 20
min (the condition found to detect amplified HPV DNA). Under less dilute
conditions, HPV DNA can be found throughout the raft in cells harboring either
HPV-16 or HPV-16/E7TTL episomally. For color development, the slides were
incubated with McGadey reagent (nitroblue tetrazolium chloride [0.33 mg/ml]
and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt [0.16 mg/ml] [both
from Boehringer Mannheim Biochemicals]) for 1 h at 37°C. The sections were
counterstained with nuclear fast red, mounted with Crystal Mount (Biomeda
Corp., Foster City, Calif.), and postmounted with Permount (Fisher).

Immunohistochemistry. Immunohistochemistry was performed on 4-mm cross
sections of paraffin-embedded rafts using the Vectastain ABC kit (Vector). The
slides were dewaxed in xylene and rehydrated in a graded series of alcohol
washes. For L1, PCNA, keratin 10 (K10), filaggrin, and involucrin immunohis-
tochemistry, the following conditions were used. After dewaxing, the slides were
treated with 3 mg of pepsin per ml for 10 min, incubated with the blocking serum
supplied in the Vectastain ABC kit, and incubated with the primary antibodies at
room temperature. For L1 staining, the anti-L1 antibody (camvir-1) was used at
a dilution of 1:50 for 3 h. PCNA staining was performed at a dilution of 1:200 for
3 h using the PCNA-specific antibody (clone 19F4 [Boehringer Mannheim]). For
keratin 10 staining, the K10-specific antibody (clone Ck 8.60 [Sigma]) was used
at a dilution of 1:200 for 2.5 h. For filaggrin staining, a monoclonal anti-human
filaggrin antibody (Biomedical Technologies Inc.) was diluted 1:100 for 3 h.
Involucrin staining was performed using the anti-involucrin antibody (clone SY5
[Sigma]) at a dilution of 1:200 for 3 h. DNA polymerase a (DNA pola), p53,
mdm2, and p21 immunohistochemistry was performed under the following con-
ditions. To expose the epitope, the slides were boiled in a microwave for 10 min
in 10 mM sodium citrate buffer (pH 6.0). The slides were treated with blocking
serum, as mentioned previously, followed by incubation with the primary anti-
body. DNA pola (clone CL-22-2-42B [PanVera]) and mdm2 (clone 2A10) (5)
immunohistochemistry was performed at a dilution of 1:100, anti-human p21
(clone 6B6 [PharMingen]) was used at a dilution of 1:500, and anti-human p53
(clone DO-1) was used at a dilution of 1:1,000, all for 3 h. All antibodies were
detected using the Vectastain ABC kit as specified by the manufacturer. Slides
were counterstained with hematoxylin (Vector) for 2 min to reveal the tissue
morphology and mounted with Cytoseal (Stephens Scientific). For detection of
BrdU incorporation, the BrdU staining kit (Calbiochem) was used as specified by
the manufacturer, except that incubation with the primary antibody was per-
formed for 3 h. To quantify the percentage of positively stained cells presented
in Table 2 for each sample, the number of positively stained cells in four fields
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(magnification, 340) was averaged and divided by the average of total nucleated
cells in four fields (340).

HPV DNA levels in methylcellulose-cultured cells. Epithelial cells grown to
subconfluence on m1 3T3 feeder cells were trypsinized and counted. A total of
107 cells were suspended in a 50-ml conical tube (Falcon) containing 20 ml of F
medium (0.66 mM Ca21) composed of 1.68% methylcellulose, 20% FBS, ade-
nine (24 mg/ml), cholera toxin (8.4 ng/ml), hydrocortisone (2.4 mg/ml), and
insulin (5 mg/ml). To recover cells from suspension, the methylcellulose medium
was diluted with serum-free F medium and centrifuged at 2,000 rpm for 20 min
in a Beckman GPR centrifuge. After aspiration of the dilute methylcellulose, the
resulting cell pellet was washed twice in 13 phosphate-buffered saline and
centrifuged. Cells were counted to determine the number of cells recovered. Hirt
DNA (14) was extracted from 5 3 105 cells and electrophoresed on a 0.8%
agarose gel. Southern analysis was performed using an [a-32P]dCTP-labeled
HPV-16 probe. The blots were exposed to a PhosphorImager screen, and the
DNA was quantified using ImageQuant software.

Apoptosis. DNA fragmentation was detected in 4-mm sections of paraffin-
embedded raft cultures using the ApopTag kit (Intergen). Slides were dewaxed
in xylene and rehydrated in a graded series of alcohol washes. Fragmented DNA
was labeled in situ with digoxigenin using the terminal deoxynucleotidyltrans-
ferase (TdT) enzyme at 37°C for 1 h. Digoxigenin-labeled DNA was detected
with an antidigoxigenin antibody conjugated to fluorescein. The slides were
counterstained with fast green to reveal tissue morphology, mounted using 0.4%
N-propyl gallate–50% glycerol in phosphate-buffered saline, and viewed by flu-
orescence microscopy.

RESULTS

The viral oncogene E7, in the context of the full episomal
HPV-16 genome, extends the life span of HFKs. Previously, we
showed that HFKs can support the HPV-16 life cycle (7). To
determine whether E7 plays a role in the HPV-16 life cycle, we
introduced a TTL into the E7 gene of a plasmid containing a
replication-competent HPV-16 genome (7). Early-passage
HFKs were cotransfected with plasmid pEGFPN1 (which con-
fers resistance to G418 and expresses the green fluorescent
protein) and either the wild-type or E7 mutant HPV-16 ge-
nome. Following selection in G418, the resulting colonies were
expanded and screened for the presence of episomal HPV
DNA by Southern analysis. While 100% of the colonies arising
from the transfection with wild-type HPV-16 could be
screened for the presence of episomal viral DNA, analysis of
the colonies arising from transfections with the E7-deficient
HPV-16 genome was problematic. Cells transfected with this
viral genome senesced before they could be expanded to suf-
ficient numbers for analysis. Since cells transfected with plas-
mid pEGFPN1 alone also senesced, we interpret these data to
indicate that wild-type HPV-16, but not E7-defective HPV-16,
causes an extension of the life span of HFKs.

The viral oncogene E7 is not necessary for HPV-16 DNA
replication during the nonproductive stage of the viral life
cycle. An immortalized HFK cell line, BC-1-Ep/SL (NIKS; see
reference 1), can support the HPV life cycle (7). To circumvent
the problem of senescence in early-passage HFKs, we used the
BC-1-Ep/SL cells to determine the role of E7 in the HPV-16
life cycle. BC-1-Ep/SL cells were transfected as described
above for the early-passage HFKs and cultured to maintain
their basal cell-like properties, thereby providing a cellular
environment supportive of the nonproductive stage of the
HPV life cycle. We screened for the presence of episomal HPV
DNA by isolating low-molecular-weight DNA and performing
Southern analysis. Some examples of the cell populations har-
boring episomal HPV DNA are shown in Fig. 1. Supercoiled
and open-circular DNA was present in all samples in Fig. 1,
indicative of episomal HPV DNA as seen in HPV infections.
The Southern blot shown in Fig. 1 contains examples of BC-
1-Ep/SL cells stably harboring the wild-type HPV-16 genome
episomally [BC16/E7(1) cells] (lanes 2 to 5) and examples of
cells stably harboring the E7-deficient HPV-16 genome episo-
mally [BC16/E7(2) cells] (lanes 6 to 11). The number of col-
onies screened and found to have episomal HPV DNA is
summarized in Table 1. We found that comparable numbers of
colonies harbored wild-type or E7-deficient HPV-16 episoma-
lly (Table 1). The copy numbers of the wild-type or E7-defi-
cient HPV-16 genomes in the different populations were as-
sessed by Southern analysis of total genomic DNA and found
to range from 5 to 50 copies/cell. One population (13-9) har-
boring the E7TTL HPV-16 DNA had a copy number of several
hundred. The similarity in copy number between wild-type and

FIG. 1. Analysis of HPV DNA isolated from BC-1-Ep/SL stably transfected populations. Shown is an autoradiograph of a Southern blot containing Hirt DNA
extracted from BC-1-Ep/SL/HPV-16 [BC16/E7(1)] populations (41A and 41AS2), BC-1-Ep/SL/HPV-16/E7TTL [BC16/E7(2)] populations (29A, 59A, and 13-9), and
W12E cells. The blot was hybridized to a full-length HPV-16 DNA probe. Undigested (U) Hirt DNA from the BC16/E7(1) cells (41A and 41AS2), the BC16/E7(2)
cells (29A, 59A, and 13-9), and W12E cells contains open-circular (OC) and supercoiled (SC) HPV-16 DNA (lanes 1, 2, 4, 6, 8, 10, and 12). The DNA from the
BC16/E7(1) cells (41A and 41AS2) was linearized (L) by digestion with BamHI (B) (lanes 3 and 5), and the DNA from BC16/E7(2) cells (29A, 59A, and 13-9) was
linearized (L) by digestion with HpaI (H) (lanes 7, 9, and 11). Lanes 10 to 13 are from a different gel and are shown as a separate box. Arrows on either side of the
autoradiographs indicate the migration of open-circular, linear, and supercoiled DNA.

TABLE 1. Summary of stable transfectants harboring episomal
HPV-16 DNA

Cell line HPV DNA
No. of
trans-

fections

Total
no. of

populations
screened

No. with
episomal

DNA

% with
episomal

DNA

HFK HPV-16 38 38 6 16
HFK HPV-16 E7TTL 50 NAa NA NA
BC-1-Ep/SL HPV-16 117 117 9 7
BC-1-Ep/SL HPV-16 E7TTL 79 79 7 9

a NA, not available.
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E7-deficient HPV-16 correlated with similarities in their effi-
ciency of replication as assessed in transient-replication assays
(data not shown). These results demonstrate that E7 is not
needed for HPV-16 DNA synthesis in the nonproductive stage
of the viral life cycle.

Loss of E7 leads to defects in the productive stage of the
viral life cycle. To determine the effect of the loss of E7 on
virion production, we induced differentiation of the cells har-
boring either the wild-type or the E7-deficient HPV-16 ge-
nome episomally by suspension in methylcellulose or use of

FIG. 2. Southern analysis of HPV DNA extracted from stably transfected BC-1-Ep/SL cells cultured in methylcellulose. Shown are autoradiographs of Southern
blots containing Hirt DNA extracted from 2 3 105 cells of BC-1-Ep/SL/HPV-16 [BC16/E7(1)] populations (41A and 41AS2) and BC-1-Ep/SL/HPV-16/E7TTL
[BC16/E7(2)] populations (29A, 59A, and 13-9) (A) and a BC-1-Ep/SL/HPV-16/E7TTL population (58A) (B) cultured under various conditions. The resulting DNA
was linearized with BamHI. These cells were cultured under conditions so that they remained primarily undifferentiated (U) (lanes 3, 6, 9, 12, and 15 [A] and lane 3
[B]), suspended in methylcellulose for 1 day (1) (lanes 4, 7, 10, 13, and 16 [A] and lane 4 [B]), and suspended in methylcellulose for 2 days (2) (lanes 5, 8, 11, 14, and
17 [A] and lane 5 [B]). Two amounts of standards (S) of linearized HPV-16 DNA were run, 1,000 pg (lanes 1) and 100 pg (lanes 2). The blot was hybridized to a
full-length HPV-16 DNA probe. Note that in all of the cell populations used in these experiments, only episomal HPV-16 genomes could be detected by Southern
analyses (Fig. 1 and data not shown).

FIG. 3. HPV-16 DNA in situ hybridization and L1 immunohistochemical analysis of organotypic raft cultures. Shown are epithelial organotypic raft cultures of
BC-1-Ep/SL cells, BC-1-Ep/SL/HPV-16 cells [BC16/E7(1)] (41A), W12E cells, and BC-1-Ep/SL/HPV-16/E7TTL cells [BC16/E7(2)] (13-9) which were maintained on
a dermal equivalent of collagen impregnated with human foreskin fibroblasts. The rafts were lifted to the air-liquid interface after 4 days in culture and harvested 10
days later. The rafts were fixed in 4% formalin, embedded in paraffin, and cut into 4-mm serial sections. (A to D) Cross sections from each sample stained with
hematoxylin and eosin are shown: BC-1-Ep/SL (A), BC-1-Ep/SL/HPV-16 (B), W12E (C), and BC-1-Ep/SL/HPV-16/E7TTL (D). (E to H) For DNA in situ hybridization
(DNA ISH), cross sections from each sample were hybridized with a biotin-labeled HPV-16 DNA probe and detected by treating the slides with an avidin-alkaline
phosphatase conjugate followed by NBT-BCIP. Positive nuclei are stained dark purple and are indicated by arrows. Many positive nuclei are present in the
BC-1-Ep/SL/HPV-16 rafts (F) and in the W12E rafts (G); no nuclei stained positively in the BC-1-Ep/SL/HPV-16/E7TTL rafts (H) or the BC-1-Ep/SL rafts (E). (I to
L) For L1 immunohistochemistry, cross sections from each sample were incubated with an anti-L1 antibody and detected using the Vectastain ABC kit. Positive cells
are stained brown and are indicated by arrows. Positive cells were detected in BC-1-EP/SL/HPV-16 rafts (J) and W12E rafts (K) but not BC-1-EP/SL rafts (I), and a
few weakly positive cells were detected in BC-1-Ep/SL/HPV-16/E7TTL rafts (L).
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raft cultures. Using these cultures, viral DNA amplification, a
hallmark of the productive stage of the HPV life cycle, was
monitored. Evidence for viral DNA amplification was deter-
mined by comparing the level of HPV-16 DNA produced dur-
ing the nonproductive stage of the life cycle to the level of
HPV-16 DNA produced in the productive stage of the life
cycle. To mimic the nonproductive stage of the viral life cycle,
cells were cultured under conditions in which they remained
primarily undifferentiated. To induce the productive stage of
the viral life cycle, cells were induced to differentiate by sus-
pension in semisolid methylcellulose medium for 1 and 2 days
(8, 13, 21). Low-molecular-weight DNA was extracted from an
equivalent number of undifferentiated and differentiated cells
and subjected to Southern analysis. After 1 day in methylcel-
lulose, the amount of wild-type HPV-16 DNA increased dra-
matically and reproducibly (Fig. 2A, lanes 3 and 4 and lanes 6
and 7). Two days after suspension in methylcellulose, the
amount of wild-type HPV-16 DNA was larger than the amount
present in the undifferentiated cells but was reduced compared
to the amount present after 1 day in methylcellulose (lanes 3 to
8). This reduction probably reflects the induction of apoptosis
in keratinocytes upon suspension in methylcellulose (22). In
contrast, cells harboring the E7-deficient HPV-16 genome re-

producibly failed to exhibit any increase in viral DNA produc-
tion after suspension in methylcellulose; rather, they showed a
decreased amount of viral DNA regardless of the HPV DNA
copy number (Fig. 2A, lanes 9 to 17; Fig. 2B, lanes 3 to 5).
Again, this decrease probably is attributable to the induction of
apoptosis by suspension of cells in methylcellulose. These ini-
tial results provide evidence that E7 is necessary for viral DNA
amplification.

The effect of the loss of E7 on viral DNA amplification was
also monitored in raft cultures containing cells harboring ei-
ther the wild-type or the E7-deficient HPV-16 genome. The
W12E raft cultures were used as a positive control for produc-
tive HPV-16 infections throughout this study because W12E
cells were derived from an HPV-16-infected patient and har-
bor HPV-16 episomally (16, 24, 25). Paraffin-embedded sec-
tions of the raft cultures were stained with hematoxylin and
eosin to reveal stratification of the keratinocytes (Fig. 3A to
D). Viral DNA amplification was monitored by in situ hybrid-
ization using a biotin-labeled HPV-16 DNA probe. Using con-
ditions that allowed the detection only of cells with highly
amplified HPV-16 DNA, we detected amplified HPV-16 in the
suprabasal layers of BC16/E7(1) rafts (Fig. 3F) and W12E
rafts (Fig. 3G) but not in raft cultures composed of the paren-

FIG. 4. Immunohistochemical staining for indicators of DNA synthesis in organotypic raft cultures. Shown are epithelial organotypic raft cultures of BC-1-Ep/SL
cells, BC-1-Ep/SL/HPV-16 [BC16/E7(1)] cells (41A), BC-1-Ep/SL/HPV-16/E7TTL [BC16/E7(2)] cells (13-9), and W12E cells. (A to D) For BrdU detection, rafts were
labeled with BrdU for 8 h before being fixed. BrdU incorporation was detected by immunohistochemical staining using a biotin-conjugated BrdU antibody available
in the BrdU staining kit (Calbiochem). BrdU-positive cells were detected in the basal and suprabasal layers of BC-1-Ep/SL/HPV-16 rafts (B) and W12E rafts (C) but
only in the basal layer of BC-1-Ep/SL rafts (A) and BC-1-Ep/SL/HPV-16/E7TTL rafts (D). (E to H) PCNA was detected by immunohistochemical staining using an
antibody against PCNA (clone 19F4). PCNA-positive cells were detected in the basal and suprabasal layers of BC-1-Ep/SL/HPV-16 rafts (F) and W12E rafts (G) but
only in the basal layer of BC-1-Ep/SL rafts (E) and BC-1-Ep/SL/E7TTL rafts (H). (I to L) DNA pola was detected by immunohistochemical staining using an antibody
for DNA pola (clone CL-22-2-42B). Many DNA pola-positive cells were found in the basal and suprabasal layers of BC-1-Ep/SL/HPV-16 rafts (J) and W12E rafts (K)
and were found as high as the granular layer; DNA pola was found in the basal and suprabasal layers of BC-1-Ep/SL/HPV-16/E7TTL rafts (L); there were fewer positive
cells in BC-1-Ep/SL/HPV-16/E7TTL rafts than in rafts containing wild-type HPV-16, and no positive cells were found in the granular layer. DNA pola was found only
in the basal layer of BC-1-Ep/SL rafts (I). All BrdU-, PCNA-, and DNA pola-positive cells are brown, and examples of positive cells are indicated by arrows. Note that
most cells which are positive are not indicated by arrows.
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tal BC-1-Ep/SL cells (Fig. 3E) or BC16/E7(2) (Fig. 3H) cells.
Using in situ hybridization conditions that allowed the detec-
tion of low levels of HPV DNA, we found that all cells in the
HPV1 rafts, including the BC16/E7(2) rafts, contained
HPV-16 DNA (data not shown). This latter result confirms
that BC16/E7(2) rafts had appropriate reservoirs of cells in
which amplification should have been detectable, if it had
occurred. These results provide additional evidence that E7 is
essential for HPV-16 DNA amplification.

We monitored another hallmark of the productive stage of
the HPV-16 life cycle, the expression of the late capsid protein
L1. The expression of this protein was monitored in raft cul-
tures by immunohistochemistry using an antibody against
HPV-16 L1 (camvir-1) (Fig. 3). Since L1 is synthesized during
the productive stage of the HPV life cycle, it serves as a marker
for the productive stage of the viral life cycle. L1-positive cells
were found in the granular layer of the raft cultures containing
BC16/E7(1) cells (Fig. 3J) and W12E cells (Fig. 3K) but not
BC-1-Ep/SL cells (Fig. 3I). L1-positive cells were detected less
frequently in the rafts containing BC16/E7(2) cells (Fig. 3L)
than in those containing the BC16/E7(1) cells, indicating that
the loss of E7 has a negative effect on the production of the
viral capsid protein L1.

Loss of E7 results in reduced host DNA synthesis and re-
duced expression of the DNA replication machinery in the
suprabasal layers of raft cultures during the productive stage
of the HPV-16 life cycle. E7 alone induces host DNA synthesis
and factors of the host DNA replication machinery such as
PCNA in the suprabasal layers of human keratinocyte raft
cultures (2, 6). This property of E7 probably contributes to its
above-demonstrated role in the productive stage of the viral
life cycle. However, E6 also can induce hyperplasia in vivo,
leading to the presence of DNA synthesis-competent cells in
the suprabasal compartment in the mouse epidermis (23). To
assess whether E7 is necessary for creating a favorable envi-
ronment for the productive stage of the viral life cycle, immu-
nohistochemistry was performed on BC16/E7(1) rafts or on
BC16/E7(2) rafts by using antibodies against different markers
of DNA synthesis (BrdU, PCNA, and DNA pola).

To determine whether DNA synthesis occurred in the su-
prabasal layers of the E7-deficient HPV-16 raft cultures, cells
were labeled with the thymidine analog BrdU for 8 h. BrdU
incorporation was detected in the basal and suprabasal layers
of the BC16/E7(1) rafts (Fig. 4B) and the W12E rafts (Fig.

4C). In contrast, the BC16/E7(2) rafts (Fig. 4D), like the
BC-1-Ep/SL rafts (Fig. 4A), contained BrdU incorporated in the
basal layer only. Quantitation of BrdU immunohistochemistry is
provided in Table 2. These data indicate that E7 in the context of
the full HPV-16 genome is required for HPV-16 to induce DNA
synthesis in the suprabasal compartment of the epithelia.

To determine the effect that the loss of E7, in the context of
the HPV-16 life cycle, had on the host DNA replication ma-
chinery, immunohistochemistry was performed on paraffin-
embedded cross sections of raft cultures using antibodies
against PCNA and DNA pola. PCNA was found in the basal
and suprabasal layers of all HPV-16-positive rafts tested (Fig.
4F and G; Table 2). In contrast, PCNA was detected only in
the basal layer of BC16/E7(2) rafts (Fig. 4H) and BC-1-Ep/SL
rafts (Fig. 4E). This result indicates that during the HPV-16
viral life cycle, E7 is necessary for the induction of PCNA.
DNA pola, an important component of the DNA replication
machinery, was found in many cells in the basal and suprabasal
layers of the BC16/E7(1) rafts (Fig. 4J) and in W12E rafts up
to and including the granular layer (Fig. 4K; Table 2). The
BC16/E7(2) rafts contained fewer DNA pola-positive nuclei
in the basal and suprabasal layers (Fig. 4L). The BC-1-Ep/SL
rafts contained weakly positive cells only in the basal layer (Fig.
4I), indicating that while E7 may induce DNA pola, other
HPV-16 genes may also contribute to this induction.

Loss of E7 results in reduced expression of the cellular
proteins p53, mdm2, and p21. Levels of the cellular proteins
p53, mdm2, and p21 have been shown previously to be in-
creased by the viral oncogene E7 (22a, 28). We wanted to
determine whether the expression of these proteins in an
HPV-16 infection is altered. To address this question, immu-
nohistochemistry was performed using antibodies against the
cellular proteins p53, mdm2, and p21. p53 was detected in the
suprabasal layers of rafts containing cells harboring the wild-
type HPV-16 genome episomally, BC16/E7(1) rafts (Fig. 5B),
and W12E rafts (Fig. 5C). In contrast, rafts composed of BC16/
E7(2) cells contained few p53-positive cells (Fig. 5D) and
BC-1-Ep/SL rafts contained p53-positive cells in the basal layer
only (Fig. 5A). These results indicate that E7 increased the
levels of p53 in the suprabasal layers of the rafts even in the
presence of an intact E6 gene. This was only true in the su-
prabasal layer of the raft. In the basal layer of BC16/E7(1)
rafts, p53 was not present, indicating that E6 is performing its
expected role of targeting p53 for degradation there.

TABLE 2. Summary of immunohistochemical staining for DNA synthesis markers in raft cultures

DNA synthesis
marker and layer of

raft culture

% of cells positive for marker in indicated layer of raft culture

BC-1-Ep/SL BC-1-Ep/SL/HPV-16
(41AWT)

BC-1-Ep/SL/HPV-16
(11-1)

BC-1-Ep/SL/HPV-16/E7TTL
(13-9) W12E

BrdU
Basal layer 13 24 20 19 26
Suprabasal layer 0 17 14 0 20

PCNA
Basal layer 34 45 43 42 76
Suprabasal layer 0 12 10 0 31

DNA pola
Basal layer 14 96 82 64 100
Suprabasal layer 0 54 53 14 55

mdm2
Basal layer 15 90 81 16 97
Suprabasal layer 16 52 73 11 48
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It has recently been shown that E7 disrupts the interaction
between mdm2 and p53 (22a). Additionally, levels of mdm2
are elevated in E7-expressing cells (28). This upregulation of
mdm2 by E7 is dependent on p53, and E6 downregulates this
effect by E7 (22a). A potentially important feature of mdm2 is
that it stimulates E2F-responsive transcription, which is essen-
tial in the transactivation of the host DNA replication machin-
ery (19, 26). To determine whether E7 upregulates mdm2 in
the context of the HPV-16 life cycle where E6 is also present,
immunohistochemistry was performed using an anti-mdm2 an-
tibody. The number of mdm2-positive cells in the basal layer of
BC16/E7(1) rafts (Fig. 5F) and W12E rafts (Fig. 5G) (81 to
97%) was larger than the number of positive cells in the basal
layer of BC16/E7(2) rafts (Fig. 5H) (16%) or BC-1-Ep/SL
rafts (Fig. 5E) (15%) (Table 2). mdm2 was also detected at
different levels in the suprabasal layers of all the rafts. The
number of mdm2-positive cells in the suprabasal layers of
BC16/E7(1) and W12E rafts (48 to 73%) was larger than that
in the BC16/E7(2) rafts (11%) or the BC-1-Ep/SL rafts (16%).
Thus, E7 can induce mdm2 in the context of the HPV-16 life
cycle.

p21, an inhibitor of PCNA, is upregulated in E7-positive
cells and abrogated in its cdk inhibition activity by E7 (11, 17).
Like mdm2, p21 is a p53-responsive gene. Therefore, we pre-
dicted that we would find elevated levels of p21, given the

elevated levels of p53 in the suprabasal compartment of the
HPV-16-positive rafts. Immunohistochemistry using an anti-
body for human p21 was performed on W12E, BC16/E7(1),
and BC16/E7(2) rafts. In control BC-1-Ep/SL rafts, there were
weakly positive cells in the basal and parabasal layers of the
raft (Fig. 5I). Rafts containing cells harboring the full-length
HPV-16 genome episomally, BC16/E7(1) and W12E, con-
tained strongly positive cells in the suprabasal layers (Fig. 5J
and K). The p21 staining pattern in the BC16/E7(2) rafts (Fig.
5L) was similar to that seen in the BC-1-Ep/SL rafts; cells in
these rafts were only weakly positive for p21. Thus, two p53-
responsive proteins, mdm2 and p21, are present at elevated
levels in the suprabasal compartment of HPV-16-positive rafts,
depending on the presence of E7.

Perturbation of the normal program of keratinocyte differ-
entiation in raft cultures by HPV-16 is dependent on E7. The
viral oncogenes E6 and E7 each perturb the differentiation
program of early-passage HFKs (20, 29) and in the mouse
epidermis (23). The full-length HPV-16/W12E genome har-
bored episomally in BC-1-Ep/SL cells also can disrupt the
differentiation program of the cells (7). Differentiated keratin-
ocytes are postmitotic; thus, E7 may inhibit differentiation to
allow DNA synthesis to occur in the suprabasal layer of the
epithelium. To determine the effect that the loss of E7 in the
full, episomal HPV-16 genome had on the differentiation pro-

FIG. 5. Immunohistochemical staining for the cellular proteins p53, mdm2, and p21. Shown are epithelial organotypic raft cultures of BC-1-Ep/SL cells,
BC-1-Ep/SL/HPV-16 [BC16/E7(1)] cells (41A), BC-1-Ep/SL/HPV-16/E7TTL [BC16/E7(2)] cells (13-9), and W12E cells. p53 was detected by immunohistochemical
staining using an antibody against human p53 (clone DO-1). (A to D) p53-positive cells were detected in the suprabasal layers of BC-1-Ep/SL/HPV-16 rafts (B) and
W12E rafts (C) but only in the basal layer of BC-1-Ep/SL rafts (A); little p53 staining could be seen in BC-1-Ep/SL/HPV-16/E7TTL rafts (D). (E to H) mdm2 was
detected by immunohistochemical staining using an antibody against mdm2 (clone 2A10). Many positive cells were detected in the basal and suprabasal layers of
BC-1-Ep/SL/HPV-16 rafts (F) and W12E rafts (G); fewer positive cells were detected in BC-1-Ep/SL rafts (E) and BC-1-Ep/SL/HPV-16/E7TTL rafts (H). (I to L) p21
was detected by immunohistochemical staining using an antibody against human p21 (clone 6B6). Positive cells were detected in the suprabasal layer of BC-1-Ep/SL/
HPV-16 rafts (J) and W12E rafts (K); weakly positive cells were detected in the basal layer of BC-1-Ep/SL rafts (I) and BC-1-Ep/SL/HPV-16/E7TTL rafts (L). p53-,
mdm2-, and p21-positive cells are brown, and examples of positive cells are indicated by arrows. Note that most cells which are positive are not indicated by arrows.
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gram of BC-1-Ep/SL cells, immunohistochemistry was per-
formed on raft cultures using antibodies for markers of epi-
thelial differentiation, K10, involucrin, and filaggrin. K10 and
involucrin are expressed in the spinous layer of normal epithe-
lia, and filaggrin is expressed in the granular layer. The BC-1-
Ep/SL raft stained uniformly for K10 and involucrin in the
spinous layer and filaggrin in the granular layer (Fig. 6A, E and
I). While the BC16/E7(1) (Fig. 6B, F, and J) and W12E (Fig.
6C, G, and K) rafts were positive for K10 and involucrin in the
spinous layer and filaggrin in the granular layer, the staining
was not uniform. Large dysplastic cells with enlarged nuclei
existed within these layers and did not stain positively for these
differentiation markers. In contrast, the BC16/E7(2) rafts did
not contain dysplastic cells and exhibited a more uniform stain-
ing for all three differentiation markers (Fig. 6D, H, and L), as
seen in the BC-1-Ep/SL rafts. These data indicate that in the
context of the HPV-16 life cycle, E7 perturbs the differentia-
tion program of keratinocytes.

E7 induces apoptosis in the context of the full HPV-16 life
cycle. E7 alone has previously been demonstrated to induce
programmed cell death (apoptosis) in transgenic mice (16, 23).
Additionally, E6 has been shown to counteract the effect of E7
by inhibiting apoptosis (23). Because these viral oncogenes
have opposing effects on apoptosis, we wanted to determine
whether apoptosis occurred during the full HPV-16 life cycle in
the presence of both genes. We assayed for fragmented DNA,
a hallmark of apoptosis, using the TdT-mediated dUTP-biotin
nick end labeling (TUNEL) assay. The presence of fluoros-
cein-positive cells, indicative of fragmented DNA, was not
detected in BC-1-Ep/SL rafts (Fig. 6M). Many fluorescein-
positive cells were detected in the suprabasal layers of BC16/
E7(1) (Fig. 6N) and W12E (Fig. 6O) rafts. Therefore,
HPV-16 induces apoptosis. In contrast, fluorescein-positive
cells could not be detected in the BC16/E7(2) rafts (Fig. 6P),
indicating that E7 is necessary for this induction of apoptosis in
the context of the HPV-16 life cycle.

FIG. 6. Immunohistochemical staining for terminal differentiation markers of organotypic raft cultures. Shown are epithelial organotypic raft cultures of BC-1-
Ep/SL cells, BC-1-Ep/SL/HPV-16 [BC16/E7(1)] cells (41A), BC-1-Ep/SL/HPV-16/E7TTL [BC16/E7(2)] cells (13-9), and W12E cells. (A to D) K10 was detected by
immunohistochemical staining using an anti-K10 antibody (clone Ck 8.60). Positive cells are brown and were detected in the suprabasal layers of BC-1-Ep/SL rafts (A),
BC-1-Ep/SL/HPV-16 rafts (B), W12E rafts (C), and BC-1-Ep/SL/HPV-16/E7TTL rafts (D). (E to H) Involucrin was detected by immunohistochemical staining using
an anti-involucrin antibody (clone SY5). Positive cells are brown and are present in the suprabasal layers of BC-1-Ep/SL rafts (E), BC-1-Ep/SL/HPV-16 rafts (F), W12E
rafts (G), and BC-1-Ep/SL/HPV-16/E7TTL rafts (H). (I to L) Filaggrin was detected with an antifilaggrin antibody. Positive cells are stained brown and were detected
in the granular layer of BC-1-Ep/SL rafts (I), BC-1-Ep/SL/HPV-16 rafts (J), W12E rafts (K), and BC-1-Ep/SL/HPV-16/E7TTL rafts (L). (M to P) DNA fragmentation
was detected in situ using the Apoptag kit. DNA fragmentation was detected in the suprabasal layers of BC-1-Ep/SL/HPV-16 rafts (N) and W12E rafts (O) but not
in BC-1-Ep/SL rafts (M) or BC-1-Ep/SL/HPV-16/E7TTL rafts (P). Cells undergoing apoptosis are green. Examples of positive cells are indicated by white arrows.
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DISCUSSION

Requirement for E7 in the HPV-16 life cycle. In this study,
we have determined that E7 plays a critical role in the produc-
tive stage of the HPV-16 life cycle. We found that cells har-
boring the E7-defective HPV-16 genome failed to amplify the
viral DNA and had reduced L1 expression compared to cells
harboring the wild-type HPV-16 genome. Only cells containing
the wild-type HPV-16 genome supported DNA synthesis and
overexpressed host factors implicated in DNA synthesis in the
suprabasal layers of rafts. DNA synthesis did not occur in the
suprabasal layers of rafts harboring the E7-defective HPV-16
genome, and the host DNA replication machinery was present
at reduced levels compared to those in wild-type HPV-16 rafts.
Lastly, E7 in the context of the full-length HPV-16 genome per-
turbed the program of keratinocyte differentiation. We hypothe-
size that some or all of these activities of E7 contribute to its
creating a more favorable environment for HPV DNA synthesis
and virus production in the suprabasal layers of the epithelium.

Our ability to identify a role for E7 in the productive stage
of the papillomavirus life cycle relied on our use of the BC-1-
Ep/SL immortalized HFK cell line. With these cells, we could
expand cell populations harboring the E7-defective genome, a
feat that was not possible using early-passage HFKs. Other
investigators have tried to analyze E7 function in the HPV life
cycle by using early-passage HFKs. As in our experience with
E7-defective HPV-16 genomes, E7-defective HPV-18 and
HPV-31 genomes were found not to extend the life span of the
HFKs. As a consequence, full viral life cycle studies cannot be
performed with HFKs, as was our experience. However, these
investigators were able to expand cell populations sufficiently
to monitor the genomic state of the E7-defective HPV-18 and
HPV-31 genomes under conditions supporting the nonproduc-
tive stage of the viral life cycle. E7-defective HPV-18 was
found to be maintained as an episome in HFKs (C. Meyers,
personal communication), as was E7-defective HPV-16 in BC-
1-Ep/SL cells (Fig. 1); however, the E7-defective HPV-31, al-
though able to replicate as an episome transiently, could not be
detected as a stable replicon (27). This difference between the
behavior of HPV-31 and that of HPV-16 or HPV-18 may point
to genotype-specific differences in the requirement for E7 in
the nonproductive stage of the papillomavirus life cycle.

Effects of the loss of E7 on the host DNA replication ma-
chinery. In this study, we found that wild-type HPV-16 induced
DNA synthesis in the suprabasal layers of the epithelium in
raft cultures and that this induction coincided with viral DNA
amplification. In contrast, E7-deficient HPV-16 failed to in-
duce DNA synthesis in the suprabasal layers of the epithelium,
which coincided with an absence of viral DNA amplification.
Thus, E7 is necessary to induce DNA synthesis and viral DNA
amplification in the productive stage of the viral life cycle. E7
alone has been shown to induce the host DNA replication
machinery, presumably through its interaction with pRb, which
liberates E2F, allowing transactivation of the host DNA repli-
cation machinery (2). In this study, we demonstrated that dur-
ing the HPV-16 life cycle, the loss of E7 results in the loss of
the induction of PCNA and of DNA pola, both of which are
components of the host DNA replication machinery and are
necessary for viral DNA synthesis, in suprabasal epithelial
cells. E7, by inactivating pRB, may indirectly cause increased
expression of PCNA and DNA pola, which are encoded by two
E2F-responsive genes.

HPV-16 infection induces p53 expression in the suprabasal
layer of the epithelium. The viral oncogene E7, when ex-
pressed alone, increases the levels of p53 in mouse embryo
fibroblasts (22a) and in undifferentiated keratinocytes (22a).

Additionally, p53 levels were shown to decrease in cells ex-
pressing both of the viral oncogenes E6 and E7 (22a, 28). This
decrease in the levels of p53 presumably occurs through the
ability of E6 to degrade p53. In our study, we were able to
detect p53 in the basal layer of the BC-1-Ep/SL rafts only but
not in the basal layer of rafts containing cells harboring
HPV-16 episomally [BC16/E7(1) and W12E cells]. Thus, E6
appears to be proficient in degrading p53 in the basal layer of
these rafts. The p53 expression pattern detected in the supra-
basal layers of the rafts composed of differentiated keratino-
cytes was quite surprising. p53 levels were elevated in the
suprabasal layers of rafts harboring wild-type HPV-16 episo-
mally [BC16/E7(1) and W12E rafts], in which both the E6 and
E7 genes are intact. This elevated level of p53 was dependent
on the presence of E7, since it was not observed in BC16(E72)
rafts. These results indicate that in a productive HPV-16 in-
fection E7 must at least in part override the effect of E6 on p53
in the suprabasal layers of the epithelium. This could be due to
the inability of E6 to degrade efficiently the amount of p53
induced by E7 in the suprabasal compartment. Alternatively,
E6 may not be present or functional in this compartment.

The expression patterns of two p53-responsive genes, p21
and mdm2, were characterized. p21 levels were elevated in
cells harboring wild-type but not E7-defective HPV-16. In-
creased p21 levels would be predicted to suppress DNA syn-
thesis through its inhibition of PCNA and cyclin-dependent
kinase activity; however, this potentially negative effect of p21
may be counterbalanced by the capacity of E7 to bind and
inactivate p21. Given the role of p21 as a cyclin-dependent
kinase inhibitor, its induction would seem to be counterpro-
ductive to the viral life cycle and may represent a host defense
response to unscheduled DNA synthesis in the suprabasal
compartment of the HPV-16-positive rafts. However, it is also
possible that elevated levels of p21 may contribute to the
positive role of E7 in the productive stage of the viral life cycle,
given the role of p21 as a scaffolding factor for the assembly of
cyclin–cyclin-dependent kinase complexes. mdm2, another
p53-responsive gene, also was elevated in cells harboring wild-
type but not E7-defective HPV-16 DNA. Given that mdm2 can
increase E2F-responsive transcription and induce S phase
without mitosis in mammary epithelial cells (18), induced lev-
els of mdm2 may contribute to unscheduled DNA synthesis in
the suprabasal layers of the HPV-16-positive raft culture. That
mdm2 and p53 were both elevated in the same epithelial com-
partment of the HPV-16-positive rafts suggests that the normal
autoregulatory circuit in which mdm2 induced the degradation
of p53 must be compromised, consistent with recent studies
performed with human fibroblasts expressing HPV-16 E7 (22a).

Consequence of perturbing the program of keratinocyte dif-
ferentiation. The wild-type-HPV-16-containing rafts exhibited
perturbations in the keratinocyte differentiation program.
Large, dysplastic cells with enlarged nuclei were apparent in
the spinous and granular layers of the rafts composed of cells
harboring the wild-type HPV-16 genome episomally [BC16/
E7(1) and W12E cells]. These large cells did not stain for the
markers of keratinocyte differentiation: K10, involucrin, or
filaggrin. Interestingly, these cells did not stain positively for
K14, which is a marker normally expressed in the basal layer of
the epithelium (data not shown). In contrast, the rafts com-
posed of cells harboring the E7-deficient HPV-16 genome ex-
hibited a uniform staining pattern for K10, involucrin, and
filaggrin, as seen in BC-1-Ep/SL rafts. Since these large dys-
plastic cells were not present in the E7-deficient HPV-16 rafts,
they may represent the cells which support the viral DNA
amplification.

Rafts with cells harboring wild-type HPV-16 [BC16/E7(1)
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and W12E] contained numerous cells undergoing apoptosis in
the suprabasal layers. This increased apoptosis correlated with
the increased expression of the proapoptotic factor p53. That
this cell death reflects a host defense response to the unsched-
uled DNA synthesis in the suprabasal epithelial compartment
is supported by the fact that apoptotic cells were absent in the
BC16/E7(2) rafts. However, it remains possible that induction
of apoptosis may contribute to the viral life cycle, perhaps by
facilitating virion release, as has been suggested for other vi-
ruses.

E6 and E7 share similar biological properties, including their
independent abilities to induce epithelial hyperplasia and in-
hibit epithelial differentiation. Therefore, we were rather sur-
prised to find that the loss of E7 led to a gross disruption of the
productive stage of the papillomavirus life cycle, including the
loss of a DNA synthesis-competent environment permissive for
viral DNA amplification in the suprabasal compartment. In
addition, we found that whereas p53 levels were suppressed in
the basal compartment, they were elevated in the suprabasal
compartment of HPV-positive rafts, and that this correlated
with elevated levels of p53-responsive genes and induction of
apoptosis. Taken together, these results imply that E6 is pri-
marily expressed and functional in the nonproductive stage of
the viral life cycle and is absent or plays a reduced role in the
productive stage. A role for E6 in the nonproductive stage has
been demonstrated recently by us and others based on the
observation that E6-deficient HPVs are defective for episomal
DNA maintenance in undifferentiated, early-passaged HFKs
(27) and in BC1-EP/SL cells (E. Flores and P. F. Lambert,
unpublished results). Further experiments are necessary to as-
sess whether E6 plays any role in the productive stage of the
viral life cycle.
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