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The life cycle of human papillomaviruses (HPVs) is tightly linked to the differentiation program of the host’s
stratified epithelia that it infects. E1∧ E4 is a viral protein that has been ascribed multiple biochemical
properties of potential biological relevance to the viral life cycle. To identify the role(s) of the viral E1∧ E4
protein in the HPV life cycle, we characterized the properties of HPV type 16 (HPV16) genomes harboring
mutations in the E4 gene in NIKS cells, a spontaneously immortalized keratinocyte cell line that when grown
in organotypic raft cultures supports the HPV life cycle. We learned that E1∧ E4 contributes to the replication
of the viral plasmid genome as a nuclear plasmid in basal cells, in which we also found E1∧ E4 protein to be
expressed at low levels. In the suprabasal compartment of organotypic raft cultures harboring E1∧ E4 mutant
HPV16 genomes there were alterations in the frequency of suprabasal cells supporting DNA synthesis, the
levels of viral DNA amplification, and the degree to which the virus perturbs differentiation. Interestingly, the
comparison of the phenotypes of various mutations in E4 indicated that the E1∧ E4 protein-encoding require-
ments for these various processes differed. These data support the hypothesis that E1∧ E4 is a multifunctional
protein and that the different properties of E1∧ E4 contribute to different processes in both the early and late
stages of the virus life cycle.

Human papillomaviruses (HPVs) are small, double-
stranded DNA viruses that infect the stratified epithelium lin-
ing the skin, anogenital tract, and oral cavity. Viral infection
generally causes hyperproliferative lesions such as warts and
condyloma. High-risk, mucosotropic (previously termed ano-
genital) HPVs, most commonly HPV type 16 (HPV16), are
also associated with malignant tumors of the anogenital tract
and oral cavity and are now accepted as the major causative
agent of cervical cancer (64, 69). The life cycle of HPVs is
tightly linked to the differentiation program of the host epi-
thelium. HPVs infect basal keratinocytes, presumably at a site
of wounding, and they establish their double-stranded, circular
DNA genome as an extrachromosomal nuclear plasmid (rep-
licon) at a low copy number. In these proliferating basal cells,
early viral genes are selectively expressed, and viral DNA repli-
cation occurs along with cellular chromosomal DNA replication
to maintain viral DNA copy numbers in both parent and daughter
cells. This stage of the viral life cycle within basal cells is called the
nonproductive or early stage because no new virus is made. As the
infected cells migrate upward and undergo terminal differentia-
tion, the productive or late stage of the viral life cycle begins. In
the suprabasal compartment of the epithelium, the viral DNA is
amplified, and this is followed by the expression of the late viral
genes, including those encoding the structural proteins that form
the capsid. Viral DNA is packaged into these capsids to form
progeny virions that accumulate in the most superficial cell layers,
where they can be released into the environment (27).

The 7,904-bp HPV16 genome contains eight functional

translational open reading frames (ORFs) that encode five
early gene products (E1, E2, E5, E6, and E7) and three late
gene products (E4, L1, and L2). Two of the early gene prod-
ucts, E1 and E2, are involved in DNA replication and tran-
scription of the viral genome (36). Three other early gene
products, E5, E6, and E7, are oncoproteins that alter cell
growth and/or differentiation. These oncoproteins have been
demonstrated to contribute to HPV associated malignancies, in-
dividually and/or cooperatively (4, 37, 42, 55). Of the late gene
products, L1 and L2 are the structural proteins that self assemble
to form an icosahedral capsid (34). The third late gene product,
E1∧ E4, is encoded by spliced mRNAs that fuse the E1 and E4
ORFs. The expression of the HPV E1∧ E4 protein is most abun-
dant in the productive stage of the viral life cycle, specifically
coinciding with the onset of viral DNA amplification (16, 40).
Consistent with these observations, studies with cottontail rabbit
papillomavirus (CRPV) indicate that E4 plays a crucial role in the
productive stage of the viral life cycle (46).

HV16 E1∧ E4 protein can be divided into three functional
regions (Fig. 1), the N-terminal leucine-rich motif (LLXLL),
the central proline-rich charged region, and the C-terminal mu-
cosal homology motif (49, 51). Previous studies have revealed
multiple biological properties of HPV E1∧ E4 proteins. HPV
E1∧ E4 proteins can associate with keratin intermediate filament
(IF) networks; E1∧ E4 of HPV16 and HPV18, but not of HPV1,
can cause network collapse. The conserved N-terminal leucine-
rich motif (LLXLL) of E1∧ E4 is essential for the association with
keratin IF networks, and the C terminus of HPV16 and -18
E1∧ E4 is required for inducing collapse (15, 49, 50). A second
property of HPV E1∧ E4 proteins is their ability to induce G2/M
cell cycle arrest in keratinocytes. This appears to depend on se-
quences in the central portion of E1∧ E4 that can associate with
cyclin B/Cdk1 complexes (9, 10, 35, 43). A third property of
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HPV16 E1∧ E4 is its ability to induce apoptosis. The association of
HPV16 E1∧ E4 with mitochondria is proposed to be key for its
induction of apoptosis (48). HPV16 E1∧ E4 protein, but not that
of HPV1 or HPV6, can also bind to a DEAD box RNA helicase
(E4-DEAD box protein) through its C terminus (13).

The majority of studies identifying biological properties of
E1∧ E4 have been carried out with tissue cultures under condi-
tions in which E1∧ E4 alone is highly overexpressed in proliferat-
ing, poorly differentiated keratinocytes. This contrasts to its nat-
ural expression pattern in the context of the viral life cycle, where
it is highly expressed only in the terminally differentiated cellular
compartment of a wart. To determine the role of the E1∧ E4
protein in the HPV16 life cycle, we generated a collection of E4
mutant HPV16 genomes predicted to express a variety of altered
E1∧ E4 proteins and analyzed their abilities to carry out the viral
life cycle using an organotypic, raft culture system. We discovered
that mutations in the E4 ORF affected multiple aspects of HPV16
life cycle and surprisingly were not restricted to the late stage of
the viral life cycle. We found that some mutations in the E4 ORF
led to alterations in viral DNA replication in poorly differentiated
NIKS cells that support the early stage of the viral life cycle. In the
context of the late stage of the viral life cycle, mutations in the E4
ORF affected the efficiency with which the HPV16 genome in-
duces DNA synthesis in the suprabasal compartment, affects viral
DNA amplification, and alters terminal differentiation. These as-
pects of the viral life cycle are also modulated to various degrees
and in distinct manners by other viral genes including E7 and E5.
In that context, we propose a model to account for the individual
roles of viral genes in the HPV16 life cycle.

MATERIALS AND METHODS

Construction of E4 mutant HPV16 genomes. The plasmid pEFHPV-16W12E
(20), which contains the full-length extrachromosomal HPV16 genome that was
isolated from W12E clonal population 20863 (GenBank accession no.

AF125673) or a fragment of the same HPV16 genome containing E4 ORF
subcloned into a bacterial plasmid vector, was used as a template DNA for
PCR-mediated, site-directed mutagenesis (QuickChange XL Site-Direct Mu-
tagenesis kit; Stratagene, La Jolla, CA) of the E4 gene as instructed by the
manufacturer. Plasmid DNAs were recovered from transformed bacteria, and
the presence of the desired mutation(s) was confirmed by sequencing. Where
necessary, the subgenomic fragment was cloned back into pEFHPV-16W12E.
The entire HPV16 genome was completely resequenced to confirm that the
derived plasmids contained only the desired mutation(s). The primers containing
the following sequences and primers with their complementary sequences were
used for introducing each mutation: 16st10, 5�-GTGTTTAGCAGCAACGAAG
TAACCTCTCCTGAAATTATTAGGC-3�; 16st15, 5�-CGAAGTATCCTCTCC
TGAAATTAGGCAGACATTGGCCAAA-3�; 16st20, 5�-CTGAAATAATAA
GGCAGCACTTAGCCAACCACCCCGCCGCG3�; 16st32, 5�-CCAAAGCCG
TAGCCTTAGGCACCG-3�; 16st67, 5�-ACTCAGTAGACAGTGCTCCAATC
CTGACTGCAT-3�; 16st84, 5�-AAGGACGGATCCACTGTAATAGTA-3�;
PSS/WT, 5�-AAGTATCCTCTCCCGAAATCATCAGGCAGCACTTGGCCA
ACC-3�; and PSS/20, 5�-AAGTATCCTCTCCCGAAATCATCAGGCAGCAC
TTAGCCAACC-3�.

Cell culture. Epithelial cells, NIKS cells (1), and W12E clone 20863 (31) were
maintained at subconfluence on mitomycin C-treated m1 3T3 feeder cells in F
medium with all supplements as previously described (19, 21, 23). Human fore-
skin fibroblasts, used in the formation of dermal equivalents in organotypic raft
cultures, were cultured in Ham’s F12 medium (Invitrogen-Gibco, Carlsbad, CA)
containing 10% fetal bovine serum (FBS), penicillin, and streptomycin (100
�g/ml) prior to raft culture. 293T cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% FBS, penicillin, and streptomycin.

Generation of NIKS cell populations harboring wild-type or E4 mutant
HPV16 genomes. Recircularized HPV 16 DNAs were prepared as previously
described (26). Briefly, per transfection, 5 �g of plasmid containing HPV16 DNA
was digested with BamHI to release the viral genome from the bacterial vector.
BamHI-digested DNA was recircularized by intramolecular ligation, and recir-
cularized DNA was recovered with a QIAGEN spin column (QIAprep Spin
Miniprep kit; QIAGEN, Valencia CA). The recovered DNA was cotransfected
with 1.2 �g of pEGFP-N1 (BD Bioscience Clontech, Palo Alto, CA) into 3 � 105

NIKS cells that were prepared in low Ca2� F medium without feeder cells as
previously described (19, 23). G418 selection was performed for 4 days as fol-
lows: 100 �g/ml for 2 days and then 50 �g/ml for next 2 days. Cells were then
cultured in the absence of G418 to expand the G418-resistant transfectants, and
the resulting colonies were pooled and expanded for Southern analyses. During
G418 selection and subsequent expansion, feeder cells were freshly prepared and
added to NIKS cells every other day. In each transfection experiment, 5 to 10
independent transfections were carried out per HPV16 genome type (the wild
type [WT]or E4 mutant) to derive an equal number of independent transfected
populations.

Southern blotting. Total genomic DNAs were isolated as previously described
(26). A total of 1 ng of pGEM3Z grown up in bacteria (Promega, Madison, WI)
was added to each total genomic DNA preparation to ensure complete digestion
with DpnI. Total genomic DNAs isolated from each population were digested
with DpnI and either BamHI (20 �g) or HindIII (30 �g) for at least 8 h at 37°C
and electrophoresed on a 0.8% agarose gel. Total genomic DNA isolated from
untransfected NIKS cells was used as a negative control. Total genomic DNA
isolated from W12E cells, containing extrachromosomal HPV16 DNA (31), was
used as a positive control (data not shown). Parental pEFHPV-16W12E DNA
was digested with BamHI, and appropriate serial dilutions were loaded onto the
gel as copy number standards. Following electrophoresis, DNAs were transferred
to a nylon membrane (Hybond-N; Amersham, Piscatway, NJ) and hybridized to
a [�-32P]dCTP-radiolabeled DNA probe for full-length HPV16 prepared with a
random primer kit (Rediprime II; Amersham). Radioactive bands were detected
using a Storm imaging system (Amersham).

Organotypic raft cultures. NIKS cells harboring the wild-type or E4 mutant
HPV16 genomes were grown in raft cultures to induce the three-dimensional
architecture of the stratified epithelium, as described previously, but with the
following modifications (23, 26). NIKS cells transfected with wild-type or E4
mutant HPV16 genomes were transferred onto the dermal equivalents in trans-
well inserts (Costar no. 3450; Corning, Inc., distributed by Fisher Scientific Co.,
Pittsburgh, PA) that were submerged in Deep Well plates (BIOCOAT; Becton
Dickinson Labware, Bedford, MA) with the keratinocyte plating medium (F
medium containing 0.5% fetal bovine serum [FBS], the Ca2� concentration
increased to 1.88 mM, and all supplements except for epidermal growth factor
[EGF]) for 4 days. At day 4 postplating, the transwell inserts were raised by
placing three or four 2.5 cm- by 2.5-cm square cotton pads (catalog no. 740-E;
Schleicher & Schuell BioScience, Inc., Keene, NH) underneath them, thereby

FIG. 1. Schematic representation of E1∧ E4 mutant genes. At the
top is shown a schematic diagram of HPV16 E1∧ E4 indicating certain
functional domains and related biological properties. Below are the
predicted structures of the E1∧ E4 proteins expressed from the differ-
ent E4 mutant HPV16 genomes characterized in this study.

VOL. 79, 2005 ROLE OF HPV16 E1∧ E4 IN THE LIFE CYCLE 13151



exposing the epithelial cells to the air-liquid interface. The rafts were fed from
below the transwell inserts with the cornification medium (F medium containing
5% FBS, the Ca2� concentration increased to 1.88 mM, and all supplements
except for EGF), which was replaced every other day until harvesting at day 11
postlifting. To estimate cellular DNA synthesis, the rafts were incubated in
cornification medium containing 10 �M bromodeoxyyuridine (BrdU; Sigma,
Saint Louis, MO) for 8 h prior to harvest. In the time course experiment, the rafts
were incubated with BrdU for 8 h from 60 h to 52 h prior to harvest; then, the
raft cultures were washed with PBS three times before being placed onto new
cotton pads and allowed to continue to grow in the cornification medium without
BrdU. Rafts were removed from transwell inserts and fixed as previously de-
scribed (23). Fixed rafts were paraffin embedded, and 5-�m sections were pre-
pared on plus-coated histology slides.

Western blotting. Cell populations harboring the wild-type or E4 mutant
HPV16 genomes were harvested by trypsin digestion, pelleted, resuspended in
protein lysis buffer (50 mM Tris [pH 7.4], 150 ml NaCl, 1 mM EDTA, 1 mM
phenylmethysulfonyl, 1 �g/ml leupeptin, 1 �g/ml pepstain, 1 mM NaF, 1%
NP-40), incubated on ice for 30 min, and subjected to centrifugation at 14,000
rpm for 15 min at 4°C (Eppendorf model 5415C microcentrifuge) to separate the
detergent-soluble (supernatant) from the insoluble (pellet) fraction. The pellet
was homogenized in an equal volume (i.e., the same volume as the volume of
protein lysis solution used originally to lyse the cells) of Laemmli sodium dodecyl
sulfate (SDS) buffer (62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS)
without reducing reagent by repeated pipetting before being recentrifuged at
14,000 rpm for 10 min at room temperature (Eppendorf model 5415C micro-
centrifuge). The resulting supernatant was used as the detergent-insoluble frac-
tion. To isolate proteins from rafts, the stratified epithelium was peeled off from
the dermal equivalent and lysed in the protein lysis buffer with a homogenizer.
The cell lysate was incubated on ice for 30 min and separated into the detergent-
soluble or -insoluble fraction as described above. The concentration of protein in
the detergent-soluble fraction was measured with the DC protein assay kit
according to the manufacturer’s protocol (Bio-Rad, Hercules, CA). The volume
of detergent-soluble fraction containing the amount of protein indicated for each
experiment (see figure legends) was mixed with an appropriate volume of 6�
SDS loading buffer (1� buffer was 62.5 mM Tris-HCl [pH 6.8], 10% glycerol, 2%
SDS, and 0.02% bromophenol blue) containing 100 mM dithiothreitol and
boiled for 5 min. In the cases where the detergent-insoluble fraction was ana-
lyzed (i.e., for E1∧ E4 analyses), the same volume of detergent-insoluble fraction
as the volume of the detergent-soluble fraction was likewise mixed with 6� SDS
loading buffer. Protein samples were electrophoresed through an SDS–15%
polyacrylamide gel (ready-made gel; Bio-Rad) and transferred onto a polyvinyl-
idene fluoride membrane (Millipore, Billerica, MA). The membrane was blocked
with 5% skimmed milk powder–PBS-T (phosphate-buffered saline [PBS]contain-
ing 0.1% Tween 20) for 1 h at room temperature and incubated overnight at 4°C
with primary antibody diluted in blocking solution. The membrane was washed
with PBS-T three times for 10 min each at room temperature and incubated for
1 h at room temperature with secondary antibody (peroxidase-conjugated anti-
mouse immunoglobulin G; Jackson ImmunoResearch, West Grove, PA) diluted
1:10,000 in blocking solution. The membrane was again washed with PBS-T three
times for 10 min each time at room temperature, and antibody conjugates were
detected with an ECL kit (Amersham) according to the manufacturer’s instruc-
tions. �-Actin was used as a loading control. Primary antibodies used included E7
antibodies, a mixture of two antibodies (1:200 dilution of ED7 [Santa Cruz, Santa
Cruz, CA]; and 1:150 of 8C9 [Zymed, San Francisco, CA]), �-actin antibody
(1:10,000 dilution of AC15 [Sigma, Saint Louis, MO]), human filaggrin antibody
(1:200 dilution of BT-576 [Biomedical Techonologies, Inc., Stoughton, MA]),
and E1∧ E4 antibodies (1:20 dilution of supernatant from hybridoma culture of
TGV402 monoclonal antibody) (14). For detection of E4 in monolayer culture,
biotinylated anti-mouse antibody (1:2,000 dilution; DAKO Cytomation, Carpin-
teria, CA) was used as a secondary antibody. After incubation with the secondary
antibody, the membrane was incubated with horseradish peroxidase-conjugated
avidin (DAKO Cytomation) diluted 1:2,000 in PBS-T for 30 min at room tem-
perature.

Transient DNA replication assay. pHPV16E1E2TTL is a full-length clone of
the HPV16 genome that contains translational termination linkers inserted in
both the E1 and E2 ORFs. The E2S206T expression vector, pCMV4E2S206T,
was generated by oligonucleotide-directed mutagenesis using the pCMV4

HPV16E2 (54) plasmid as a template. A total of 0.5 �g of pHPV16E1E2TTL was
cotransfected with or without 1 �g of either the pCMV4 E2 wild type or pCMV4

E2S206T into 293T cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as
instructed by the manufacturer. 293T cells were prepared in DMEM containing
10% FBS and no antibiotics in a 6-cm-diameter tissue culture dish at the day
before transfection. A total of 0.5 �g of pEGFP-NI was also cotransfected to

monitor that the efficiency of each transfection was roughly equal. Various
amounts (0, 1, 3, or 5 �g) of E1-expressing vector pCMV4 HPV16E1 wild type
(54) were cotransfected with these plasmids. An empty vector, pCMV4, was
added to keep the total amount of DNA for each transfection equal as needed.
At 72 h after transfection, low-molecular-weight Hirt DNAs were isolated from
each sample as previously described (23). Hirt DNA was digested with DpnI and
BamHI for at least 8 h at 37°C and electrophoresed on a 0.8% agarose gel.
Southern blotting was performed as described above. A radiolabeled probe was
prepared with a PCR-amplified long control region fragment as a template.

Luciferase assay. A total of 0.5 �g of either pCMV4 E2 wild type or pCMV4

E2S206T was cotransfected with 0.25 �g of a luciferase reporter plasmid, either
pBS1073 or pBS1013 (33), and 0.25 �g of pGFP-N1 into 293T cells using
Lipofectamine 2000 as instructed by the manufacturer. 293T cells were prepared
in DMEM containing 10% FBS with no antibiotics in 12-well tissue culture plates
at the day before transfection. At 48 h after transfection, cells were lysed in a
luciferase lysis buffer and subjected to a luciferase assay as instructed by the
manufacturer (Promega, Madison, WI). Chemiluminescence per second for lu-
ciferase activity was measured with a microplate reader. Protein concentration
was measured by the Protein Dc kit (Bio-Rad) to ensure that protein concen-
trations in each sample were roughly equal.

Immunostaining. Cross sections of rafts on plus-coated slides were sequen-
tially deparaffinized, rehydrated, and then treated by antigen-unmasking tech-
niques before being immunostained as previously described (19, 23). E1

∧ E4

positive cells were detected with fluorescein isothiocyanate (FITC)-conjugated
anti-E1∧ E4 TGV402 as previously described (23). BrdU immnohistocheminal
staining (see Fig. 4) was carried out primarily using anti-BrdU antibody (Ab-2;
Calbiochem, San Diego, CA), and BrdU-positive cells were detected with the
Vecstain ABC kit (Vector Laboratories, Burlingame, CA) as previously de-
scribed (19, 23). For BrdU fluorescence, sections were incubated with biotinyl-
ated anti-BrdU antibody (Zymed, San Francisco, CA) diluted 1:100 in blocking
solution (PBS containing 5% horse serum) overnight at 4°C and then washed
with PBS twice for 3 min at room temperature. BrdU-positive cells were detected
with a 1:100 dilution of Texas red-conjugated streptavidin (Vetor) in PBS after
incubation for 30 min at room temperature. For keratin-10 (K10), sections were
blocked with PBS containing 5% horse serum (Vector Laboratories) and then
incubated with primary antibody, anti-K10 (CK8.60; Sigma, Saint Louis, MO)
diluted 1:200 in blocking solution for 2 h at room temperature. These sections
were washed with PBS twice for 3 min at room temperature and incubated with
Texas red-conjugated anti-mouse secondary antibody (Vector Laboratories) di-
luted 1:100 in PBS for 30 min at room temperature. The stained sections were
washed with PBS twice for 3 min and mounted with fluorescence mounting
medium containing DAPI (4�,6�-diamidino-2-phenylindole) (Vector). To costain
with E4, primary antibodies, such as anti-BrdU or anti-K10, were mixed and
incubated together with anti-E4 antibody overnight at 4°C. The percentage of
BrdU-positive cells in rafts was evaluated by counting immunohistochemically
stained BrdU-positive cells and total nuclei in the basal and suprabasal compart-
ments of the rafts under a microscope. Ten visual fields at a magnification of
�400 were randomly chosen for quantification in each raft.

FISH. Fluorescence in situ hybridization (FISH) was performed to detect
amplified HPV16 DNA in rafts as previously described (26). pEFHPV-16W12E
was used as a template to generate a digoxigenin (DIG)-labeled probe for
HPV16 DNA. To detect amplified HPV16 DNA and E1∧ E4 simultaneously,
sections were blocked with PBS containing 5% horse serum for 30 min at room
temperature and incubated overnight with FITC-conjugated anti-E1∧ E4 anti-
body diluted 1:500 in blocking buffer at 4°C after being hybridized and then
washed. Rhodamine-conjugated anti-DIG antibody (Roche Applied Science,
Indianapolis, IN) diluted 1:200 in PBS containing 5% horse serum was used to
detect amplified HPV16 DNA. Sections were mounted with fluorescence mount-
ing medium containing DAPI. To quantify the frequency of FISH-positive cells
in rafts, FISH-positive cells were counted under a fluorescence microscope in the
context of an entire raft and were divided by the total number of nuclei. The total
number of nuclei per raft was estimated by multiplying the average number of
total nuclei per field by the number of fields per raft. The average number of
nuclei per field was obtained by counting the number of DAPI-positive nuclei in
three representative fields of �400 magnification in each raft.

RESULTS

Generation of E4 mutant HPV16 genomes. To identify a role
for the E1∧ E4 protein in the HPV16 viral life cycle, we gen-
erated a panel of E4 mutant HPV16 genomes (Fig. 1) by
introducing nucleotide substitutions and analyzed the behavior
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of these E4 mutant HPV16 genomes in the viral life cycle. The
E4 mutant HPV16 genomes (16st10, 16st15, 16st20, 16st32,
16st67, and 16st84) were designed to express C-terminally
truncated forms of the E1∧ E4 protein by the introduction of
translation termination codons at various position within the
E4 ORF as indicated in Fig. 1. 16st10, 16st15, 16st20, and
16st84 have single-nucleotide substitutions at nucleotide (nt)
3370, T to A (codon 10 of E1∧ E4, TAT to TAA); nt 3384, T to
A (codon 15, TTA to TAA); nt 3399, G to A (codon 20, TGG
to TAG); and nt 3591, T to A (codon 84, TTA to TAA),
respectively. 16st32 has two nucleotide substitutions, one at nt
3435, C to A (codon 32, TCG to TAG), and the other at nt
3441, G to A (codon 34, TGG to TAG), both of which intro-
duce translational termination codons. Likewise, in the 16st67
genome, two translational termination codons were introduced
by nucleotide substitutions at nt 3540, G to A (codon 67, TGG
to TAG), and nt 3558, C to G (codon 73, TCA to TGA). All
mutations in these E4 mutant HPV16 genomes were silent in
the overlapping E2 ORF, with exception of the 16st10 genome.
The mutation in the 16st10 genome resulted in an amino acid
substitution at codon 206 (serine to threonine) in the overlap-
ping E2 ORF. Protein sequence alignments revealed that
serine 206 was not conserved among papillomavirus E2 pro-
teins; for instance, bovine papillomavirus type 1 (BPV-1) E2
contains a valine at the codon equivalent to 206 of the HPV16
E2 protein. For this reason, the particular amino acid substi-
tution in the E2 protein (S206T) encoded by 16st10 was pre-
dicted not to affect E2 protein function. This proved to be the
case (see below). In addition to these E4 truncation mutants,
we also made amino acid substitutions in the E4 ORF of both
the wild-type HPV16 genome, designated PSS/WT, and the
16st20 genome, designated PSS/20, in which the leucine-rich
motif of the E1∧ E4 protein (Fig. 1) was changed from LLKLL
to LPKSS by three nucleotide substitutions at nt 3378, T to C
(codon 13, CTG to CCG); nt 3384, T to A (codon 15,TTA to
TCA); and nt 3387, T to C (codon 16,TTA to TCA). These
three mutations were silent in the overlapping E2 ORF.

Gross truncation of the E1∧ E4 protein or disruption of the
leucine-rich motif leads to a defect in viral plasmid DNA
replication in proliferating, poorly differentiated human ker-
atinocytes that express E1∧ E4 at low levels. To assess the role
of E1∧ E4 in the viral life cycle, the E4 wild-type and mutant
HPV16 genomes were released from the bacterial plasmid
vector, recircularized, and cotransfected with a plasmid con-
ferring neomycin resistance into NIKS cells, an immortalized
keratinocyte cell line that supports the papillomavirus life cycle
(20). Following G418 selection, cell populations were estab-
lished and expanded under growth conditions that maintain
poorly differentiated or basal-cell-like properties. Under these
culture conditions, we can assess the properties of HPV16
during the early stage of the viral life cycle. Total genomic
DNAs were isolated from these cell populations and digested
with DpnI, to remove any bacterially synthesized input DNA
and either HindIII (for which no restriction sites is present in
the HPV16 genome) or BamHI (for which one site is present
in HPV16). The presence and the extrachromosomal status of
the HPV16 viral DNA were analyzed by Southern blotting. To
measure the viral DNA copy number of wild-type or E4 mutant
HPV16 genomes present in NIKS populations, appropriate
amounts of recombinant HPV16 plasmid DNA equal to 1, 10,

and 100 copies per cell equivalents were electrophoresed along
with total genomic DNAs; hybridization signals to these copy
number standards were quantified by phosphorimager analysis.
Figure 2 shows representative results of the Southern blots
carried out with equal amounts of total genomic DNA isolated
from multiple cell populations transfected with the wild-type
or E4 mutant HPV16 genomes. Extrachromosomal viral DNA
genomes (referred to herein as replicons) were present in all
NIKS populations transfected with the wild-type genome, as
shown by the presence of two bands that corresponded to open
circular (OC) and supercoiled (SC) DNA (Fig. 2A). In addi-
tion to the OC or SC form of viral DNAs, viral DNAs were
occasionally detected in higher-molecular-weight factions in
some of NIKS cell populations. The viral DNA in higher-
molecular-weight fractions could be integrated or multimeric
viral DNA. The copy number of the wild-type HPV16 genome,
quantified by measuring the intensity of hybridization of the
linearized genome compared to that of copy number standards
(generated by digestion with BamHI) (Fig. 2B), ranged from 5
to 12 copies per cell (Table 1). We failed to detect OC or SC
forms of extrachromosomal viral DNA in any NIKS popula-
tions transfected with the 16st10 genome (Fig. 2A), despite
sensitivity of the Southern blots down to 0.1 copy equivalents
of linear HPV genome per cell (data not shown). Instead, we
only found hybridization in the high-molecular-weight fraction
of the HindIII-restricted samples, suggestive of viral DNA
integration. The presence of integrated concatameric 16st10
HPV16 genomes was supported by the fact that we could
detect linear 16st10 HPV16 DNA, albeit at a low copy number
(Fig. 2B and Table 1), when the total genomic DNA was
digested with BamHI, which cleaves HPV16 once. Extrachro-
mosomal viral DNA replicons were detected in each NIKS
population transfected with the E4 mutant HPV16 genomes
16st15, 16st20, 16st32, 16st67, and 16st84. The viral DNA copy
numbers of 16st15, 16st67, and 16st84 were in a range that was
statistically similar to that of the wild-type genome, whereas
the viral DNA copy numbers of 16st20 and 16st32 were signif-
icantly increased (Table 1). The viral DNA copy numbers of
16st20 or 16st32 genomes were approximately 100 copies per
cell or 50 copies per cell, respectively, compared to approxi-
mately 10 copies per cell for the wild-type HPV16 DNA. We
also performed transfections of either the wild-type or E4
mutant HPV16 genomes in early-passage human foreskin ker-
atinocytes. Southern analyses of these populations demon-
strated that the replicative properties of the E4 mutant HPV16
genomes were consistent with those observed with NIKS cell
populations, indicating that the properties of E4 mutant
HPV16 genomes for viral DNA replication were not influ-
enced by immortalization (data not shown). Because the hu-
man foreskin keratinocyte populations did not efficiently im-
mortalize in our hands, we performed our subsequent analyses
on the NIKS cell populations.

Based upon the results described above (see also Fig. 1 and
Table 1), mutations engineered into the E4 ORF had varied
consequences for viral DNA replication. We considered two
alternative hypotheses to account for these findings. The first
hypothesis is that E1∧ E4 itself plays a role in modulating the
replication properties of the viral DNA genome. A necessary
corollary to this hypothesis is that an intact leucine-rich motif
is necessary and sufficient for plasmid replication, because only
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16st10 lacks this motif entirely; 16st15 retains most of it, and
16st20, which displays a high-copy-number phenotype, retains
all of this motif (Fig. 1). To test this hypothesis, we generated
and analyzed amino acid substitution mutants, PSS/WT and
PSS/20. These mutants have amino acid substitutions within
the leucine-rich motif, replacing three leucine residues in the
context of either the otherwise-wild-type HPV16 genome or
the 16st20 genome, respectively (Fig. 1). The PSS mutations do
not alter the amino acid sequence of the overlapping E2 ORF.
If the leucine-rich motif is indeed required to confer the rep-
lication competent phenotype, then these PSS mutants should
be defective for plasmid replication. This was indeed the case.
Similar to 16st10, the PSS/WT and PSS/20 mutants were
grossly deficient in their ability to replicate extrachromosoma-
lly, as judged by the absence of detectable OC or SC DNA, the
presence of non-unit-length genomes after digestion with

BamHI with unit-length genomes (Fig. 2), and their very low
copy numbers (Table 1). These results were consistent over 15
cell populations established from multiple independent sets of
transfections. The inability of the PSS mutations to replicate as
nuclear plasmids is consistent with the hypothesis that an intact
leucine-rich motif in E1∧ E4 is required for plasmid DNA rep-
lication.

If E1∧ E4 contributes to viral plasmid replication in poorly
differentiated, proliferating keratinocytes (as our data sug-
gest), then it must be expressed in these cells. When the E1∧ E4
protein is overexpressed in cultured keratinocytes, it is pre-
dominantly found in the detergent-insoluble fraction (51). To
determine if the E1∧ E4 protein is expressed in poorly differ-
entiated keratinocytes, Western blot analyses were performed
on detergent-soluble and detergent-insoluble protein fractions
harvested from NIKS cells harboring wild-type HPV16 ge-

FIG. 2. Southern analysis of total genomic DNA isolated from NIKS cell populations transfected with wild-type or E4 mutant HPV16 genomes.
Shown are Storm phosphorimages of hybridization patterns from Southern analyses carried out to assess the presence of extrachromosomal
HPV16 genomes (A) and the copy number of the HPV16 genomes (B) present in NIKS populations transfected with the wild-type or E4 mutant
HPV16 genomes. Total genomic DNAs were extracted from NIKS cell populations at passage 1, following G418 selection. Bacterially synthesized
DNA was added in each extraction as a spike DNA to ensure complete digestion of DpnI (see Materials and Methods); Southern blots for
DpnI-undigested DNA are not shown. Equal amounts of total genomic DNA from each population were digested with DpnI and HindIII (no site
in HPV16 genome) (A) or BamHI (one site in HPV16 genome) (B) and subjected to Southern blot analysis using a radiolabeled DNA probe for
HPV16 DNA. Arrows indicate OC, SC, and linear (L) HPV16 genomes. BamHI-digested parental pEFHPV16-W12E was used as a copy number
standard.
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nomes extrachromosomally that were maintained either in
monolayer culture or in organotypic (raft) culture (Fig. 3A). It
is known that keratinocytes in monolayer culture, even on
feeder cells, can initiate differentiation when they become con-
fluent. To prevent this from occurring, we carefully maintained
NIKS cells in a subconfluent state. E1∧ E4 protein was repro-
ducibly detected in the detergent-insoluble fraction of mono-
layer at low levels and in the same fraction of raft cultures at
much higher levels. We also performed Western blot analyses
for filaggrin, a differentiation marker of the stratified epithe-
lium, to assess the differentiation state of the cells. Filaggrin
was chosen because the filaggrin-positive cell layer overlaps the
cell layer where HPV16 E1∧ E4 protein is found following
immunodetection in raft culture (16, 40). As expected, filaggrin
was detected only in cell lysates harvested from raft cultures
and was not apparent in monolayer cultures, verifying that the
cells had not undergone terminal differentiation (Fig. 3A, left).
Thus, the E1∧ E4 protein is expressed at low but detectable
levels in poorly differentiated keratinocytes harboring the wild-
type HPV16 genome and, as expected, is upregulated in its
expression in a differentiation-dependent manner.

Absence of evidence to indicate pleiotropic effects of E4
mutations on functions other than E4. An alternative, second
hypothesis that we felt necessary to address is that E4 muta-
tions may have pleiotropic effects on the functionality of the
HPV16 genome that are not restricted to the disruption of the
E4 ORF. This was certainly a possibility for 16st10, which has
a serine-to-threonine amino acid substitution at position 206 in
E2. To test whether this mutant E2 protein (E2S206T) en-
coded in the 16st10 genome is altered for its function, we
performed transient DNA replication and transcriptional
transactivation assays (Fig. 4A and B). The nucleotide substi-
tution (codon 206 of E2, TCC to ACC) was introduced into a
wild-type E2 expressing vector, the pCMV4 HPV16E2 wild
type (54), by site-directed mutagenesis. To analyze E2’s ability
to support viral DNA replication, a transient DNA replication

FIG. 3. Western blot analysis for E1∧ E4 and E7 expression in NIKS
cells harboring the wild-type or E4 mutant HPV16 genomes.
(A) E1∧ E4 expression in monolayer (M) and raft (R) cultures. A total
of 100 �g of detergent-soluble protein and an equivalent volume of the
detergent-insoluble fraction of cellular proteins isolated from parental
NIKS cells (NIKS) or NIKS cell populations harboring wild-type
HPV16 genomes (WT) were subjected to E4-specific immunoblot
analysis as described in Materials and Methods. Filaggrin (38 kDa),
which was used as a marker for differentiation, was detected mainly in
the detergent-soluble fractions isolated from raft cultures but not from
monolayer cultures, verifying that the cells maintained in monolayers
had not undergone terminally differentiation. �-Actin (50 kDa) was
detected in the detergent-soluble fraction as a loading control. (B) E7
expression in monolayer NIKS cell populations. A total of 80 �g of
protein from the detergent-soluble fraction extracted from NIKS cell
populations harboring the wild-type or E4 mutant HPV16 genomes
wereas subjected to E7-specific immunoblot analysis as described in
Materials and Methods. �-Actin was detected as a loading control.
W12E cells were used as a positive control cell line. Western blotting
for E7 was repeated at least three times (shown are two representative
populations), and levels of E7 in multiple, independently derived cell
populations harboring wild-type or E4 mutant HPV16 genomes were
quantified with NIH Image software. The average levels of E7 in cells
harboring E4 mutant genomes relative to that in cells harboring the
wild type are shown below the panel. (C) E1∧ E4 expression in raft
cultures harboring E4 mutant HPV16 genomes. E1∧ E4 was detected in
the detergent-insoluble fraction (I) of rafts harboring the wild type as
well as 16st84, whereas it was detected in the detergent-soluble frac-
tion (S) of rafts harboring 16st67 (approximately 10 kDa). Note that
the E1∧ E4 antibody used (TVG402) recognizes an epitope that maps
within the central portion of E1∧ E4. Arrows indicate molecular mass
markers.

TABLE 1. Viral DNA copy number of wild type or E4 mutant
HPV16 genomes

Genome
Presence of

extrachromosomal
viral DNAa

Plasmid copy
no.b,d

Relative plasmid
copy no.c,d

WT Y 8.4 � 3.5 1
16st10 N 1.0 � 0.2* 0.1*
16st15 Y 11 � 2.5 1.3
16st20 Y 80 � 21* 7.4*
16st32 Y 31 � 14* 4.9*
16st67 Y 4.4 � 2.3 0.5
16st84 Y 9.6 � 1.5 1.2
PSS/WT N 1.3 � 0.3* 0.2*
PSS/20 N 1.6 � 0.3* 0.2*

a Y, extrachromosomal viral DNA was detected; N, extrachromosomal DNA
was not detected (see Fig. 2).

b Viral DNA copy number in each NIKS cell population was estimated based
on the intensity of copy number standard. Each value is the average copy number
of the wild-type or E4 mutant HPV16 genome, based upon analyses of multiple
(n � 10 per genotype) independent cell populations generated from a represen-
tative set of transfections.

c The copy number for wild-type HPV16 populations was set at 1.
d *, copy number values for E4 mutant HPV16 genomes that were statistically

significant from that of the wild-type HPV16 genome, based on the two-sided
Wilcoxon rank sum test.
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assay was performed. Either the pCMV4E2 wild type or
pCMV4E2S206T was cotransfected into 293T cells with the
pCMV4E1 E1 expression vector and the HPV16 genomic rep-
licon pHPV16E1E2TTL, which is disrupted for expression of
E1 and E2, by the presence of translational termination linkers
in E1, as well as in E2, ORFs. After 72 h, low-molecular-weight
Hirt DNAs were isolated from each transfection and then
subjected to BamHI and DpnI digestion. Southern blotting was
performed to detect DpnI-resistant pHPV16E1E2TTL DNA.
Since viral DNA replication is dependent on the ratio between E1
and E2, various amounts of the E1 expression vector,
pCMV4HPV16E1 (54), were cotransfected with either the
pCMV4E2 wild-type or pCMV4E2S206T E2 expression vector.
As shown in Fig. 4A, Dpn I-resistant viral DNA was detected
only in DNAs isolated from transfections in the presence of
both E1 and E2 (Fig. 4A, lanes 4 to 6 and 8 to 10), indicating
that pHPV16E1E2TTL does not replicate in the absence of
exogenous E1 and E2 expression. Wild-type E2, as well as
E2S206T, was able to support transient viral DNA replication
equally well in cooperation with E1 in an E1 dose-dependent
manner. Dpn I-digested fragments of pHPV16E1E2TTL DNA
were detected equally in all lanes (Fig. 4A, lanes 1 to 10),
indicating that the efficiency of transfections was roughly
equal. To analyze E2S206T’s ability to function as a transcrip-
tional activator, a promoter activity assay was performed using
a luciferase reporter plasmid, pBS1073, which contains four E2
binding sites upstream of a thymidine kinase promoter (33). A
parental luciferase reporter plasmid, pBS1013, which does not
contain any E2 binding sites, was used as a negative control.
Either the pCMV4E2 wild type or pCMV4E2S206T was co-
transfected with pBS1073 or pBS1013 into 293T cells. A green
fluorescent protein expression vector was also cotransfected to
ensure that efficiency of transfection was similar between E2
wild-type and E2S206T transfections. As shown in Fig. 4B,
expression of wild-type E2 protein transcriptionally activated
luciferase activity from pBS1073 but not from pBS1013. Sim-

ilar to wild-type E2, E2S206T transcriptionally activated lucif-
erase activity from pBS1073 but not pBS1013. Taken together
with the transient replication data, these analyses indicated that
the E2S206T encoded in 16st10 mutant HPV16 genomes is
functionally indistinct from wild-type E2.

The mutation in the 16st20 genome does not alter the E2
ORF, and therefore changes in E2 function cannot account for
its elevated plasmid copy number. However, we did consider
the possibility that this mutation alters some uncharacterized
cis element, leading to a cis-dominant phenotype. One possible
cis element would be a splice enhancer or suppressor that
modulates the utilization of the nearby 3� splice site at nt 3358.
It has been reported that the 3� splice site at nt 3325 in BPV-1,
which is equivalent to the site at nt 3358 in HPV16, is subop-
timal and may be regulated by additional cis elements. Imme-
diately downstream of the 3� splice site at nt 3325 in the BPV-1
genome is a bipartite splicing regulatory element, consisting of
purine-rich exonic splicing enhancers 1 and 2, followed imme-
diately by a pyrimidine-rich exonic splicing suppressor. These
sequences constitute potential binding sites for the serine- and
arginine-rich proteins ASF/SF2, which are involved in splicing
(67, 68). Such cis regulatory elements have not yet been iden-
tified in the HPV16 genome, and none of the mutations intro-
duced into the E4 ORF in the context of this study overlap any
potential binding sites for the serine- and arginine-rich protein;
indeed, they were chosen with this in mind. Nevertheless, we
addressed this concern by measuring the relative utilization of
the nt 880 to nt 2709 versus nt 880 to nt 3358 splice events in
cells harboring the wild-type versus 16st20 mutant HPV16 rep-
licons. Total RNAs were isolated from NIKS cell populations
that harbor wild-type or E4 mutant (16st15, 16st20, and 16st84)
HPV16 genomes maintained in monolayers and then subjected
to reverse transcription with random hexamers. Subsequent
PCR was done using a 5� primer complementary to sequences
upstream of the 5� splice site at nt 880 (nt 823 to 46), together
with two 3� primers complementary to sequences downstream

FIG. 4. Transient viral DNA replication assay and transcriptional transactivation assay. (A) A total of 1 �g of either pCMV4E2 wild type or
pCMV4E2S206T-expressing vector was cotransfected with 0.5 �g of pHPV16E1E2TTL and various amounts of pCMV4E1 into 293T cells. After
72 h, low-molecular-weight Hirt DNAs were isolated and subjected to DpnI and BamHI digestion. DpnI-resistant DNAs were detected by
Southern blotting with a radiolabeled probe. The amounts of pCMV4E2 or pCMV4E1 in each transfection are indicated above the panel.
DpnI-resistant pHPV16E1E2TTL DNA were detected only in the presence of both E1 and E2 (lanes 4 to 6 and 8 to 10). A DpnI-digested fragment
of pHPV16E1E2TTL (indicated by an arrowhead) was detected equally in all samples, indicating a similar efficiency of transfection for each
sample. (B) A total of 0.5 �g of either wild-type pCMV4E2 or pCMV4E2S206T was cotransfected with 0.25 �g of a luciferase reporter plasmid,
pBS1073 (black columns) or pBS1013 (white columns), into 293T cells. After 48 h, cells were harvested and subjected to analysis to measure
luciferase activity as instructed by the manufacturer (Promega, Madison, WI). The y axis indicates chemiluminescence per second (CPS). Three
independent transfections were performed.
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of the 3� splice sites at nt 2709 (nt 2853 to 2876) or nt 3358 (nt
3538 to 3561). The relative abundance of the two PCR prod-
ucts arising from the spliced mRNAs at nt 880 to nt 2709 (224
bp) and nt 880 to nt 3358 (260-bp) reflected the relative utili-
zation of these two splice events. We found no gross changes in
the relative abundance of the two PCR products for E4 mutant
genomes compared to that of the wild type, suggesting that the
splicing of these E4 mutant HPV16 genomes remained intact
overall (data not shown). Further evidence arguing against a
cis-acting, dominant mutation in 16st20 is the observation that
the introduction of the PSS mutation in the 16st20 background
led to the replication-defective phenotype, just as it did on an
otherwise wild-type background.

As an additional means of monitoring viral gene expression,
we quantified the level of E7 expression by Western blotting.
To do this, protein lysates were prepared from monolayer
cultures of several NIKS cell populations harboring the wild-
type or E4 mutant HPV16 genomes and subjected to Western
blotting to detect the E7 protein. Figure 3B shows E7 Western
blots for two representative cell populations harboring wild-
type or E4 mutant HPV16 genomes. Average levels of E7
expression in cells harboring E4 mutant HPV16 genome rela-
tive to that in cells harboring wild-type HPV16 genome were
quantified with NIH Image software (results are shown below
the bottom panel of Fig. 3B). In multiple, independently de-
rived populations of cells, the level of E7 expression in cells
harboring the E4 mutants (16st15, 16st20, 16st32, 16st67, and
16st84) was generally similar to that observed with cells har-
boring the wild-type HPV16 genome. We predicted that in
those cells harboring the 16st10, PSS/WT, and PSS/20 ge-
nomes, viral early gene expression would be significantly al-
tered because the genomes were replication defective. As ex-
pected, the level of E7 expression in cells harboring the three
low-copy-number mutants was significantly lower than that
observed with the wild-type HPV16 genomes (i.e., for 16st10
versus the wild type; P 	 0.02 for six populations harboring
each genome that was tested) or could barely be detected
(PSS/WT and PSS/20). We found no gross or reproducible
alteration in the levels of E7 protein when cells harboring the
16st20 mutant were compared with cells containing the wild-
type HPV16 replicons. The level of E7 expression in W12E
cells, which contained �500 copies of extrachromosomal
HPV16 DNA genomes per cell, was likewise similar to that in
NIKS cells harboring approximately 10 copies of wild-type viral
DNA per cell. These data suggest that the number of extra-
chromosomal viral DNA genomes does not directly correlate
with levels of early gene expression. Taken together, these data
indicated that the mutations we engineered into the E4 ORF
did not influence early gene expression as long as the genomes
were maintained as nuclear plasmids.

To further assess the underlying cause for the replication
and transcription defects of the 16st10, PSS/WT, and PSS/20
genomes, we performed transient replication assays with 293T
cells and found, based upon the levels of DpnI-resistant DNA,
that each of these mutant genomes was able to replicate tran-
siently at levels commensurate with that of wild-type HPV16
(data not shown). This would suggest that neither cis nor trans
replication factors (e.g., E1 and E2) per se are disrupted in
these genomes and that the long-term replication defects (and
consequent reductions in viral transcription) reflect some de-

fect manifest at the level of maintenance of plasmid DNA once
it becomes established in the cell.

Analysis of E1∧ E4’s role in the productive stage of the viral
life cycle. Because expression of the E1∧ E4 protein is most
abundant in the terminally differentiating cells of the stratified
epithelium (16, 47, 59), E1∧ E4 has been postulated to play a
role in the late stage of the viral life cycle. To access the role
of the E1∧ E4 protein in the late stage of the HPV16 viral life
cycle, we generated raft cultures of NIKS cell populations
transfected with either the wild-type or the E4 mutant HPV16
genomes and analyzed the abilities of these genomes to exe-
cute the late stage of viral life cycle. Organotypic raft culture
recapitulates the three-dimensional architecture of the strati-
fied epithelium and supports the complete HPV life cycle (20,
39). The hallmarks of late stage of the viral life cycle that we
analyzed included induction of cellular DNA synthesis, viral
DNA amplification, and late gene expression in the terminally
differentiated layers of the stratified epithelium.

Initially, we monitored levels of late gene expression. E1∧ E4
expression was monitored using an E1∧ E4-specific monoclonal
antibody, TGV402, which recognizes the central portion of the
E1∧ E4 protein (14). Immunofluorescence analysis revealed
that in raft cultures harboring 16st67 or 16st84, E1∧ E4 expres-
sion was detected in the terminally differentiating cells in a
manner similar to that seen with raft cultures harboring the
wild-type HPV16 replicon (Fig. 5). As expected, E1∧ E4 was
not detected in raft cultures of NIKS populations harboring
16st15 (Fig. 5), 16st20, and 16st32 replicons using this mono-
clonal E1∧ E4 antibody (data not shown), because the epitope
recognized by TGV402 was not present in the E1∧ E4 gene
products predicted to be expressed from these mutant ge-
nomes. In the raft cultures of NIKS populations transfected
with the replication-defective mutant, PSS/WT, we were not
able to detect E1∧ E4 protein, even though the epitope should
be retained in the predicted E1∧ E4 gene product. This latter
finding likely reflects the very low levels of viral gene expres-
sion from the replication-defective mutants, as shown by the
E7 Western analysis (Fig. 3B). We also performed Western
blots with the same E1∧ E4 antibody (TGV402) and found that,
consistent with immunofluorescence analysis, E1∧ E4 products
were detected in raft cultures harboring 16st67 or 16st84, as
well as the wild type (Fig. 3C), but were not detected in raft
cultures harboring other E4 mutants (data not shown). Previ-
ous studies have shown that C-terminal truncations remove
E1∧ E4 from the detergent-insoluble faction to the detergent-
soluble fraction (51). As expected, E1∧ E4 was detected in the
detergent-soluble fraction of raft cultures harboring the 16st67
genome. In contrast, E1∧ E4 was detected in the detergent-
insoluble fraction of raft cultures harboring the 16st84 genome
in a manner similar to that of rafts harboring the wild-type
HPV16 replicons. This result indicates that the C-terminally
(
84-92) truncated form of E1∧ E4 expressed from the 16st84
mutant genome remained in the detergent-insoluble fraction.
This contrasts with results from previous studies carried out
under conditions in which E1∧ E4 was overexpressed in cells;
under these conditions, truncation of the C-terminal five
amino acids was sufficient to remove E1∧ E4 from the deter-
gent-insoluble fraction (51, 65).

HPV16 E1∧ E4 protein enhances the ability of terminally
differentiating cells to support suprabasal DNA synthesis dur-
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ing the late stage of the viral life cycle. The HPV16 E7 protein,
in the context of the full-length viral genome or when ex-
pressed alone, reprograms suprabasal, terminally differentiat-
ing cells to support DNA synthesis (7, 19). This suprabasal
DNA synthesis is thought to contribute to the ability of these
terminally differentiating cells to support viral DNA amplifi-
cation during the late stage of the viral life cycle. The HPV16
E5 protein quantitatively contributes to this suprabasal DNA
synthesis in the context of viral life cycle (23). To address
whether E1∧ E4 contributes to suprabasal DNA synthesis, raft
cultures were incubated in medium containing the nucleotide
analog BrdU prior to harvest. Cross sections from raft cultures
were subjected to BrdU-specific immunohistochemistry (Fig.
6). The percentages of BrdU-positive cells in the suprabasal
compartment of raft cultures were scored for multiple inde-
pendent NIKS populations (n � 5) that had been transfected
with either the wild-type or E4 mutant genomes (Fig. 7). As
expected, the percentage of BrdU-positive cells in the supra-
basal compartment was significantly increased in raft cultures
of cells harboring the wild-type HPV16 replicon, compared to
raft cultures of cells harboring no HPV DNA (P � 0.01). The
percentages of suprabasal BrdU-positive cells were signifi-

cantly increased in raft cultures of cells containing the E4
mutant HPV16 genomes 16st10, 16st15, 16st20, 16st32, 16st67,
and 16st84 compared to raft cultures of cells not harboring
HPV DNA (P � 0.01). The fact that suprabasal DNA synthesis
was observed in raft cultures expressing truncated forms of
E1∧ E4 is in agreement with previous studies indicating that the
E7 protein is sufficient to reprogram terminally differentiating
cells to undergo DNA synthesis (7). Indeed, E7 expression was
detected in all NIKS cell populations harboring these E4 mu-
tant genomes that were capable of inducing suprabasal DNA
synthesis (Fig. 3B). Furthermore, the two E4 mutants that did
not display suprabasal DNA synthesis at levels significantly
greater than that observed in NIKS alone, PSS/WT (P 	 0.07)
and PPS/20 (P 	 0.38), expressed E7 protein at barely detect-
able (2% that of the wild type) or undetectable (�1% that of
the wild type) levels (Fig. 3B).

While suprabasal DNA synthesis was found to arise in raft
cultures harboring E4 mutant replicons, the level of this DNA
synthesis was generally reduced compared to that observed
with raft cultures of cells harboring the wild-type HPV16 rep-
licons. Specifically, the level of suprabasal DNA synthesis was
significantly reduced for 16st15 (P 	 0.06), 16st32 (P 	 0.05),
and 16st67 (P 	 0.02), compared to that of the wild-type
HPV16 genome. These results indicate that E1∧ E4, while not
required for suprabasal DNA synthesis, contributes quantita-
tively to this phenotype, akin to that observed with E5 mutant
HPV16 genomes (23). No significant difference in the level of
suprabasal DNA synthesis was observed in raft cultures har-
boring 16st20 (P 	 0.6) or 16st84 (P 	 0.5) replicons compared
to raft cultures harboring wild-type HPV16 replicons. We in-
terpret the 16st84 data to indicate that the last nine amino
acids of E1∧ E4 are dispensable for its quantitative contribution
to suprabasal DNA synthesis. The high copy number of the
16st20 genome may compensate for the quantitative require-
ment for E1∧ E4, although this does not appear to be a conse-
quence of increased levels of E7 (Fig. 3B). Alternatively,
16st20 may display a gain of function phenotype, consistent
with its ability to induce heightened levels of viral DNA am-
plification (see below). We noted that 16st20 did display sig-
nificant reduction in the frequency of BrdU-positive cells, com-
pared to that of wild-type HPV16 genome (P � 0.05) when
BrdU-positive cells were scored in the context of all layers,
including basal cells. These data suggest that a gross truncation
of E4 protein in HPV16 genome leads to a reduction in the
ability of the HPV16 genome to increase cellular DNA syn-
thesis.

The E1∧ E4 protein significantly contributes to viral DNA
amplification in the productive stage of the HPV16 viral life
cycle. In the stratified epithelium infected with HPV16, high-
level expression of E1∧ E4 correlates with the onset of viral
DNA amplification (16, 40). This has led to the hypothesis that
the E1∧ E4 protein contributes to viral DNA amplification.
Consistent with this hypothesis for HPV16 E1∧ E4, Peh et al.
reported that E4 mutant CRPV genomes are defective for viral
DNA amplification (46). To determine whether or not the
E1∧ E4 protein of HPV16 contributes to viral DNA amplifica-
tion, we monitored viral DNA amplification in raft cultures of
NIKS populations transfected with wild-type or E4 mutant
HPV16 genomes using HPV16-specific FISH. Evidence for
viral DNA amplification, as indicated by brightly fluorescent

FIG. 5. Analysis of E1∧ E4 expression and cellular differentiation in
raft cultures. Cross sections of raft cultures were subjected to immu-
nofluorescence with antibodies to keratin-10 (A to E) (red) or E1∧ E4
antibody (F to J) (green) and counterstained with DAPI to indicate
nuclei (blue), as indicated in Materials and Methods. Arrows indicate
the K10-negative cells in the more superficial spinous and granular
layers. Note that monoclonal antibodies used to detect E1∧ E4 recog-
nize an epitope not present in the 16st15 E1∧ E4 gene product. Shown
are panels from rafts of NIKS cells alone (A and F), NIKS cells
harboring the wild-type genome (B and G), or NIKS cells harboring
the indicated E4 mutant HPV16 genomes (C to E and H to J).
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nuclei, was detected in terminally differentiated cells of raft
cultures harboring the wild-type HPV16 genome (Fig. 6). Ta-
ble 2 summarizes the frequency of FISH-positive cells for raft
cultures of multiple independent NIKS populations trans-
fected with wild-type or E4 mutant HPV16 genomes. As ex-
pected, there was an absence of brightly fluorescent nuclei in
raft cultures containing the E4 mutant HPV16 genomes
(16st10, PSS/WT, and PSS/20) (Fig. 6; Table 2) that were
defective for viral plasmid DNA replication, indicating an ab-
sence of detectable viral DNA amplification. In the case of
16st10, a few nuclei were found with weak, punctate fluores-
cent signals that were distinct from that the uniformly bright
fluorescent nuclei observed in rafts harboring wild-type
HPV16 replicons. We currently have no understanding of the
basis of these signals, which were not seen in other popula-
tions.

Analysis of viral amplification for E4 mutants that can rep-
licate as nuclear plasmids provided some unexpected and dis-
parate results. The frequency of FISH-positive cells was sig-
nificantly reduced in raft cultures of cells harboring 16st84 (P
� 0.01) or 16st67 (P � 0.001) replicons, indicating a gross
reduction in the efficiency of viral DNA amplification. These
results indicate that full-length HPV16 E1∧ E4 contributes to

viral DNA amplification. However, the frequency of FISH-
positive cells was not significantly decreased in raft cultures of
cells harboring 16st15 (P 	 0.08), 16st20, or 16st32 (P 	 0.56)
replicons compared to the raft cultures of cells harboring the
wild-type HPV16 replicon. The amplification-competence of
these further truncated E1∧ E4 mutants indicate that full-
length E4 protein is not required for viral DNA amplification.
One hypothesis that may account for these seemingly contra-
dictory results is that the C-terminal nine amino acids of
E1∧ E4 that are absent in both 16st84 and 16st67 modulate an
amplification-suppression activity that is encoded by the cen-
tral region of E1∧ E4 between amino acids 32 and 67 (i.e., the
region absent in the more truncated E1∧ E4 mutants 16st15,
16st20, and 16st32). Were this hypothesis true, then full-length
E1∧ E4 would have to be interpreted as not contributing to the
amplification of the viral genome. This hypothesis is not con-
sistent with the prior findings made with CRPV, however (46).
An alternative hypothesis is that the 16st15, 16st20, and 16st32
gene products display a gain-of-function phenotype. If this
were the case, then one would conclude that full-length E1∧ E4
does contribute to viral DNA amplification, as indicated by the
amplification defect seen with 16st67 and 16st84, consistent
with the CRPV data (46). We favor this hypothesis because

FIG. 6. Analysis of DNA synthesis and viral DNA amplification in organotypic raft cultures of NIKS cells alone or NIKS cells harboring the
wild-type or E4 mutant HPV16 genomes. To identify cells supporting DNA synthesis, histological sections (A to E and K to O) from raft cultures
that were incubated in medium containing BrdU for 8 h prior to harvest were immunohistochemically stained with anti-BrdU antibody, and the
nuclei were counterstained with hematoxylin (blue). In cells that had incorporated BrdU, nuclei were stained brown. To detect cells in which the
HPV16 genome is amplified, serial histological sections (F to J and P to T) were subjected to HPV16-specific FISH. Cells containing amplified
HPV16 DNA were detected with FITC-conjugated anti-DIG antibody (Roche; green) and counterstained with DAPI (Vector) to indicate nuclei
(blue). The arrows in panel G indicate punctate, small dots that are found only in rafts harboring the 16st10 genome, which show a different pattern
of signal from rafts harboring the wild-type or other E4 mutant HPV16 genomes. Raft cultures of NIKS cells alone (A and P) and NIKS cells
harboring the wild-type HPV16 genome (A and F), E4 mutant HPV16 genome 16st10 (B and G), 16st15 (C and H), 16st20 (D and I), 16st32 (E
and J), 16st67(L and Q), 16st84 (M and R), PSS/WT (N and S), and PSS/20 (O and T) are shown.
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16st20 actually displayed a level of viral DNA amplification
that was significantly greater (P � 0.001) than that observed
with the wild-type HPV16 genome. It would be difficult to
account for this apparent gain-of-function phenotype based
upon the first hypothesis.

E1∧ E4 protein is required for the appearance of differenti-
ation-defective cells in the more superficial spinous and gran-
ular layers. HPV infection induces aberrant differentiation in
the stratified epithelium (18, 41, 61). Similarly, organotypic raft
cultures harboring the wild-type HPV16 replicons display an
altered epithelial differentiation program, shown by a delay in
the onset of expression of keratin-10 and involucrin in the
lower spinous layer and the presence of cells in the more
superficial spinous and the granular layers that are deficient for
both early (keratin-10 and involucrin) and late (filaggrin and
loricrin) markers for differentiation (20). The two major viral
oncoproteins, E6 and E7, have been shown to contribute to the
delay in the initial onset of the differentiation program in
early-passage human keratinocytes (38, 66), NIKS cells (19),
and mouse epidermis (3, 24, 58) but do not alter differentiation
in the more superficial cellular compartment. The HPV E1∧ E4
protein has been shown to associate with the keratin IF net-
work in monolayer cultures of keratinocytes, and overexpres-
sion of HPV16 and -18 E1∧ E4 in these cells results in the
collapse of keratin bundles, although overexpression of HPV1
E1∧ E4 does not (15, 50). Previous studies have also shown that
HPV16 E1∧ E4 colocalizes with the keratin IF network in the
suprabasal compartment of stratified epithelium infected with
HPV16 (59) and that the expression of differentiation-depen-
dent keratins is selectively absent in cells expressing HPV11
and 16 E1∧ E4 in vivo (6, 16). Consistent with these observa-
tions, evidence of keratin reorganization caused by HPV16 in
lesions has been reported (65). However, whether E1∧ E4 is
required for aberrant differentiation has not been assessed. To
address E1∧ E4’s contribution to aberrant differentiation, we
analyzed expression of epithelial differentiation markers in raft
cultures harboring the wild-type or the E4 mutant HPV16
replicons. Cross sections of raft cultures were subjected to
immunofluorescence staining for the epithelial differentiation
markers, keratin-10 (Fig. 5), involucrin, filaggrin, and loricrin
(data not shown). K10 expression was detected uniformly
throughout the suprabasal compartments of raft cultures of
cells not harboring HPV16. In contrast, disruption of K10
expression was observed in raft cultures harboring the wild-
type HPV16 genome, manifest both in a delay in the onset of
K10 expression in the lower spinous layer and in the appear-
ance of K10-negative cells in the more superficial spinous and
granular layers (Fig. 5). In the raft cultures harboring E4 mu-
tant HPV16 replicons, we again observed the delay in the
expression of K10 in the lower spinous layer, indicating that
E1∧ E4 protein does not contribute to this delay in the onset of
K10 expression. In contrast, we failed to detect K10-negative
cells in the more superficial spinous and granular layers in raft
cultures harboring E4 mutant HPV16 replicons, except for
16st84 (Fig. 5). The majority of the granular layer cells in rafts
of cells harboring 16st84 genome remained positive for K10
and involucrin, as was observed with rafts of cells harboring the
other E4 mutant HPV16 replicons; however, we did find a few
K10-negative cells in the granular layer of the rafts of cells
harboring the 16st84 genome. This result suggests that the
truncated E1∧ E4 product from 16st84 (
84-92) retains some
attenuated ability to induce K10-negative cells in granular
cells. It has been shown that C-terminally truncated HPV16
E1∧ E4 proteins that lose their ability to induce keratin collapse
correspondingly lose their detergent-insoluble property in cul-

FIG. 7. Quantification of BrdU-positive cells in raft cultures of
NIKS cells alone or NIKS cells harboring the wild-type or E4 mutant
HPV16 genomes. BrdU-positive cells in raft cultures (as shown in Fig.
6) were scored for multiple independently derived NIKS cell popula-
tions (n � 5) harboring wild-type or E4 mutant HPV16 genomes. The
percentages of BrdU-positive cells in cells within the suprabasal com-
partment of raft culture are shown.

TABLE 2. Frequency of FISH-positive cells in raft cultures
harboring wild-type or E4 mutant HPV16 genomes

Genome
Presence of

extrachromo-
somal viral DNAa

No. of rafts
with FISH-

positive cells/
all rafts testedf

Frequency
of FISH-
positive
cellsb,e

Relative
frequency of

FISH-positive
cellsc,e

WT Y 13/14 0.38 � 0.44 1
16st10 N (4)/6 0.05 � 0.05d* 0.05d*
16st15 Y 10/16 0.21 � 0.34 0.6
16st20 Y 10/10 5.54 � 4.4* 14*
16st32 Y 5/6 0.62 � 0.79 1.6
16st67 Y 1/8 �0.01* �0.01*
16st84 Y 2/8 0.18 � 0.47* 0.5*
PSS/WT N 0/3 0* 0*
PSS/20 N 0/3 0* 0*

a Y, extrachromosomal viral DNA was detected; N, extrachromosomal DNA
was not detected (see Fig. 2).

b The percentage of FISH-positive cells in total number of cells was scored for
multiple independently generated rafts harboring the wild-type or E4 mutant
HPV16 genomes, as described in Materials and Methods. Raft cultures that do
not contain FISH-positive cells were included in the calculation.

c The average frequency of FISH-positive cells for wild-type HPV16 popula-
tions was set at 1.

d Frequency of cells containing small punctate signal (see Fig. 6 and Results).
e Asterisks indicate values for E4 mutant HPV16 genomes that were statisti-

cally significant from that of the wild-type HPV16 genome, based on the two-
sided Wilcoxon rank sum test.

f Value in parentheses reflects the number of rafts containing punctate small
signal (see arrows in Fig. 6G).
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tured cells (51). We found that 
84-92 retains the detergent-
insoluble property (Fig. 3C), consistent with it retaining some
ability, albeit attenuated, to induce K10-negative cells in the
granular layer. When taken together, these studies indicate
that the E1∧ E4 gene product is specifically required for the
appearance of differentiation-defective cells in the more su-
perficial compartment of the rafts.

Temporal and spatial patterns of E1∧ E4 expression as it
relates to suprabasal DNA synthesis, viral DNA amplification,
and disturbances in terminal differentiation. Our mutational
analysis indicated that E1∧ E4 contributes to multiple parame-
ters of the viral life cycle. We therefore wanted to assess the
temporal and spatial relationships between the expression of
E1∧ E4 and these different parameters. To this end, we carried
out double-immunofluorescence studies on raft cultures har-
boring the wild-type HPV16 replicons (Fig. 8). It is important
to recognize, in interpreting the results of these experiments,
that our sensitivity in detecting E1∧ E4 by immunofluorescence
was limited, as shown by the fact that we could not detect
E1∧ E4 in the basal compartment of raft cultures by immuno-
fluorescence (Fig. 5 and Fig. 8), even though it was detected by
Western analysis in monolayer cultures maintained in a poorly
differentiated, basal-like state (Fig. 3A). To assess the relation-

ship between suprabasal DNA synthesis and E1∧ E4 expres-
sion, we performed BrdU-E1∧ E4 double immunofluorescence
(Fig. 8A and B) on raft cultures that were incubated with BrdU
for 8 h either 2 days or immediately prior to their being har-
vested. In the culture labeled for 8 h immediately prior to its
harvesting, BrdU-positive cells were found in the intermediate
cell layers far below those cells that stained positively for
E1∧ E4, which were exclusively located in the more superficial
layers. In contrast, double-positive cells could be detected
within the more superficial layers in the raft culture labeled
with BrdU 2 days prior to being harvested. These results indi-
cate not only that the onset of suprabasal DNA synthesis pre-
cedes the onset of the differentiation-dependent, high-level
expression of E1∧ E4, but also that cells expressing high levels
of E1∧ E4 protein no longer support the levels of cellular DNA
synthesis that are necessary to permit its detection by the
BrdU-labeling technique. A very different result was observed
when we carried out double immunofluorescence for E1∧ E4
and viral DNA amplification (the latter with FISH). Here, we
found that nearly all FISH-positive cells were E1∧ E4 positive
(Fig. 8C). These double-positive cells were exclusively found in
the more superficial layers of the raft cultures, far above the
position of cells that were actively supporting DNA synthesis at
the time of harvest as detected by BrdU incorporation (Fig.
8B). These results, when taken together, indicate that viral
DNA amplification arises in cells expressing high levels of
E1∧ E4 temporally following the onset and presence of detect-
able suprabasal DNA synthesis. Because we had determined a
role of E1∧ E4 in perturbing terminal differentiation, we carried
out E1∧ E4/K10 double immunofluorescence (Fig. 8D). We
found that majority of E1∧ E4-positive cells in the more super-
ficial compartment of the rafts were deficient for K10 staining,
although a few double-positive cells were detected. These data
are consistent with its role in perturbing differentiation.

DISCUSSION

The HPV E1∧ E4 protein has long been predicted to play a
role in the late stage of the viral life cycle, primarily because it
can be immunohistochemically detected in the terminally dif-
ferentiated compartment of stratified epithelium in warts (16,
59) and in organotypic cultures of epithelial cell populations
harboring HPV replicons (Fig. 5). Our results indicate that
E1∧ E4 does indeed play critical roles in the late stage of the
viral life cycle, affecting the efficiency of induction of supra-
basal DNA synthesis and viral DNA amplification, as well as in
perturbing terminal differentiation. Surprisingly, we also dis-
covered that mutations in the E4 ORF of HPV16 alter the
plasmid replication state of the viral genome in human kera-
tinocytes that were cultured to maintain their basal-like state
(Fig. 2 and Table 1) and that the E1∧ E4 protein is expressed in
these basal-like cells, albeit at lower levels than that observed
with raft cultures which are composed primarily of differenti-
ated cells (Fig. 3). This latter finding is intriguing, given that
the E1∧ E4-spliced mRNA is present in early viral transcripts
and widely used as a means of detecting the earliest signs of a
viral infection. Our results provide the first detailed assessment
of E1∧ E4’s role not only in the late stage but also in the early
stage of the viral life cycle.

E1∧ E4’s role in plasmid DNA replication. Recent advances
in our understanding of the biological properties of E1∧ E4

FIG. 8. Colocalization analysis of E1∧ E4 with hallmarks of the pro-
ductive stage of the viral life cycle. Shown are representative cross
sections of raft cultures harboring the wild-type HPV16 genome that
have been subjected to double immunofluorescence to detect the rel-
ative position of E1∧ E4-positive cells in relation to cells supporting
DNA synthesis (A and B), viral DNA amplification (C), and aberrant
differentiation (D). (A and B) Raft cultures harboring wild-type
HPV16 genomes were incubated in medium containing BrdU from
60 h to 52 h prior to harvest and then cultured in medium without
BrdU until harvesting (A) or from 8 h to 0 h prior to harvest (B) (see
Materials and Methods). Histological cross sections of rafts were sub-
jected to double immunofluorescence using antibodies to BrdU (red)
and E1∧ E4 (green) and counterstained with DAPI (blue). (A) Arrows
indicate BrdU-E1∧ E4 double-positive cells. (C) Histological cross sec-
tions of rafts harboring the wild-type HPV16 genome were subjected
to HPV16-specific FISH. Following hybridization to the probe, sec-
tions were incubated with FITC-conjugated anti-E1∧ E4 antibody
(green), and the amplified HPV16 genomes were detected by rhodam-
ine-conjugated anti-DIG antibody (red). (D) Histological cross sec-
tions of rafts harboring wild-type HPV16 were subjected to double
immunofluorescence using antibodies to K10 (red) and E1∧ E4 (green).
K10-negative cells in the superficial spinous and granular layers are
indicated by arrows.
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provide potential insights into the mechanism by which E1∧ E4
contributes to plasmid DNA replication in the context of the
nonproductive infective state. First, E1∧ E4 can stimulate the
activity of the papillomaviral early protein E2. E2 modulates
viral transcription, contributes to E1-dependent replication of
the viral genome, and mediates stable plasmid maintenance in
dividing cell populations. E1∧ E4 has been shown to stimulate
the first two properties of E2 (R. Sorathia and J. Doorbar,
unpublished data; T. Nakahara and H. Sakai, unpublished
data). An effect of E1∧ E4 on E2’s role in plasmid maintenance
has not been assessed. Furthermore, E1∧ E4 has been found to
bind directly to E2 protein (Sorathia and Doorbar, unpub-
lished), providing a possible mechanism by which E1∧ E4 could
directly alter E2’s function. Another potentially relevant prop-
erty of E1∧ E4 is its association with promyelocytic leukemia
protein (PML), a cellular protein that is an essential compo-
nent of nuclear subdomains called PML oncogenic domains
(PODs), or nuclear domain 10 (ND10) (designated PODs/
ND10). Roberts et al. have suggested that HPV1 E1∧ E4 relo-
cates ND10s via its association with PML (52). PODs/ND10
have been proposed to play a role in multiple steps in the
papillomavirus life cycle, including efficient establishment of
the viral genome in the nucleus upon infection (11), viral DNA
replication (62), viral gene expression (25), and virus assembly
(12, 22). Although E1∧ E4’s association with PML has not been
characterized for HPV16 E1∧ E4, it is of particular relevance
that viral DNA replication is thought to occur at or near ND10.
Swindle et al. demonstrated that the E1 and E2 proteins of
HPV11 are colocalized near to PODs/ND10, together with the
plasmid containing the replication origin of HPV11 in tran-
siently transfected cells (62). Thus, E1∧ E4 may modulate viral
DNA replication by altering the activity of E2 directly as a
result of E2 binding or indirectly by affecting the location of
PODs/ND10. To date, mutational analyses defining the do-
mains of E1∧ E4 that are necessary for its association with
either E2 or PML have not been described; therefore, we
cannot assess whether our results using various mutations in
the E4 ORF do or do not correlate with E1∧ E4’s association
with E2 or PML. It is interesting to note however, that the
leucine-rich motif of E1∧ E4, which we found to be essential for
E1∧ E4s role in plasmid DNA replication, is predicted to con-
tribute to E1∧ E4’s function in the context of its association
with both E2 and effects on PODs/ND10. Specifically, E4 can
sequester E2 to the keratin IF network (J. Doorbar, unpub-
lished data) and this association of E4 with the keratin IF
network is mediated by the leucine-rich motif (49, 51). In
addition, Roberts et al. have suggested that the association
between the leucine-rich motif of E1∧ E4 and the keratin IF
network is involved in E4-mediated relocation of ND10 (52).

E1∧ E4 contributes to suprabasal DNA synthesis. In the late
stage of the viral life cycle, most E4 mutant HPV16 replicons
were quantitatively reduced in their ability to induce supra-
basal DNA synthesis to levels that were significantly lower than
those seen with raft cultures harboring the wild-type HPV16
genome (Fig. 6 and 7). This result indicates that E1∧ E4 con-
tributes to the ability of HPV16 to induce suprabasal cells to
support DNA synthesis. A requirement for E1∧ E4 in inducing
suprabasal DNA synthesis clearly is not absolute, as all repli-
cation-competent E4 mutant genomes retained a capacity for
inducing suprabasal DNA at levels significantly higher than

those seen with cell populations harboring no HPV16 ge-
nomes. This quantitative requirement for E1∧ E4 is similar to
that observed for the HPV16 and HPV31 E5 genes (17, 23) but
contrasts with the absolute requirement for the HPV16 E7
oncogene (19). We found that the onset of DNA synthesis in
suprabasal cells clearly preceded the differentiation-dependent
upregulation of E1∧ E4 as detected by immunofluorescence
(Fig. 8). The level of E1∧ E4 needed for its detection by immu-
nofluorescence is high, since E1∧ E4 is expressed in basal cells
based upon our Western analysis (Fig. 3B) yet cannot be de-
tected in these cells by immunofluorescence (Fig. 8). There-
fore, we interpret the double-immunofluorescence results to
indicate that low levels of E1∧ E4 can contribute quantitatively
to suprabasal DNA synthesis.

A possible mechanism by which E1∧ E4 contributes to supra-
basal DNA synthesis is its ability to induce G2/M arrest (10,
43). Overexpression of E1∧ E4 leads to an accumulation of cells
with 4N content, consistent with the cells being in G2 or M
phase. Interestingly, these cells kept synthesizing DNA over
time, as shown by the appearance of cells with a more than 4N
DNA content, suggesting that E1∧ E4 inhibits mitosis but not
DNA synthesis (35, 43). By and large, the E1∧ E4 requirements
for its quantitative contribution to suprabasal DNA synthesis
correlate with its requirements for inducing G2/M arrest. For
instance, the E4 mutant HPV16 genomes that are predicted to
express E1∧ E4 peptides that are incapable of inducing G2/M
arrest, such as 16st10, 16st15, and 16st32, were reduced in their
ability to induce suprabasal DNA synthesis; whereas 16st84,
which is predicted to retain an ability to induce G2/M arrest,
induced suprabasal DNA synthesis to levels commensurate
with those of wild-type HPV16. The only possible outlier to
this correlation is 16st67, which was reduced in its ability to
induce suprabasal DNA synthesis in human keratinocyte raft
cultures (Fig. 7). A similar truncation mutant in HPV18 E4
(
60-92) also was reduced in its ability to induce G2/M arrest
in HeLa cells (43); however, the HPV16 E4 mutant (
51-92)
when expressed in Schizosaccharomyces pombe, could induce
G2/M arrest (10). The defectiveness of the 16st67 mutant ge-
nome may simply reflect the relative instability of the mutant
E1∧ E4 protein, as shown by its low steady-state level compared
to that of the wild-type E1∧ E4 protein (Fig. 3C), and is similar
to what was observed for the HPV18 E4 (
60-92) mutant
protein in HeLa cells (43). Of potential relevance in this re-
gard, the 16st67 protein was found in the detergent-soluble
fraction (Fig. 3C). Prior studies have argued that the stability
of full-length E1∧ E4 protein is related to its migration into the
detergent-insoluble state (65). Chien et al. showed that a ma-
jority of cells undergoing suprabasal DNA synthesis did not
exhibit a prolonged S phase in rafts expressing E7 alone, sug-
gesting that E7 by itself is sufficient to reprogram cells to
initiate suprabasal DNA synthesis but is not sufficient to main-
tain active for DNA synthesis (endoreduplication) (8). E1∧ E4
may facilitate endoreduplication by inhibiting mitosis but not
DNA synthesis in the context of the viral life cycle.

E1∧ E4’s contribution to amplification is separable from its
contribution to the induction of suprabasal DNA synthesis but
may relate to its role in plasmid DNA replication in basal
cells. Our study demonstrates a role of E1∧ E4 in viral DNA
amplification that is consistent with prior E4 mutational anal-
yses in the context of CRPV (46). The induction of suprabasal
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DNA synthesis is thought to be a prerequisite for viral DNA
amplification in the productive stage of the viral life cycle. In
rafts harboring the E7-null HPV16 genome, suprabasal DNA
synthesis was not detected; correspondingly, no viral DNA
amplification occurred (19). Interestingly, the genetic require-
ments for E1∧ E4 in supporting viral DNA amplification are
separable from its requirements for inducing suprabasal DNA
synthesis. The E4 mutant HPV16 genome, 16st84, was able to
induce suprabasal DNA synthesis but not viral DNA amplifi-
cation (Fig. 7 and Table 2). The direct involvement of E1∧ E4
in viral DNA amplification is consistent with the observation
that viral DNA amplification arises in E1∧ E4-positive cells that
are spatially distinct from those cells that support suprabasal
DNA synthesis (Fig. 8). The distinct genetic requirement of
E1∧ E4 is further shown by the fact that the E4 mutant ge-
nomes, 16st15 and 16st32, displayed a reduction in suprabasal
DNA synthesis but not in viral DNA amplification. The mech-
anism by which E1∧ E4 contributes to viral DNA amplification
in the context of the late stage of the viral life cycle is unclear;
however, it may relate to its role in plasmid DNA replication in
the context of the nonproductive, early stage of the viral life
cycle. Supportive of such a relationship is the fact that for many
of the mutants analyzed (16st10, 16st15, 16st20, 16st32, PSS/20,
and PSS/WT) the presence of the leucine-rich motif of E1∧ E4
correlates with the competence of the mutant genome to rep-
licate as nuclear plasmids, as well as to undergo viral DNA
amplification.

E1∧ E4 contributes to the perturbation of differentiation spe-
cifically in the more superficial layers of stratified squamous
epithelia. HPV16 has two effects on differentiation. It delays
the onset of differentiation in the lower layers of the stratum
spinosum and perturbs differentiation within the upper layers
of the stratum spinosum and stratum granulosum. Our studies
indicate that E1∧ E4 is necessary to perturb differentiation in
the more superficial layers of the epidermis but show that it
does not contribute to the delayed onset of differentiation in
the lower layers of the stratum spinosum. This specific effect of
E1∧ E4 on differentiation correlated with its spatial pattern of
high-level expression in the raft cultures (Fig. 8D). How E1∧ E4
causes the perturbation of differentiation is unclear, but we
suspect that it is mediated through its capacity to induce ker-
atin IF reorganization, a property that correlates with E1∧ E4’s
detergent-insoluble characteristic (51). Interestingly, E7 is nec-
essary and sufficient to cause the delay in differentiation in the
lower layers of the stratum spinosum (19, 24; A. Collins et al.,
submitted for publication). Thus, in the context of the HPV16
life cycle, E7 and E1∧ E4 alter cell differentiation in a spatially
distinct manner.

An integrated model for the role of E1∧ E4 and other viral
proteins in the HPV life cycle. Based on these findings and
other findings made in the context of like experimental model
systems, we propose a model for the role of E1∧ E4 and other
viral genes in the nonproductive versus productive stages of the
HPV life cycle. A hallmark of the early stage of the viral life
cycle, which takes place in the basal compartment, is the es-
tablishment of the viral genome as low-copy-number nuclear
plasmid DNA. Four viral early gene products appear to con-
tribute to this process for HPVs: E1 (28), E2 (29, 60), E4 (this
study), and E6 (45, 63) (E. Flores and P. F. Lambert, unpub-
lished data). While a direct role has been established for E1

and E2 in stable plasmid DNA replication, it remains unclear
exactly as to how E4 and E6 contribute to this process. Upon
basal cell division, one of the daughter cells migrates into the
suprabasal compartment and initiates a program of terminal
differentiation that includes the ordered expression of differ-
entiation specific factors, as well as exit from the cell cycle. In
these suprabasal cells where HPVs initiate the productive stage
of their life cycle to produce progeny viruses, the cellular
differentiation program is perturbed in multiple ways. The first
observable perturbation is a delay in the onset of differentia-
tion, as shown by a paucity of K10 staining in the lowermost
layers of the stratum spinosum. E7 is necessary for this delay
(19), and its requirement correlates with its ability to bind and
degrade pRb and the related pocket proteins p107 and p130
(Collins et al., submitted). E6 also can delay the onset of
differentiation in human keratinocytes (30, 57), which suggests
that E6 may enhance the delay in the onset of differentiation,
together with E7. A second aspect of the differentiation pro-
cess that is perturbed by HPVs is the withdrawal of suprabasal
cells from the cell cycle. Normally, suprabasal cells are unable
to initiate new rounds of DNA synthesis. HPVs reprogram
these cells to stay and/or reenter the cell cycle, as shown by the
capacity of these cells to incorporate nucleotide analogs (e.g.,
BrdU) into newly synthesized DNA. While E4 (this study) and
E5 (17, 23) contribute quantitatively to this process in the
context of the viral life cycle, E7 is absolutely required; this
requirement correlates with E7’s binding to pRb (Collins et al.,
submitted). E5 may facilitate these differentiating cells to stay
in and/or to reenter the cell cycle through its activation of EGF
signaling pathways. In contrast, E4 may promote these cells to
undergo endoreduplication by its association with the cyclin
B/Cdk1 complex (9). In these latter studies, in which individual
viral genes are expressed out of context of the viral genome,
the DNA synthesis measured is necessarily limited to cellular
DNA, as no viral genomes are present. Likewise, in the context
of viral life cycle studies in cells harboring the full-length viral
genome, BrdU incorporation most probably represents cellular
DNA synthesis, not viral DNA synthesis, as cells incorporating
BrdU are located in lower strata within the raft cultures than
the cells that are detected by FISH to have amplified the viral
DNA (Fig. 8B versus 8C). A spatial separation of cells express-
ing cellular S-phase markers and cells supporting viral DNA
amplification in HPV-infected tissues has been documented
(47). We interpret the spatial separation of BrdU and FISH
positivity to indicate that as cells migrate to the more superfi-
cial strata, they are programmed by the virus to undergo a
switch that directs the cellular replication machinery to amplify
viral DNA, at which time cellular DNA synthesis no longer
occurs or occurs inefficiently. We postulate that E4 is critical
for this switch. As was previously found with CRPV (46), some
E4 mutant HPV16 genomes are defective for DNA amplifica-
tion (Fig. 6; Table 2); importantly, in the case of one such
mutant (16st84), this defect was separable from defects in
suprabasal DNA synthesis. The second observation is that
high-level expression of E1∧ E4, as detected by immunofluo-
rescence, correlates with viral DNA amplification (Fig. 8C).
The precise mechanism by which E4 contributes to this hy-
pothesized switch remains unknown. But it is interesting that
the same superficial strata of the raft cultures in which we
found a correlation between high-level expression of E1∧ E4
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and viral DNA amplification is where we also detected E4-
dependent defects in cellular differentiation (Fig. 8). Whether
this effect of E4 on differentiation contributes to the switch
remains unclear. Alternatively, or in addition to any effect on
viral DNA amplification, the effect we observed on K10 stain-
ing may relate to E4’s argued role in promoting virus egress
from cells by altering the cornified cell envelope (6). Based
upon staining patterns for the major capsid protein, L1 (5, 16,
59), progeny viruses are thought to accumulate in cells in the
granular layers of the stratified epithelium where high-level
E1∧ E4 expression correlates with K10-negative status. Also in
these cells, L2 is expressed and facilitates encapsidation of the
viral genome (26).

It is relevant to consider the role of E1∧ E4 in the context of
cervical cancer in light of our findings. Loss of E1∧ E4 expres-
sion in cervical lesions infected with HPV16 correlates with
increased severity of those lesions and the appearance of frank
cancer (40, 44, 56). This loss of E4 expression, like that of E2,
is believed to be caused by integration of the viral genome into
host chromosomes, which can lead to disruption of the E4
ORF (2, 32, 53) and/or destabilization of mRNAs encoding E4
(32). It has been argued that the absence of E1∧ E4 is condu-
cive to tumorigenesis, perhaps because of its capacity to induce
G2/M arrest (10, 43) or its newly discovered role in inducing
cellular apoptosis (48). Given our findings, It is also possible
that E1∧ E4 contributes to replication of the viral genome as a
nuclear plasmid and that loss of E4 expression, similar to that
of E2, may result in progressive integration events of the viral
genome, contributing to tumorigenesis in HPV-associated can-
cers.
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ADDENDUM

Following submission of the manuscript, a similar study an-
alyzing E4 mutant HPV31 genomes in context of the viral life
cycle was published (R. Wilson, F. Fehrmann, and L. A.
Laimins, J. Virol., 79:6732–6740, 2005). Some phenotypes de-
scribed for E4 mutant HPV31 genomes were similar to those
described for our cognate E4 mutant HPV16 genomes, as
follows. (i) The E4M4 mutant, which is equivalent to 16st10,
was defective for viral DNA replication in human keratino-
cytes, while E4M9, which is equivalent to 16st15, was compe-
tent for viral DNA replication. (ii) Suprabasal BrdU-positive
cells were decreased in raft cultures harboring E4M9, com-
pared to the raft culture-harboring wild-type HPV31 genome.
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