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Papillomavirus genomes are thought to be amplified to about 100 copies per cell soon after infection, maintained constant at this
level in basal cells, and amplified for viral production upon keratinocyte differentiation. To determine the requirement for E1 in
viral DNA replication at different stages, an E1-defective mutant of the human papillomavirus 16 (HPV16) genome featuring a
translation termination mutation in the E1 gene was used. The ability of the mutant HPV16 genome to replicate as nuclear epi-
somes was monitored with or without exogenous expression of E1. Unlike the wild-type genome, the E1-defective HPV16 ge-
nome became established in human keratinocytes only as episomes in the presence of exogenous E1 expression. Once estab-
lished, it could replicate with the same efficiency as the wild-type genome, even after the exogenous E1 was removed. However,
upon calcium-induced keratinocyte differentiation, once again amplification was dependent on exogenous E1. These results
demonstrate that the E1 protein is dispensable for maintenance replication but not for initial and productive replication of

HPV16.

Papillomaviruses (PVs) are small, double-stranded DNA vi-
ruses that infect stratified squamous epithelium. Human PVs
(HPVs) are very important causative agents for various lesions,
ranging from verrucas to cancer. Among them, a subset of HPVs,
the so-called high-risk types such as type 16 and 18, are associated
with more than 90% of all cervical carcinomas as primary etiolog-
ical factors (45). PVs establish long-term persistent infections in
squamous epithelium, and the viral life cycle is tightly linked with
the differentiation state of the host keratinocytes (7).

PV genome is replicated and amplified in three different stages:
establishment, maintenance, and productive stages of the life cy-
cle. In the establishment stage, soon after infection of the basal
layer keratinocytes, a single or a few initial copies of the viral ge-
nome amplify and establish residence as multicopy circular extra-
chromosomal elements (episomes) in the nucleus. In the mainte-
nance stage, the viral genomes in each affected cell replicate
approximately once in a cell cycle in proliferating basal layer ke-
ratinocytes. Then, in the productive stage, they are exponentially
amplified in terminally differentiating keratinocytes and packaged
into progeny virions. It is important to understand the molecular
mechanisms underlying this triphasic model for development of
new therapies against HPV-infected lesions, such as cervical intra-
epithelial neoplasias, which can progress to cervical cancer.

The regulation of viral DNA replication is thought to differ in
these three distinct stages of the viral life cycle. Studies of lesions
experimentally induced by rabbit oral papillomavirus (ROPV) in-
fection showed that the genome copy number of ROPV is low in
the basal layer and increases up to four orders of magnitude dur-
ing the terminal differentiation of host keratinocytes (21). This
corresponds to more than 13 rounds of continuous replication of
the viral genome in the productive stage.

Most of our knowledge of PV replication is derived from short-
term replication assays to identify the components required for
replication of the viral genome. These transient replication assays
suggest that both viral proteins E1, a DNA helicase, and E2, a
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transcriptional activator and auxiliary replication factor, as well as
cis-acting elements, including the E1-binding site (E1BS), several
E2-bindingsites (E2BS), and an AT-rich region in the long control
region (LCR), are all essential for efficient PV DNA replication (4,
6,20, 23, 30, 35, 37, 38). These studies appear to have analyzed the
molecular mechanisms of viral replication in the productive stage,
though they did not necessarily examine the three stages sepa-
rately.

In this context, it is of interest that the HPV genome lacking
LCR can replicate in the absence of both E1 and E2 proteins in
transient replication assays (1, 16, 29), and a temperature-
sensitive (TS) E1 mutant of bovine papillomavirus type 1 (BPV1)
can be maintained in mouse C127 cells at a nonpermissive tem-
perature as efficiently as the wild-type BPV1 (17). These reports
suggest that E1 might be dispensable for maintenance replication.

To test this hypothesis directly, we here used an E1-defective
mutant HPV16 genome featuring a translation termination mu-
tation in E1. We established human dermal keratinocytes (HDKs)
containing the E1-defective HPV16 genome with the help of ex-
ogenous E1 expression and then removed the exogenous El ex-
pression cassette with the FLP/FRT system (36). Similar to the
wild-type genome, the El-defective HPV16 genome was main-
tained for numerous cell generations without exogenous E1 ex-
pression. However, unlike the wild-type genomes, the El-
defective HPV16 genome failed to amplify upon differentiation of
host cells, with rescue dependent on reexpression of exogenous
El. These results indicate that HPV16 requires E1 protein for the
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TABLE 1 Primers for PCR and RT-PCR

E1 Is Dispensable for Maintenance Replication

Name nt position

Sequence (5'—3") Product size

For detecting excision of HPV16 DNA®

For total HPV DNA, HPV16 E7 660
795
For excised-circular HPV DNA, HPV16 LCR 7432
7702
For detecting mRNAs
HA-E1 7
150
E1"E4 603
4014
36B4" 655
877
For real-time quantitative PCR to quantify HPV16 DNA
HPV16 L2 4474
4616

GGAGGAGGATGAAATAGATGGTC 136
AGTACGAATGTCTACGTGTGTGC
AGGCCCATTTTGTAGCTTC 271
CCTAACAGCGGTATGTAAGG (+loxP 305)
CCTTATGACGTGCCAGATTACGC 144
GTCATTTTCGTTCTCATCGTCTGAGATG
TTTGCAACCAGAGACAACTGAT 933
AGAGGCTGCTGTTATCCACAAT
TCGACAATGGCAGCATCTAC 223
GCCTTGACCTTTTCAGCAAG
CCCACAGCTACAGATACACTTGCT 143

GGAATGGAAGGTACAGATGTTGGTGC

“ GenBank accession number for HPV16 is K02718.
b GenBank accession number for 36B4 is M17885.

establishment and the productive stages but not for the mainte-
nance stage of viral genome replication. The results have impor-
tant implications for the development of El inhibitors as anti-
HPV drugs.

MATERIALS AND METHODS

Cell culture. Human dermal keratinocytes (HDKs) were purchased from
Cell Applications (San Diego, CA). HDKs were immortalized with TERT,
a mutant form of CDK4 and cyclin D1 (HDK-K4DT) by lentivirus-
mediated gene transfer as described below. The cells were maintained in
low-calcium serum-free keratinocyte growth medium (Epilife, Invitro-
gen, Carlsbad, CA) unless otherwise described. To induce keratinocyte
differentiation, cells were exposed to Epilife basal medium supplemented
with 1.8 mM CaCl, for 7 days or more. W12 (20863) cells were obtained
from Paul F. Lambert (McArdle Laboratory for Cancer Research, Madi-
son, WI) and cultured on mitomycin-treated Swiss mouse 3T3 cells in F
medium as previously described (13).

Plasmid construction. In pCMV-loxP-HPV16-loxP-puro, the full-
length HPV16 genome linearized at the Sphl site in the long control re-
gion and flanked by loxP recombination sites (18) was inserted between a
CMYV promoter and a puromycin resistance gene so that the HPV16 ge-
nome was located in reverse orientation to the CMV promoter to avoid
CMV-driven expression of HPV16 genes. In pCMV-loxP-E1-defective
HPV16-loxP-puro, an in-frame stop codon was created at nucleotides
(nt) 892 to 894 just downstream of the E1 start codon at nucleotide 865 by
site-directed mutagenesis. The segment encoding Cre recombinase with
nuclear localization signal in AXCANCre (14) was cloned into pcDNA3
(Invitrogen) to generate pcDNA3-NCre. Detailed methods for the con-
struction of pCMV-loxP-HPV16-loxP-puro, pCMV-loxP-El-defective-
HPV16-loxP-puro, and pcDNA3-NCre are available upon request.

DNA transfection. HDK-K4DT cells were seeded at a density of 2 X
10° cells onto six-well plates (BD Biosciences, Franklin Lakes, NJ) con-
taining 2 ml of Epilife and incubated overnight and then cotransfected
with 1 ug of pcDNA3-NCre and 3 ug of pCMV-loxP-HPV16-loxP-puro
(wild-type or El-defective strains) using FuGENE HD (Roche). One day
after transfection, cells were selected by 1 pg/ml of puromycin for 2 days.

Vector construction and retroviral infection. Construction of lenti-
viral vectors, CSII-CMV-TERT, CSII-CMV-cyclin D1, and CSII-CMV-
CDKA4R*C, were described previously (33). CSII-CMV-TetON-ADV
contains the TetON-ADV segment from pTet-On Advanced Vector
(Clontech, Mountain View, CA). To yield improved E1 gene expression in
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mammalian cells, the codon-optimized HPV16 El gene with an
N-terminal hemagglutinin (HA) tag (HA16E1) was synthesized (Gen-
Script, Piscataway, NJ). CSII-TRE-Tight-HA16E1 contains the HA16E1
gene under the control of the tetracycline responsive promoter from
pTRE-Tight (Clonetech). pPCMSCV-FRT-HA-E1-TKneo consists of the
CMV/LTR fusion promoter, the ¥ packaging signal, a mutant (f72) FLP
recognition target (5'FRT) (24), the HA16E1 gene, the PKG promoter,
and the herpes simplex virus thymidine kinase (HSV-TK) fused to the
neomycin-resistant gene (neo), 3'FRT, and 3'LTR, as shown in Fig. 3A.
Cells infected with this retrovirus were positively or negatively selected
in the presence of 50 ng/ml of G418 or 10 ug/ml of ganciclovir, respec-
tively. The nucleotide sequence of the HA16E1 and the detailed methods
for the construction of pCMSCV-FRT-HAI6E1-TKneo-FRT, CSII-
CMV-TetON-ADV, and CSII-TRE-Tight-HA16E1 are available upon re-
quest. The production of recombinant retroviruses and lentiviruses was
accomplished as described previously (27, 33).

AdV. The thermostable FLP mutant (FLPe)-expressing adenovirus
vector (AdV) (AxCAFLPe), a kind gift from Izumi Saito (The Institute of
Medical Science, The University of Tokyo), was prepared as described
previously (3, 36). Cells were infected with AXCAFLPe at a 5-particle titer
multiplicity of infection.

Western analysis. Western blotting was conducted as described
previously (26). Antibodies against HA (16B12; Covance, Princeton,
NJ), involucrin (SY5; Sigma-Aldrich, St. Louis, MO), vinculin (Sigma-
Aldrich), and loricrin (Covance) were used as probes, and horseradish
peroxidase-conjugated anti-mouse, anti-rabbit (Jackson ImmunoRe-
search Laboratories, West Grove, PA), or anti-goat (sc-2033; Santa
Cruz, Santa Cruz, CA) immunoglobulins were employed as secondary
antibodies.

PCR and DNA blot hybridization. Total genomic DNA was isolated
by a standard SDS-proteinase K method, and an aliquot (100 ng) was
examined by PCR amplification for Cre-mediated HPV DNA excision.
Primer sets used for detecting total HPV16 DNA or recombined HPV16
are shown in Table 1. The DNA was amplified by 30 cycles of PCR using
Takara Taq DNA polymerase (Takara, Japan) according to the supplier’s
instructions, with annealing at 60°C and elongation at 72°C for 30 s. PCR
products were separated on a 1.5% agarose gel and visualized with
ethidium bromide. For Southern blot analyses, digested DNA was sepa-
rated on a 0.75% agarose gel, soaked in 0.25 M HCI for 15 min, and
alkaline transferred onto nylon membranes (Boehringer Mannheim,
Mannheim, Germany). The membranes were prehybridized in Hybrisol I
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FIG 1 HPV genome excision and establishment of the cell line containing the HPV16 genome. (A) Schematic representation describing the parental pPCMV-
loxP-HPV16-loxP-puro, the Cre recombinase-excised HPV16 genome, and the pCMV-puro plasmid. PCR primers (thin and thick arrows) to detect total and
excised HPV DNA, respectively, are indicated. (B) HDK-K4DT cells were cotransfected with the pPCMV-loxP-HPV16-loxP-puro plasmid with (lanes 4 and 5) or
without (lanes 2 and 3) the NCre expression plasmid. Total DNA was extracted from the cells 2 days after the transfection without puromycin selection.
Representative pictures of an ethidium bromide-stained agarose gel with PCR products indicating total HPV16 DNA (bottom) and excised circular HPV16 DNA
(top), containing a surplus of 34 bp of loxP DNA, are shown. (C) Southern blot hybridization for the HPV genome in HDK-K4DT cultures. Dpnl and BamHI-
or Xhol-digested total DNA isolated from HDK-K4DT at 3 weeks after transfection with pCMV-loxP-HPV16-loxP-puro plasmid and the NCre expression
plasmid is shown. Digestion with BamHI, which cuts the HPV16 genome once, produced results of the expected size for the HPV16 genome. Digestion with Xhol,
which does not cut the HPV16 genome, showed supercoiled plasmid of HPV16 genome. The BamHI-linearized HPV16 plasmid was used for length and copy

number standards.

(Millipore, Billerica, MA) for 1 h at 42°C. A biotin-labeled probe of the
entire HPV16 genome prepared with the NEBlot Phototope kit (New
England BioLabs, Ipswich, MA) was applied for hybridization, and the
hybridized DNA was visualized with a Phototope-Star detection kit (New
England BioLabs) following the protocol provided by the manufacturer.
The LAS3000 charge-coupled device (CCD) imaging system (Fujifilm Co.
Ltd., Japan) was employed for detection and quantification.

RNA extraction and RT-PCR analyses. For detection of mRNAs, total
RNA was purified with RNeasy (Qiagen, Valencia, CA) and reverse tran-
scribed to generate cDNAs by the ThermoScript reverse transcription
(RT)-PCR system (Invitrogen) using random hexamers according to the
supplier’s instructions. Primers used for the E1"E4 spliced transcript, ex-
ogenous codon optimized E1, and human acidic ribosomal phosphopro-
tein PO (36B4) are shown in Table 1. The thermocycling profile for am-
plifying E1"E4, E1, and 36B4 cDNAs was 1 min at 95°C; 40 cycles of 95°C
for 30 s, 54°C for 30 s, and 72°C for 30 s (or 1 min for E1"E4 cDNA); and
4 min of extension at 72°C. PCR products were separated in a 1.5 or 0.9%
agarose gel and visualized with ethidium bromide.

Quantitative real-time PCR for genomic DNA. Reactions were pre-
pared in a volume of 10 ul containing 1 X quantitative PCR (qPCR) mas-
ter mix of KAPA SYBR FAST qPCR kits (Kapa Biosystems, Woburn, MA)
and 300 nM each primer. PCR was performed using StepOnePlus (Ap-
plied Biosystems) with 10 s of denaturation at 95°C followed by 40 cycles
of 95°C for 3 s and 60°C for 30 s. Serial dilutions of linearized HPV16
genome from pUC-HPV16 plasmid DNA by BamHI digestion were used
as controls to measure the amounts of HPV16 genomic DNA. All real-
time PCRs were run in triplicate. Total DNA was digested with Dpnl
before PCR amplification of the HPV16 genome with a primer set ampli-
fying a product containing two Dpnl sites (Table 1). HPV16 DNA copy
number was expressed as copies per cell assuming that the total human
genomic DNA is 6.6 pg/diploid cell. The rate of HPV16 genome retention
(RR) was calculated as follows: RR = (copy number of viral genomes at
the end/copy number of viral genomes at the beginning) 1/PD, where
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population doubling (PD) of cells was calculated as follows: PD =
log(number of cells obtained/initial number of cells)/log2.

RESULTS

Establishment of keratinocytes containing the HPV16 genome.
Primary human keratinocytes are often used for establishment of
HPV-containing cell lines. However, they have a finite life span,
and cells harboring HPV genomes tend to preferentially grow in
culture. To minimize this effect and to obtain reproducible re-
sults, we first immortalized human dermal keratinocytes (HDKs)
with TERT, a mutant form of CDK4 and cyclin D1 (HDK-K4DT).
HDK-K4DT formed fully stratified squamous epithelium in an
organotypic raft culture (data not shown). Then, we established
keratinocytes harboring HPV genomes as episomes. HDK-K4DT
cells were transfected with pCMV-loxP-HPV16-loxP-puro, de-
signed to generate a circular 7.9-Kb HPV16 genome and a circular
pCMV-puro expression cassette (Fig. 1A). With the Cre expres-
sion plasmid, about 5 to 10% of the transfected cells survived after
short-term puromycin selection, whereas only a few cells survived
without Cre recombinase (data not shown). At 2 days posttrans-
fection without puromycin selection, total DNA was analyzed by
PCR using two sets of primers, one for total HPV16 DNA and the
other specific for the circularized HPV16 genome (Fig. 1A). In
cells cotransfected with Cre, PCR products corresponding to the
recombined circular HPV16, whose size should be bigger by 34 bp
due to an inserted loxP sequence, were observed (Fig. 1B, lanes 4
and 5), whereas no circularized HPV16 genome was detected in
cells without Cre expression (Fig. 1B, lanes 2 and 3). Southern blot
analysis of total DNA extracted from cells at 21 days posttransfec-
tion suggested that the established HDK-K4DT cells harbored
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FIG 2 Requirement for E1 protein in the establishment stage. (A) Southern blot hybridization of the HPV genome in HDK-K4DT cultures. Parental (lanes 5 and
6) and exogenous E1 expressing HDK-K4DT cells (lanes 7 and 8) were transfected with the wild-type (WT) or the E1-defective pCMV-loxP-HPV16-loxP-puro
plasmid and the NCre expression plasmid. Total DNA was extracted at 21 days posttransfection. Dpnl- and BamHI-digested total DNA from parental or
exogenous E1 expressing HDK-K4DT cultures was analyzed. The BamHI-linearized HPV16 plasmid was used for length and copy number standards (lanes 1 to
4). (B) mRNAs for exogenous E1 of HDK1-K4DT cells transduced with the retroviral vector expressing HA16E1 were analyzed. Total RNAs isolated from cells
with or without the retroviral transduction were subjected to reverse transcription (RT)-PCR with a primer set specific to codon-optimized E1. 36B4 mRNA was
also detected as an internal control. The PCR products of exogenous E1 (top) and 36B4 (bottom) visualized in ethidium bromide-stained agarose gels are shown.
pCMSCV-FRT-HA16E1-TKneo-FRT was used as a positive control. (C) The copy number of the HPV16 genomes at 14 days posttransfection in each HDK-
K4DT cell lines was determined by real-time PCR. The deviations of three independent sets of transfectants are shown as error bars. N.S., not significant. (D)
Expression of the E1"E4 spliced mRNAs in El-expressing HDK-K4DT cells harboring the wild type or the E1-defective HPV16 genomes at 35 days posttrans-
fection. Total RNAs were subjected to RT-PCR with an E1"E4-specific primer set (Table 1). RNAs from parental HDK-K4DT cells and W12 cells were used as

controls. PCR products of E1"E4 (top) and 36B4 (bottom) are shown, as described for panel B.

more than 50 viral genome copies per cell (Fig. 1C). Repeated
transfection experiments confirmed the reproducibility of this
technique. At 60 days posttransfection, after nine serial passages at
aratio of 1:8, we still detected 10 to 20 copies of the viral genomes
per cell (data not shown). The rate of HPV16 genome retention
was calculated as 90% per cell division.

E1 protein is required for establishment of HPV16 genomes
as episomes in HDK-K4DT cells. To study the role of E1 in each
stage of the viral life cycle, we prepared an El-defective mutant
HPV16 genome containing an E1 translation termination muta-
tion at nt 892 to 894 to abrogate E1 protein expression. Unlike the
wild-type HPV16 genome, the HPV16 E1-defective genome failed
to establish in HDK-K4DT cells as episomes (Fig. 2A, lanes 5 and
6). However, in HDK-K4DT cells expressing exogenous E1 from
the retrovirus, MSCV-FRT-HA16E1-TKneo-FRT, the El-
defective HPV16 genome could establish as episomes as efficiently
as the wild type HPV16 genome (Fig. 2A, lanes 7 and 8). We
confirmed the expression of exogenous E1 driven by the LTR pro-
moter by RT-PCR using primers specific for exogenous E1 (Fig.
2B), though the E1 protein was undetectable by Western blot anal-
ysis. The copy numbers of the E1-defective HPV16 genome were
comparable to that of the wild-type HPV16 genome in the pres-
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ence of exogenous E1 expression (Fig. 2C). The translation termi-
nation mutation inserted in the downstream of the splice donor
site for E1"E4 (nt 880) did not disrupt normal E1"E4 splicing (Fig.
2D). These data indicate that the E1 protein is required for initial
replication and/or maintenance of the viral genome.

E1 protein is dispensable for maintenance replication of the
viral genome. In order to assess the requirement of E1 protein
for maintenance replication of the viral genome, we used the
HDXK-K4DT cells harboring the E1-defective HPV16 genomes es-
tablished with exogenous E1 expression from the integrated
MSCV-FRT-HA16E1-TKneo-FRT retrovirus. Upon infection of
FLPe-expressing AdV, the exogenous E1 expression cassette as
well as the TKneo gene was excised by FLP at an efficiency of
around 50% (Fig. 3A). Then we isolated HDK-K4DT cells which
no longer expressed exogenous E1 by ganciclovir selection (Fig.
3B). After several passages of cells at a ratio of 1:8, the copy num-
ber of HPV16 genomes was determined by real-time PCR. We
detected 70 to 100 copies of the wild-type or the El-defective
HPV16 genomes per cell just before the AdV infection. Copy
numbers of both the wild-type and the E1-defective HPV16 ge-
nomes gradually decreased during the passages (Fig. 3C). How-
ever, about 10 to 20 copies of the E1-defective HPV16 genomes
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FIG 3 EI protein is not essential for maintenance replication of the viral genome. (A) Schematic representation of the viral vector, MSCV-FRT-HA16E1-TKneo-
FRT, expressing exogenous E1. The HA-tagged HPV16 E1 gene and the TKneo fusion gene are flanked by FLP recognition target (FRT) sites. When a
thermostable FLP-expressing AdV (AxCAFLPe) is infected, the DNA in between the FRT sites is excised so that exogenous E1 as well as TKneo expression is
terminated. Cells still expressing E1 and HSV-TK can be negatively selected with ganciclovir. (B) mRNAs containing exogenous E1 message were analyzed to
ensure complete removal of E1 expression. Total RNAs isolated from HDK-K4DT/HPV16 cell lines at 21 days postinfection with (lanes 4 and 6) or without (lanes
3 and 5) AxCAFLPe were subjected to RT-PCR with a primer set specific to codon-optimized E1. Representative pictures of an ethidium bromide-stained agarose
gel with PCR products indicating exogenous E1 (top) and 36B4 (an internal control; bottom) are shown. pPCMSCV-FRT-HA16E1-TKneo-FRT was used as a
positive control. (C) HDK-K4DT cells containing the wild type (WT) or the El-defective HPV16 genome were established in the presence of exogenous E1
expression. Two weeks after transfection, aliquots of cells were infected with AXxCAFLPe (FLP +) at a multiplicity of infection of 5, followed by selection with 10
wg/ml of ganciclovir for 1 week. After the selection, cells were cultured for 4 passages at a ratio of 1:8 to examine the retention rate of the wild-type or the
El-defective genome in the presence or the absence of exogenous E1. HDK-K4DT/HPV16 cells which were not infected with AXCAFLPe (FLP—) were also
cultured for 5 passages at a ratio of 1:8. Total DNA was extracted just before the infection, at every passage and at the end of the culture. The copy number of
HPV16 genomes was measured by real-time PCR and normalized to the total amount of DNA. The graph shows time courses of copy number change during the
5 passages after the infection. The copy number at the each time point is shown as a ratio to the copy number just before the FLP-expressing adenovirus infection
(PDO). The end of the ganciclovir selection corresponds to PD6. Means and standard errors of the means are shown. (D) The graph shows the rates of HPV
genome retention per cell division. The retention rates were calculated as described in Materials and Methods. Means from three independent experiments and
standard deviations are shown as error bars. N.S., not significant, compared with each other.

per cell still remained after several passages of cells, even in the
absence of exogenous E1 expression. No difference in the rate of
genome retention was observed between the E1-defective and the
wild-type HPV16 genomes. The rates were calculated as approxi-
mately 90% per cell division, irrespective of exogenous E1 expres-
sion, and proved quite constant in three independent experiments
(Fig. 3D). These data indicate that the E1 protein is dispensable for
maintenance replication of the viral genome.

E1 protein is required for viral genome amplification upon
differentiation. To confirm that E1 protein is required for the
productive stage of viral replication, differentiation-dependent vi-
ral genome amplification was examined with the same series of the
cells established for the previous section (Fig. 3). HDK-K4DT cells
harboring the wild-type or the El-defective HPV16 genomes in
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the presence or the absence of exogenous E1 expression were ex-
posed to a high calcium concentration. Induction of differentia-
tion was confirmed by expression of keratinocyte differentiation
markers, involucrin and loricrin (Fig. 4A). Southern blot analyses
of DNA extracted from sister cultures showed the wild-type
HPV16 genomes to be amplified episomally upon differentiation
in the absence of exogenous E1 expression (Fig. 4B, lanes 1 to 2).
However, the E1-defective HPV16 genomes were amplified only
in the presence of exogenous E1 expression (Fig. 4B, lanes 3 to 6).
Reintroduction of E1 with lentiviruses, CSII-CMV-tetON and
CSII-TRE-Tight-HA16E1, to the cells whose exogenous E1 cas-
sette had been excised by FLP rescued the El-defective HPV16
genome amplification upon differentiation only when the E1 ex-
pression was induced by doxycycline (Fig. 4B, lanes 7 and 8),
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FIG 4 E1 protein is required for viral genome amplification upon differ-
entiation. (A) HDK-K4DT cells harboring the wild-type (lanes 1 and 2) or
the El-defective (lanes 3 to 8) HPV16 genomes in the presence (FLP—,
lanes 3 and 4) or the absence (FLP+, lanes 1 and 2, 5 to 8) of exogenous E1
expression were seeded at 2 X 10 cells per well (6-well plate) in Epilife
complete growth medium, and then cells were exposed to 1.8 mM calcium
(lanes 2, 4, 6, 7, 8) to induce keratinocyte differentiation. Total cell lysates
were made, and total DNAs were extracted from the sister cultures just
before and 10 days after calcium exposure. The expression of involucrin
and loricrin, keratinocyte differentiation markers, was analyzed by West-
ern blotting. Expression of reintroduced exogenous E1 controlled by doxy-
cycline was detected by anti-HA antibody (lanes 7 and 8). Vinculin was
detected as aloading control. (B) Southern blot hybridization for episomal
HPV16 genomes in HDK-K4DT cells. XhoI-digested total DNA from each
HDK-K4DT culture was loaded. A representative image of three indepen-
dent experiments is shown. (C) The copy number of the El-defective
HPV16 genomes in HDK-K4DT cells in the indicated condition was deter-
mined by real-time PCR. Three replicates are shown and standard devia-
tions are shown as error bars. N.S., not significant. The single asterisk
indicates P values of <0.05.
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whereas induction of E1 alone without high calcium failed to res-
cue the genome amplification (Fig. 4C). These data indicate that
E1 protein is required for viral genome amplification upon differ-
entiation. Since the same series of cells used for Fig. 3 were used in
these experiments, the results confirmed that the El-defective
HPV16 genomes were episomally maintained in the absence of E1
expression.

DISCUSSION

In this study, we demonstrated that E1 is dispensable for mainte-
nance replication of the HPV16 genome but required for replica-
tion in the establishment and productive stages. Taking the previ-
ous study using a TS E1 mutant of BPV1 (17) into account, it is
likely that E1 is dispensable for the maintenance replication of
other PVs, too.

Thus, HPVs have at least two replication modes and control
the copy number of the viral genome depending on the situation.
Such a strategy of the virus would clearly be beneficial for persis-
tent infection and continuous virus production. In the mainte-
nance phase, minimal expression of viral proteins in host cells
with low copy numbers of viral genomes would allow HPV to
evade cellular immune surveillance. Moreover, as recent studies
indicate, a high level of E1 expression in basal-layer cells could
activate an ATM-dependent damage response and cause growth
suppression (10, 32).

It is reasonable to speculate that the E1-independent mainte-
nance replication employs the cellular replication machinery to
support viral genome maintenance under S phase control. Mech-
anisms of viral genome DNA replication control by host cell fac-
tors have been well studied for the Epstein-Barr virus (EBV). The
EBV genome DNA is replicated once per S phase in the latent
phase of infection (19, 44). In this phase, EBV employs replication
licensing proteins, MCMs and ORC (19, 22), which assemble on
the latent origin of replication of EBV, OriP. A low copy num-
ber for the viral genome may be an appropriate common strat-
egy for episomal viruses to sustain latent infection. Although it
is not known whether and how MCMs and ORC are involved in
HPV DNA replication, E1- and E2-independent cis-replicating
elements may reside outside the LCR and possibly in the late
region (L2-L1 open reading frames [ORFs]) of the HPV16 ge-
nome (28, 29).

The observed rate of HPV16 genome retention was about 90%
per cell generation, which is comparable to the reported rate for
the EBV genome (25). With this retention rate, the viral genomes
of 100 copies per cell can be maintained for 2 to 3 months, corre-
sponding to approximately 40 cell divisions under our culture
conditions. In the stratified squamous epithelium, stem cells self-
renew by dividing infrequently and generate a population of cells
that undergo limited but more frequent divisions before giving
rise to nonproliferative, terminally differentiating cells. In the nat-
ural life cycle of HPVs, the virus must infect epithelial stem cells
(8, 34), which would divide much less frequently than cultured
cells do. Therefore, the viral genome in the stem cells in vivo would
be able to persist for much longer period than in cultured cells,
even if the genome retention rate is the same as that found in our
study.

In maintenance replication, HPV may still employ two differ-
ent modes of replication. Hoffmann et al. showed that HPV16
DNA replicates once per S phase in W12 cells, while HPV31 DNA
replicates via a random-choice mechanism with some multiple
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rounds of the viral genome replication per S phase in CIN612-9E
cells, and that forced expression of E1 in W12 cells converted
HPV16 DNA replication to random-choice replication (12). In-
terestingly, when HPV16 or HPV31 DNAs are separately intro-
duced into NIKS cells, they both replicate randomly (12). Thus, it
is likely that the difference between W12 and CIN612-9E cells
depends on expression levels of E1. It is possible that occasional or
low-level expression of auxiliary E1 hinders the copy number loss
for an even longer period of maintenance, as indicated by previous
studies (18, 39). Theoretically, E1 protein could be supplied from
the infected virion and/or by de novo synthesis from the infected
viral genome in the establishment stage. In this regard, it is not
clear whether our experimental system recapitulates the actual
establishment stage of the HPV life cycle, since E1 can be supplied
only by de novo synthesis. At present, little is known about the
underlying mechanisms of the establishment stage and the mech-
anism(s) of switching to the subsequent maintenance stage.
Clearly, it needs to be examined whether the E1 protein is included
in infectious virions and how the E1 expression is regulated in the
three different stages.

PV E1 protein forms double hexamers at the replication origin
in the LCR with the help of E2 (2, 11, 43) and unwinds DNA
through helicase activity ahead of replication forks powered by the
hydrolysis of ATP (31). Since El is the only viral protein with
enzymatic activities, it is an attractive target for development of
novel therapeutic agents to treat HPV-associated benign lesions
where the whole viral life cycle is completed. Indeed, some candi-
date small molecules have been reported to inhibit the E1 function
(5,9, 15,40-42). However, their identification and evaluation was
done using biochemical assays or surrogate cell-based assays, and
a true antiviral activity has yet to be tested. Based on our present
study, the effectiveness of E1 inhibitors as antiviral drugs may be
restricted, since they cannot inhibit E1-independent HPV replica-
tion in long-living basal cells. Inhibition of E1 protein function
could prevent amplification of the viral genome in the establish-
ment and productive stages. Thus, it may prevent HPV infection
and reduce pathogenesis, including papilloma formation and vi-
rion production. In the case of cervical intraepithelial neoplasias
(CINs), continuous inhibition of E1 might reverse low-grade le-
sions to apparently healthy mucosa, but interruption of the inhi-
bition might lead to recurrence of the lesions. More importantly,
it may not be able to eliminate the HPV genomes replicating in
undifferentiated basal cells, which are thought to be the histoge-
netic origin of cervical cancer. Thus, E1 inhibition might not be
able to prevent CIN lesions from progressing into cancer.

In summary, we have established an experimental system
which can evaluate the requirement of any viral gene of interest in
the viral life cycle by supplying and deleting exogenous expression
of the gene and demonstrated that E1 is entirely dispensable for
maintenance replication of the HPV16 genome in human kerati-
nocytes. Thus, inhibition of E1 may not be able to eliminate the
viral genome from the basal cell layer. The rationale for develop-
ment of E1 inhibitors as anti-HPV drugs may be more restricted
than formerly envisaged. Further studies will be required to eluci-
date the roles of cellular replication factors and the cis elements of
the HPV genome in El-independent maintenance replication.
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