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The activation of transcription and of DNA replication are, in some cases, mediated by the same proteins.
A prime example is the E2 protein of human papillomaviruses (HPVs), which binds ACCN,GGT sequences and
activates heterologous promoters from multimerized binding sites. The E2 protein also has functions in rep-
lication, where it complexes with the virally encoded origin recognition protein, E1. Much of the information
on these activities is based on transient-transfection assays as well as biochemical analyses; however, their
importance in the productive life cycle of oncogenic HPVs remains unclear. To determine the contributions of
these E2 functions to the HPV life cycle, a genetic analysis was performed by using an organotypic tissue
culture model. HPV type 31 (HPV31) genomes that contained mutations in the N terminus of E2 (amino acid
73) were constructed; these mutants retained replication activities but were transactivation defective. Following
transfection of normal human keratinocytes, these mutant genomes were established as stable episomes and
expressed early viral transcripts at levels similar to those of wild-type HPV31. Upon differentiation in orga-
notypic raft cultures, the induction of late gene expression and amplification of viral DNA were detected in cell
lines harboring mutant genomes. Interestingly, only a modest reduction in late gene expression was observed
in the mutant lines. We conclude that the transactivation function of E2 is not essential for the viral life cycle
of oncogenic HPVs, although it may act to moderately augment late expression. Our studies suggest that the

primary positive role of E2 in the viral life cycle is as a replication factor.

DNA replication and gene expression are regulated in high-
er eukaryotes, in part, through the action of DNA-binding
proteins. Studies on eukaryotic viruses have provided impor-
tant new insights into these mechanisms and have suggested
that these two processes are related. Evidence from viral sys-
tems has indicated that transcription factors, either of cellular
or viral origin, can be directly involved in DNA replication
(70). Similar roles for transcription factors have been demon-
strated in Saccharomyces cerevisiae (70). Transcription factors
appear to function in replication either by directly associating
with replication proteins or by changing the global structure
around origins (70). Interestingly, it is not the process of trans-
activation itself which mediates replication enhancement as
mutational studies of viral proteins, such as the Epstein-Barr
virus Zta protein and the papillomavirus E2 protein, have
demonstrated that the replication and transactivation func-
tions are separable in transient-transfection assays (termed
transient assays) (1, 10, 19, 25, 50, 51). This suggests that both
processes may function independently of each other and may
be required at different phases of the viral replication cycle.
Examination of the replication and transactivation function of
the E2 proteins from the oncogenic human papillomavirus
(HPV) types has provided important insights into the relation-
ship of these two processes.

HPVs induce benign squamous epithelial tumors which may
in some cases progress to carcinomas (72, 73). Following in-
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fection of basal cells, HPV genomes are stably maintained as
multicopy nuclear plasmids and only early viral genes are ex-
pressed. The completion of the viral life cycle requires differ-
entiation of the infected keratinocyte, which results in ampli-
fication of the viral copy number and the activation of late viral
promoters. These late promoters direct the expression of the
capsid proteins L1 and L2 and the abundant viral E1/\E4
protein, which may play a role in viral egress (31, 38). The
molecular events that trigger these processes have not been
characterized due to the lack of a genetic system for analysis of
the viral life cycle. Recent success in synthesizing HPV virions
from transfected cloned DNA templates now permits a de-
tailed investigation of these mechanisms (22, 23).

Studies by several groups have shown that papillomavirus E2
proteins can act as regulators of both viral gene expression and
replication. Initial studies used the bovine papillomavirus type
1 (BPV1) to show that E2 is required for transient replication
of the viral DNA and for stable maintenance of the virus in
transformed cells (14, 15, 47, 69). The E2 protein forms dimers
which specifically bind to palindromic DNA of the sequence
ACCN,GGT, which is present in multiple copies in the regu-
latory regions of papillomaviruses (40, 60). E2 enhances rep-
lication of the viral DNA through complex formation with the
viral E1 protein, which has characteristics of a replication ini-
tiator protein (61). In vitro and in vivo studies have demon-
strated that binding of E2 to E1 increases the specificity of the
origin recognition by E1 (8, 20, 36, 39, 43, 54, 55, 63, 71). The
BPV1 E2 protein was first characterized as an enhancer-bind-
ing protein that could stimulate transcription from multimer-
ized E2 binding sites located upstream of heterologous pro-
moters in transient assays (3, 27, 58). Subsequent studies
revealed that several early BPV1 promoters were activated
through E2 in a binding site-dependent manner (26, 28, 57,
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64). The ability to transactivate was shown to be essential for
the transformation of cells by BPV1 (10, 14, 15, 47, 52).

While HPVs have some similarities to the bovine viruses,
significant differences exist between the two groups. The onco-
genic genital HPVs differ from BPV1 in the tissues they target
and in their transcriptional control. The major early promoter
of genital HPVs (which is labeled P97 in HPV16 and HPV31)
is located in the upstream regulatory region (URR) immedi-
ately upstream of the E6 gene. Its activity is solely dependent
upon cellular transcription factors and directs the expression of
early genes through a variety of alternatively spliced, polycis-
tronic mRNAs (31, 38). The organization of the URR is highly
conserved among genital HPVs and contains two E2 binding
sites just upstream of the P97 TATA box as well as two other
sites upstream (65). In transient expression assays, binding of
E2 to the P97 proximal sites can downregulate P97 activity and
provide a means to regulate the levels of the oncoproteins E6
and E7 as well as replication proteins (6, 13, 49, 65-67). In
addition, low concentrations of E2 have been suggested to
weakly activate P97 transcription through promoter-distal E2
binding sites (9, 59). Like the BPV1 E2 protein, HPV E2 pro-
teins can strongly activate transcription from synthetic promot-
ers consisting of multimerized E2 binding sites fused to a min-
imal promoter (11, 29, 35, 45, 50, 68).

The conservation of the E2 transactivation function suggests
that it has an important function in the viral life cycle, but to
date no targets for the E2 transactivation function have been
identified in oncogenic HPVs. In transient assays, the transac-
tivation and replication functions of BPV1 and HPV16 E2 can
be separated by mutations in the amino-terminal domain of E2
(1, 10, 19, 25, 50). Though separable, both activities reside in
amino acid residues that are highly conserved among papillo-
maviruses. In this study, we sought to determine the role of E2
transactivation in the life cycle of oncogenic HPVs through a
genetic analysis. We find that viral genomes expressing trans-
activation-defective but replication-competent E2 proteins can
be established in NHKSs as episomes and are able to induce late
viral functions after differentiation. This suggests that transac-
tivation by E2 is not an essential function in the virus life cycle
of oncogenic HPVs.

MATERIALS AND METHODS

Recombinant plasmids. Plasmid pUKHPV31 contains the complete genome
of HPV31 cloned into the EcoRI site of a modified pUCI18 plasmid (34). Mu-
tations in the E2 gene were introduced with the Chameleon Mutagenesis Kit
(Stratagene) and primers that contain specific mutations in the E2 gene.
pHPV31 E2:EN20 contains mutations at nucleotides (nt) 2750 (G to A) and 2752
(A to C), pHPV31 E2:RK37 contains mutations at nt 2801 and 2802 (CG to AA),
pHPV31 E2:EQ39 was mutated at nt 2807 (G to C), and pHPV31 E2:IL73 was
mutated at nt 2909 (A to C). All mutations were confirmed by sequence analysis.
Plasmid pRP742 contains HPV31 nt 678 to 919 cloned into the BamHI site of
pcDNAII (Invitrogen) and has been described previously (34). Plasmid
pRPA3ILI consists of HPV31 nt 5521 to 5703 cloned into pSP72 (Promega,
Madison, Wis.) and has been described previously (62). The HPV31 E1 and E2
expression vectors are based upon pSGS5 (Stratagene) and have been described
previously (21). To facilitate subcloning of the mutated E2 genes, the E2-con-
taining fragment was released with BamHI from pSG31E2 and then cloned into
the BglII site of pSGS5, resulting in pSBE2. E2 mutants EN20, RK37, and EQ39
(see Results) were amplified by PCR from mutant genomes, used to replace the
BamHI-AccB71 fragment in pSBE2, and resequenced. E2 mutant IL73 was
transferred as an AccB7I-EcoRI fragment (HPV31 nt 2865 to 3361) into pSXE2.
Plasmid pSXE?2 is a derivative of pSG31E2, which was modified by removing the
EcoRlI site in the polylinker through partial digestion and by deleting the AarII-
Nael fragment from the vector backbone in pSG31E2. Plasmid pGL31URR
contains HPV31 nt 7067 to 107, which were amplified by PCR with primers
containing Mlul and Xhol restriction sites and inserted into Mlul/Xhol-digested
pGL3 basic (Promega). The luciferase reporter plasmid p6XE2BS-luc was con-
structed by inserting three copies of an oligonucleotide, containing HPV31
E2BS3 and E2BS4 (5'GCGTGACCGAAAGTGGTGAACCGTTTTCGGTTG
GTGCGC-3") into the Mlul site of plasmid pGL3 promoter upstream of a min-
imal simian virus 40 (SV40) early promoter (Promega).
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Generation, culture, and induction of differentiation of HPV31-containing hu-
man keratinocytes. NHKs purchased from Clonetics (San Diego, Calif.) were
grown in KGM (Clonetics) and transfected at passage 2 with religated HPV31
DNA or mutated viral DNA and pSV2neo DNA as described previously (23).
Cells were selected with 200 pg of Geneticin (Gibco BRL) per ml for 7 to 10 days
in E-medium supplemented with 5 ng of epidermal growth factor on mitomycin-
treated fibroblast feeder cells, and resistant clones were expanded. The genera-
tion of stable cell lines was repeated three times with cells from two different
donors to ensure reproducibility. Organotypic raft cultures were grown without
the addition of protein kinase C activators as described previously (23, 41, 42).

Transient luciferase expression assay. SCC-13 cells are derived from a squa-
mous cell carcinoma of the cheek and were maintained in E-medium in the
presence of fibroblast feeder cells. Approximately 2.5 X 10° SCC-13 or NHK
cells were seeded the day before transfection. The next day, the cells were
transfected with 0.5 pg of p6XE2BS-luc and 0.1 pg of pSGS or the respective E2
expression vectors by using 15 pl of Lipofectamine in OptiMEM (Gibco BRL) or
KGM for NHKs (Clonetics) in accordance with the manufacturer’s recommen-
dations. The following day, the medium was changed and the cells were incu-
bated for another 24 h. The cells were washed twice with cold phosphate-
buffered saline (PBS) and then lysed by adding 350 pl of cold luciferase
extraction buffer (0.1 M potassium phosphate [pH 7.8], 1% Triton X-100, 1 mM
dithiothreitol [DTT]). Lysates were cleared by centrifugation (Eppendorf Mi-
crofuge; 16,000 X g, 5 min, 4°C), and 2 to 5 pl was measured in a Monolight 2010
luminometer (Analytical Luminescence Laboratories) as described in the man-
ufacturer’s manual.

Gel retardation analysis. SCC-13 cells (6 X 10°) were seeded the day before
transfection and transfected the next day as described above with 2 ng of pSG5
or E2 expression vectors. The cells were harvested 44 h after transfection, and
whole-cell lysates were prepared as described before (33) with minor modifica-
tions. Briefly, the cells were washed with cold PBS and then scraped in PBS into
a Microfuge tube and collected by centrifugation (Eppendorf Microfuge;
16,000 X g, 30 s, 4°C). The cell pellet was resuspended in 20 pl of lysis buffer (10
mM HEPES [pH 7.9], 500 mM KCl, 50 mM NaF, 0.5 mM Na o-vanadate, 0.2
mM EDTA, 1 mM DTT, 20% glycerol, protease inhibitor cocktail [Boehringer
Mannheim]). Lysates were prepared by incubating the tubes in a dry ice-ethanol
bath and then by incubating them at 37°C for 2 min each. Lysates were cleared
by centrifugation in an Eppendorf Microfuge (16,000 X g, 5 min, 4°C). The
supernatants were diluted in 10 mM HEPES (pH 7.9)-125 mM KCI-50 mM
NaF-0.5 mM Na o-vanadate-0.2 mM EDTA-1 mM DTT-20% glycerol-pro-
tease inhibitor cocktail (Boehringer Mannheim), snap-frozen, and stored at
—80°C. Gel retardation analysis was carried out with 20,000 cpm of a 32p.end-
labeled double-stranded oligonucleotide containing E2BS4 (HPV31 nt 45 to 70).
Binding reaction mixtures received equal amounts of protein as determined by
the Bradford assay. Reactions were carried out in 10 mM HEPES (pH 7.9)-100
mM KCI-1.4 mM DTT-10% glycerol-50 wg of heat-denatured herring sperm
DNA per ml-100 pg of poly(dI-dC) (Pharmacia) per ml-5 mM NaF-0.2 mM Na
o-vanadate at room temperature for 15 min. Complexes were separated in a 4%
polyacrylamide gel (37.5:1) in 0.25X Tris-borate-EDTA at 200 V. Gels were
dried and autoradiographed.

Transient replication assay. Approximately 6 X 10° SCC-13 cells were seeded
the day before transfection into 60-mm-diameter dishes. The cells were trans-
fected as described above by using 0.5 wg of pGL31URR, 1 g of pSG31E1, and
0.1 pg of the respective E2 expression vectors. The following day, the transfected
cells were divided into 100-mm-diameter dishes and grown for an additional 48 h.
Low-molecular-weight DNA was purified by using the Hirt procedure (30) with
the following modifications: cell pellets were digested with 50 pg of proteinase K
per ml in 400 mM NaCl-10 mM EDTA-10 mM Tris-HCI (pH 7.5)-0.2% sodium
dodecyl sulfate (SDS) at 55°C for 3 h; NaCl was added to 1 M, and high-
molecular-weight DNAs were precipitated at 4°C overnight and then centrifuged
(60 min, 4°C, 16,000 X g). Supernatants were extracted once with phenol-
chloroform-isoamyl alcohol and once with chloroform before precipitation with
isopropanol. Each sample was digested with 5 U of Dpnl, 15 U of Hpal, and 50
ng of RNase A per ml for 5 h prior to Southern analysis. Southern blots were
probed with a fragment from pGL31URR that contains the HPV31 fragment
linked to the luciferase gene. Transfections were repeated four times with dif-
ferent DNA preparations.

Southern blot analysis. Total cellular DNA from cell lines was isolated by
proteinase K and RNase A digestion followed by phenol-chloroform extractions
and ethanol precipitation. Digested DNAs were separated in 0.8% agarose gels
and transferred to GenescreenPlus membranes (NEN Dupont). Specific frag-
ments were detected with random-primed DNA (HiPrime kit; Boehringer
Mannheim). Hybridizations were carried out in 50% formamide—4x SSPE-5X
Denhardt’s solution-1% SDS-20 pg of salmon sperm DNA per ml at 42°C
overnight (1X SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and 1 mM EDTA [pH
7.7]). Blots were washed at room temperature twice in 2X SSC-0.1% SDS,
followed by two washes in 0.1X SSC-0.1% SDS, and then twice in 0.1X SSC-1%
SDS at 50°C (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Blots were
visualized by autoradiography and quantitated by phosphorimaging (Molecular
Dynamics Inc.).

RNase protection analysis. Total cellular RNA was isolated with Trizol re-
agent (Gibco BRL) from HPV31 containing keratinocytes. Precipitated RNA
pellets were hybridized to 250,000 cpm of antisense **P-labeled riboprobe tran-
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FIG. 1. Linear representation of the HPV31 E2 protein. The highly con-
served amino- and carboxy-terminal domains of E2 are presented as black and
striped boxes, respectively. The less-conserved hinge domain is shown in white.
The arrows indicate mutations resulting in amino acid exchanges of highly con-
served residues (residues 20, 37, 39, and 73) among E2 proteins.
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scribed from linearized pRP742 or pRPA31LI1 in 10 ul of 40 mM PIPES (pH
6.4)-400 mM NaCl-1 mM EDTA-80% formamide overnight at 37°C [PIPES is
piperazine-N,N’-bis(2-ethanesulfonic acid)]. RNase digestion was performed by
the addition of 300 wl of 10 mM Tris-HCI (pH 7.5)-300 mM NaCl-5 mM EDTA
containing 10 ng of RNase A per ml and 30 U of RNase T1 per ml; digestion
proceeded for 60 min at 37°C. The RNase reaction was stopped by adding SDS
to 0.2% and 400 ng of proteinase K per ml, followed by digestion for 15 min at
37°C. Samples were then extracted with phenol-chloroform and precipitated with
ethyl alcohol prior to resuspension in formamide loading buffer and resolution
on a 5% denaturing polyacrylamide gel. Dried gels were visualized by autora-
diography and quantitated by phosphorimaging.

In situ hybridization. DNA in situ hybridization analysis was performed on
5-pum-thick sections of paraffin-embedded raft tissue cross sections that had been
fixed in 4% paraformaldehyde. Hybridization analysis was carried out with the
Pathogene HPV in situ screening assay (Enzo Diagnostics) in accordance with
the manufacturer’s instructions. Quantitation of cells that have amplified DNA
was done as follows: positive cells in 10 randomly chosen fields (magnification,
X200) were counted and are expressed as an average number per microscopic
field.

Immunohistochemistry. Paraffin-embedded raft tissue cross sections (5-pm-
thick) that had been fixed in 4% paraformaldehyde were deparaffinized with
xylenes and ethanol gradients. Tissue sections were digested with 100 pg of
pronase (Boehringer Mannheim) per ml in PBS for 5 min at 37°C. Sections were
then blocked for 1 h at room temperature in 1X PBS containing 1% Triton X-
100 and 1% bovine serum albumin. The HPV31 E1/\E4 protein was detected by
incubating the sections with an affinity-purified rabbit polyclonal antibody (46),
diluted to 1:100 in blocking solution for 1 h at room temperature. A fluorescein
isothiocyanate-linked donkey anti-rabbit polyclonal antibody (Amersham) was
used for secondary antibody detection. Results were visualized with an Olympus
BH-2 microscope with a fluorescein microscopy filter set.

RESULTS

The transient replication and transactivation functions of
HPV31 E2 can be separated by single amino acid mutations.
To study the role of transactivation and replication functions
of the oncogenic HPV31 E2 protein, we generated mutations
at conserved amino acids 20, 37, 39, and 73 in the E2 gene
product of HPV31 (mutants EN20, RK37, EQ39, and IL73)
(Fig. 1). Previous reports demonstrated that the transient
transactivation and replication functions of BPV1 and HPV16
E2 can be separated by single amino acid exchanges in con-
served residues 37 and 73 in the amino-terminal domain of E2
(1, 10, 19, 25, 50) (Fig. 1). The mutant HPV31 E2 genes were
first cloned into SV40 expression vectors and analyzed in tran-
sient assays for DNA-binding activity, stimulation of transcrip-
tion, and enhancement of El-dependent origin replication.
Since specific DNA binding by E2 is essential for many of its
properties, expression vectors for HPV31 wild-type (wt) E2
and mutants EN20, RK37, EQ39, and IL73 were first trans-
fected into SCC-13 cells and cell lysates were analyzed for
binding activity. Equal amounts of lysates were subjected to a
gel retardation analysis with a >?P-labeled oligonucleotide that
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contains HPV31 E2 binding site 4 (Fig. 2A). Similar specific
retarded complexes were detected either in cells transfected
with wt E2 or the mutant genes. All mutant E2 proteins were
observed to bind the E2BS probe to similar levels as wild-type
E2, which indicated that there were no major differences in
protein levels.

We next investigated whether the HPV31 E2 mutants were
altered in their ability to transiently activate transcription from
an E2-dependent reporter plasmid, as has been reported for
BPV1 E2 and HPV16 E2 (Fig. 2B). For these studies, we used
a luciferase reporter plasmid that contains six E2-binding sites
upstream of a minimal SV40 early promoter. In SCC-13 cells,
cotransfection of the HPV31 wt E2 expression vector stimu-
lated basal luciferase expression from the reporter plasmid at
levels which ranged from 40- to 80-fold depending upon the
experiment. In each experiment, expression vectors contain-
ing mutants EN20 and EQ39 stimulated transcription to the
same extent as wild-type E2, whereas mutants RK37 and IL73
failed to stimulate luciferase expression (Fig. 2B). Raising
the amount of transfected HPV31 E2:1L73 expression vec-
tor 10-fold did not increase the level of stimulation of the re-
porter plasmid above background (data not shown). E2 mu-
tants RK37 and IL73 also failed to transactivate E2-dependent
expression in NHKs (data not shown).

To determine the influence of the mutant E2 proteins on the
stimulation of the El-dependent replication of the HPV31
origin, we performed transient replication assays with plasmid
pGL31URR, which contains the viral origin in the context of
the HPV31 URR (Fig. 2C). SCC-13 cells were transfected with
an HPV31 E1 expression vector and expression vectors for wt
E2 or the mutant derivatives together with pGL31URR. After
72 h, low-molecular-weight DNA was prepared from trans-
fected cells, digested with the restriction enzymes Hpal and
Dpnl to distinguish replicated from nonreplicated DNA, and
analyzed by Southern hybridization (44). No replicated DNA
was detected in transfections with the origin plasmid by itself
or with the HPV31 E1 expression vector alone. Cotransfection
of both E1 and E2 expression vectors with the pGL31URR
plasmid led to high levels of replicated origin plasmid, as
shown in Fig. 2C. The E2 mutants EN20, RK37, and IL73
induced replication levels comparable to that of wt E2. In con-
trast, transfection of the E2:EQ39 expression vector showed a
reduction in the transient replication of the origin plasmid to
30% of the wt E2 levels. Taken together, these data indicate
that all mutant proteins were stably expressed and functioned
in at least one assay as well as wt E2. Furthermore, we deter-
mined that it was possible to genetically separate the transac-
tivation function from the replication function of HPV31 E2,
as has been described for the E2 genes of BPV1 and HPV16 (1,
10, 19, 25, 50).

HPV31 genomes containing the transactivation-negative E2
IL73 mutant gene can be stably maintained as episomes in
NHKs. The activities of E2 which are recorded in transient-
transfection assays may not accurately reflect the function of
E2 in the viral life cycle. To investigate the role of the repli-
cation and transactivation functions of E2 in the viral life cycle,
HPV31 genomes that contain the above-described mutations
in the E2 gene were constructed. All mutations are in the 5’
part of the E2 gene and do not overlap with any known open
reading frame nor do they alter cis-acting sequences known to
be involved in replication or transcription. The viral genomes
containing wt or mutant E2 genes were released from the plas-
mid sequences by restriction digestion, gel purified, and reli-
gated. The religated viral genomes were then transfected into
early-passage NHKs together with the pSV2neo plasmid, and
following drug selection, stable cell lines were isolated (22, 23).
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FIG. 2. (A) Gel retardation analysis of HPV31 wt E2 and E2 mutant proteins
EN20, RK37, EQ39, and IL73 expressed in SCC-13 cells. Control lanes received
no protein extract (lane —) or extract from cells transfected with the parental
pSGS5 vector (lane SGS). Lanes E2, 20, 37, 39, and 73 received identical amounts
of extracts from cells transfected with the respective expression vectors. The
retarded band corresponding to the E2-DNA complex is indicated with an arrow
labeled c. The free 3?P-labeled oligonucleotide containing an E2 binding site is
indicated by an arrow labeled f. (B) Transient luciferase expression assays.
SCC-13 cells were transfected with expression vectors for HPV31 wt E2 or E2
mutant protein EN20, RK37, EQ39, or IL73 and the E2-responsive reporter
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HPV-transfected cell lines were viable for at least 12 passages
in culture. This exceeded the life span of normal keratinocytes
in tissue culture, which typically senesced at passage 3 to 5. The
state of the viral DNAs was determined after three cell pas-
sages by Southern analysis of total cellular DNA (Fig. 3).
Analysis of DNA from cell lines obtained after transfection
of the HPV31 wt, E2:EN20, E2:RK37, and E2:IL73 genomes
demonstrated three prominent species that are consistent with
supercoiled, open-circle, and concatemer forms of viral DNA
(Fig. 3, lanes N) (5, 22, 23). This indicated that the viral DNA
in these cell lines is present primarily as episomes. In contrast,
the HPV31 E2:EQ309 cell line contained only high-molecular-
weight hybridizing DNA consistent with exclusively integrated
forms of viral DNA. Analysis of DNA from the HPV31 E2:
EN20 transfection identified DNA fragments with sizes that
were different from that of the linear form of the viral genome
(Fig. 3, EN20, lane S), indicating that integration of the viral
DNA into the cellular chromosomes had occurred. The linear-
ized, supercoiled, and open-circle forms of viral DNA of the
HPV31 wt, E2:RK37, and E2:IL73 cell lines were analyzed by
phosphorimager analysis to determine the viral copy number.
This revealed that the copy number of the E2:IL73 cell line in
this experiment was 85% of wt levels, whereas the copy number
in the E2:RK37 cell line was reduced to 15% of wt levels. Cell
lines established in three independent transfections of NHKs
isolated from two different donors confirmed that E2:1L.73 ge-
nomes are maintained as episomes at copy numbers similar to
those of the HPV31 wt genome, whereas E2:RK37 genomes
are maintained episomally at a significantly reduced copy num-
ber. To confirm that the mutations in E2 were retained in the
cell lines, the 5’ part of the E2 gene was amplified by PCR
from total cellular DNA. The amplified products were then
sequenced, which demonstrated that the introduced mutations
were present (data not shown).

Our studies indicate that the stable maintenance of HPV31
episomes in human keratinocytes requires the replication func-
tion of E2 defined by residue 39 but not the transactivation
function defined by residues 37 and 73. The reduced copy
number of the E2:RK37 cell lines compared to those of the
HPV31 wt and E2:IL73 cell lines cannot be explained by dif-
ferences in DNA-binding, transactivation, or replication activ-
ities of E2:RK37 as measured in transient assays (Fig. 2). We
suspect that the severe reduction in copy number in E2:RK37
cell lines is due to an additional unidentified function of E2.

P97 transcript levels are similar in the HPV31 wt and the
E2:IL73 cell lines. Since E2 has been implicated in both the
positive and negative regulation of the major early promoter
P97 (6, 9, 13, 49, 59, 65-67), we investigated whether the levels
of P97-initiated transcripts differed between the HPV31 wt, the
E2:1L73, and the E2:RK37 cell lines. For these studies, total
RNA was isolated from the various cell lines grown in mono-

plasmid p6XE2BS-luc and analyzed for luciferase activity. The reporter plasmid
consists of six E2-binding sites (E2) upstream of the minimal SV40 early pro-
moter (SV) that drives the expression of the luciferase gene (luc) and is dia-
grammed below the graph. The luciferase activity obtained by cotransfection of
the E2 mutant expression plasmids is given relative to the activity of wt E2-
transfected cells, which was set to 1. The standard deviations are indicated by
error bars. (C) Transient replication assay. SCC-13 cells were transfected with
plasmid pGL31URR alone (—) or together with an expression vector for HPV31
E1 or both vectors together with expression vectors for HPV31 wt E2 or E2
mutant proteins EN20, RK37, EQ39, and IL73. Transient replication of
pGL31URR was analyzed by Southern hybridization. A representative autora-
diograph is shown below the graph. Replication levels of pGL31URR were
quantitated by phosphoimaging analysis and are represented relative to the
replication levels induced by HPV31 wt E2, which was set to 1. The standard
deviations are indicated by error bars.
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FIG. 3. Southern analysis of DNA from human keratinocyte cell lines ob-
tained after stable transfection of HPV31 wt, E2:EN20, E2:RK37, E2:EQ39, and
E2:IL73 genomes. Ten micrograms of total cellular DNA was digested with
either restriction enzyme BamHI (lanes N), which does not cut HPV31 DNA, or
EcoRV (lanes S), which recognizes one site in the HPV31 genome, and then
subjected to Southern analysis. As size markers, EcoRI-linearized HPV31 DNA
equivalent to 5 and 25 viral copies per cell was used (lanes 5 and 25). Specific
DNAs were detected with 3?P-labeled HPV31 genomic DNA. To the left of the
autoradiograph, the positions of concatemeric or integrated (C/T), open-circle
(III), linear (IT), and supercoiled (I) forms of viral DNA are indicated. To the
right, sizes of HindIII-digested phage lamba DNA are shown in kilobases. On the
far right, the results of a longer exposure of the lanes containing DNA from
E2:RK37 cells are presented.

layer culture and analyzed by an RNase protection assay with
an antisense probe that spans nt 678 to 919. This probe allows
the detection of P97 transcripts that are unspliced or spliced at
a donor site at nt 877. In HPV31 wt and E2:1L73 mutant lines,
similar levels of spliced and unspliced P97 transcripts were
detected (Fig. 4). In Fig. 4, the transcript levels in the E2:IL73
cells appeared to be slightly higher than those in the HPV31
wt; however, these differences were not reproducibly detect-
able in other assays. In contrast, P97 levels in the E2:RK37 cell
line were consistently found to be reduced, and this may be due
to the lower viral copy number in these cells.

It has been suggested that E2 may transactivate the P97
promoter in transient assays at low levels of E2 expression
vector but repress it at higher levels (9, 59). To directly mea-
sure the influence of HPV31 wt E2 as well as E2:RK37 and
E2:1L73 mutants on P97 activity, transient reporter assays were
performed. Increasing amounts of wt E2, E2:RK37, or E2:1L73
expression vectors were cotransfected together with a P97 lu-
ciferase reporter plasmid. Both E2 mutants behaved similarly
to wt E2 and did not significantly stimulate P97 activity. In
contrast, at higher concentrations of E2 expression vectors, all
were found to repress P97 transcription to the same extent
(data not shown). These results indicate that P97 is not a
significant target for the transactivation function of HPV31 E2.

E2:IL73 cells induce differentiation-dependent viral func-
tions. In monolayer cultures, E2:1L.73 cell lines did not show
significant differences from wt cell lines with respect to viral
copy number or levels of early gene expression. It remained
possible that the transactivation function of E2 played a role in
the differentiation-dependent stages of the viral life cycle. Fol-
lowing differentiation of keratinocytes which maintain episo-
mal copies of HPV, amplification of the viral DNA is induced
together with activation of the viral late promoter P742 and
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expression of the E1/\E4, L1, and L2 proteins (5, 12, 16-18, 22,
23, 32). To examine whether E2 transactivation was essential
for any of these activities, HPV31 wt, E2:RK37, and E2:IL73
cell lines were grown in organotypic raft cultures. Following
stratification, tissue sections from raft cultures were fixed and
analyzed by in situ DNA hybridization for amplification of the
viral genomes or by immunohistochemistry for the differenti-
ation-dependent expression of the viral E1/\E4 protein (Fig.
5). Tissue sections from cells grown in rafts were first analyzed
by DNA in situ hybridization for amplification of HPV31 wt,
E2:RK37, and E2:IL73 cell lines (Fig. 5SA). In raft cultures of
HPV31 wt and E2:IL73 cells, similar numbers of cells were
observed to have amplified viral DNA. A quantitation of 10
random raft sections revealed that HPV31 wt raft cultures had
on average 15.8 = 2.9 (mean * standard error of the mean)
positive cells per field as compared to 11.8 = (.8 positive
cells in E2:IL73 raft sections. Since it is not possible to
accurately determine the levels of amplification in individual
cells, the possibility that amplification may be modulated by
E2 transactivation remains. Our major finding, however, is that
amplification still occurs in E2:IL73 cells. Only very low levels
of amplification were detected in raft cultures of E2:RK37
cells. It is possible that the low basal levels of viral DNA in the
E2:RK37 cells prevented us from detecting amplification,
which was still occurring but at a reduced rate.

Staining of raft tissue sections with a polyclonal serum spe-
cific for the HPV31 E1/\E4 protein showed similar patterns of
distribution in both the HPV31 wt and E2:IL73 cell lines (Fig.
5B). No E1/AE4 immunoreactivity was detected in E2:RK37
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FIG. 4. RNase protection analysis of RNA from HPV31 wt (lane WT), E2:
RK37 (lane 37), and E2:IL73 (lane 73) cell lines grown in monolayer culture.
Total cellular RNA (10 pg) was hybridized to a 3’P-labeled antisense probe
transcribed from plasmid pRP742 and subjected to RNase protection analysis.
The positions of P97 transcripts, which are unspliced or spliced at a donor site at
nt 877 (SD 877), are indicated by arrows to the left of the autoradiograph. Lane
P contains undigested probe. A 3?P-end-labeled 1-kb ladder was used as a size
marker (lane M), and the sizes are indicated in nucleotides to the right. The
structure of the antisense probe is depicted below the autoradiograph. The start
sites for the P97 and P742 promoters as well as the splice donor site at nt 877 (SD
877) are indicated by arrows. The dotted line indicates that the start site for P97
is not included in the probe. Parts of the E7 and E1 genes that are covered by the
probe are shown below the structure diagram.
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E2:RK37

E2:IL73

FIG. 5. (A) DNA in situ hybridization analysis of cross sections of HPV31 wt, E2:RK37, and E2:IL73, raft cultures. HPV31 DNA was detected with an HPV31/
33/35-specific probe, and positive cells display a blue stain. (B) Immunohistochemical analysis for the differentiation-dependent expression of the HPV31 E1/\E4
protein in raft cultures. Tissue cross sections (5-pum thick) of HPV31 wt, E2:RK37, and E2:IL73 cell lines grown in raft culture were incubated with a polyclonal antibody
generated against the HPV31 E1/\E4 protein. Specifically bound secondary antibodies (fluorescein isothiocyanate-conjugated) were detected by immunoflourescence.

cells. These data suggest that the loss of the E2 transactivation
does not significantly interfere with the differentiation-depen-
dent amplification of the viral genome or expression of the
E1/\E4 protein. Neither of these assays is highly quantitative,
but based on the signal intensities, it appears that viral DNA
amplification and the expression levels of the E1/\E4 protein
in E2:IL73 cells may be modestly reduced from that seen in
HPV31 wt cells.

We next investigated whether there were differences in the
induction levels of the differentiation-dependent late viral
P742 promoter, whose activity correlates with the onset of
E1/\E4 expression. The RNase protection assay is a quantita-
tive assay which allows for a direct comparison of induction
levels in the various cell lines. Total RNA was isolated from
HPV31 wt, E2:RK37, and E2:IL73 cell lines differentiated in
the organotypic raft system and analyzed by RNase protection
assays with the probe described above that allows simultaneous
detection of both P97- and P742-initiated transcripts. Tran-
scripts initiated at P97 that were either unspliced or spliced at
the donor at nt 877 were detected at similar levels in the
HPV31 wt and E2:IL73 cell lines (Fig. 6). Consistent with the
previous analysis shown in Fig. 4, the P97 transcript levels were
found to be reduced in the E2:RK37 lines. Upon differentia-
tion, the late HPV31 promoter at nt 742 is induced (32). The
P742 promoter lacks a TATA box and as a result directs het-
erogeneous start sites. RNA from differentiated organotypic
raft cultures of the HPV31 wt and E2:IL73 cell lines contained
transcripts that correspond to initiation at the P742 promoter.
In the experiment shown in Fig. 6, the levels of P742 transcripts
in the E2:IL73 cell line were reduced to 70% of the levels
found in the wt line. In other assays, the level of P742 induction
was found to vary from 40 to 73% of that of the wt. In contrast,
no P742 transcripts could be detected in E2:RK37 cells grown
in raft cultures. We conclude that the E2 transactivation func-
tion that is dependent upon residue 73 is not required for
induction of the differentiation-dependent P742 promoter.
However, we have consistently observed that the induction

levels of P742 were lower in the E2:IL73 cell lines than in the
HPV31 wt cell lines, suggesting that E2 transactivation may act
to augment the levels of P742 expression.

It was important to determine whether transcription of the
viral structural genes L1 and L2 was affected by the E2 1L.73
mutation. RNA from cell lines allowed to differentiate in the
raft system was analyzed by an RNase protection assay with an
antisense RNA probe that spans the splice acceptor site at nt
5552 at the beginning of the L1 gene and allows detection of
L1- as well as L2/L1-specific transcripts (Fig. 7). No late capsid
gene transcripts were found in monolayer cultures of HPV31
wt, E2:IL73, or E2:RK37 cells nor in differentiated E2:RK37
cells. Differentiation of both the HPV31 wt and the E2:IL73
cells gave rise to spliced and unspliced late gene transcripts.
However, the amount of L1 and L2/L1 transcripts were con-
sistently reduced to 20 to 30% of the wt levels in the E2:1L73
cell line. We conclude that the transactivation ability of E2 is
not essential for induction of early or late viral functions;
however, it is possible it may act to augment the levels of these
activities.

DISCUSSION

Our studies demonstrate that the transactivation ability of
the E2 proteins from the oncogenic HPVs is not essential for
the stable maintenance of episomes, the expression of early or
late genes, or for differentiation-dependent genome amplifica-
tion. While the stable copy number of viral episomes and the
levels of late transcripts may be slightly reduced in the E2:1L73
mutant cell lines, the ability to induce all the late functions is
maintained. This suggests that E2 transactivation is not re-
quired for the induction of early or late viral functions, al-
though it may act to modulate the levels of late functions.
While our studies failed to demonstrate an essential role for
E2 in activating the early P97 or late P742 promoters, we
cannot exclude the possibility that other as-yet-unidentified
minor viral promoters are activated by E2. However, our stud-
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FIG. 6. RNase protection analysis of RNA from HPV31 wt (lane WT), E2:
RK37 (lane 37), and E2:IL73 (lane 73) cell lines grown in raft cultures. Total
cellular RNA (10 p.g) was hybridized to a 3?P-labeled antisense probe as de-
scribed in the legend to Fig. 4. The positions of P97 and P742 transcripts, which
are unspliced or spliced at a donor site at nt 877 (SD 877), are indicated to the
left of the autoradiograph. Lane P contains undigested probe. A 3>P-end-labeled
1-kb ladder was used as a size marker (lane M), and the sizes are indicated in
nucleotides on the right. See the legend to Fig. 4 for a description of the diagram
at the bottom of the figure.

ies demonstrate that activation of these promoters by E2 is not
essential for induction of early or late viral functions.

The observation that E2 transactivation is not essential for
the activation of early functions in the oncogenic papillomavi-
rus types is in contrast to studies of BPV1. Several significant
differences exist between the human genital papillomaviruses,
which target squamous epithelia, and BPV1, which induces
fibropapillomas. In BPV1, numerous promoters have been
shown to be E2 responsive and mutation of the E2 gene leads
to a loss of transforming ability (10, 14, 15, 26, 28, 47, 52, 57,
64). In the human viruses, mutation of E2 does not diminish
the immortalization capacity of human keratinocytes by HPV
genomes (48). In the genital HPV types, early viral transcrip-
tion is activated by enhancer elements located in the URR
which bind only cellular factors (7, 37). These differences in-
dicate that the two types of papillomaviruses utilize distinct
mechanisms for regulating viral gene expression. In agreement
with this idea, BPV1 mutant genomes expressing E2 proteins
which were replication competent but transactivation defective
did not transform mouse C127 cells, whereas in our study, the
corresponding HPV31 genome (E2 IL73) was readily able to
immortalize keratinocytes (10).

Two major viral promoters have been identified in the high-
risk HPV types: the major early promoter upstream of nt 97
and the late promoter centered around nt 742 in HPV31 (4, 24,
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32, 53, 56). In transient assays, expression of the early promot-
ers of HPV16 and HPV18 has been shown to be activated by
low concentrations of cotransfected E2 expression vectors and
repressed at high concentrations (9, 59). In our studies, we
failed to detect any activation of the HPV31 early promoter
and have only observed the repression of P97 by E2, which we
previously hypothesized to be part of a mechanism to regulate
stable copy number in infected basal cells (62). Our studies do
not exclude the possibility that E2 can augment expression of
the late P742 promoter since cells immortalized by E2:1L73
mutant genomes were reduced in this activity. However, it is
clear that E2 transactivation is not essential for activation of
late expression. Similarly, it is possible that E2 transactivation
modulates the level of genome amplification, which appears to
be slightly reduced in the E2:IL73 mutant. Again, since ge-
nome amplification still occurs, we conclude that E2 transac-
tivation is not essential for this process.

It has been suggested that the episomal state of the viral
DNA is essential for high-level activation of the late promoter
(23). One explanation for this dependency is that genome
amplification acts to increase genome copy number, resulting
in increased late expression due to higher numbers of tem-
plates. If the loss of E2 transactivation diminishes even slightly
the copy number of episomes in basal cells, this could result in
reduced levels of late gene expression. Analysis of a BPV1 ge-
nome with a temperature-sensitive E2 mutant, which has prop-
erties comparable to the HPV31 E2:IL73 mutant, suggested
that the E2 transactivation function is not required for the
amplification of viral genomes in postmitotic cells, which is
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FIG. 7. RNase protection analysis of RNA from HPV31 wt (lanes WT),
E2:RK37 (lanes 37), and E2:IL73 (lanes 73) cell lines grown in monolayer (M)
or raft (R) cultures. Total cellular RNA (20 p.g) was hybridized to a 3?P-labeled
antisense probe transcribed from plasmid pRPA31L1. The positions of late gene
transcripts, which are unspliced or spliced at an acceptor site at nt 5552 (SA
5552), are indicated to the left of the autoradiograph. The structure of the
antisense probe is shown below the autoradiograph. The parts of the L2 and L1
genes that are covered by the probe and the splice acceptor site (SA 5552) are
indicated.
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thought to resemble the amplification process in differentiating
epithelium (2). The levels of amplification in the E2 tempera-
ture-sensitive cell lines appeared slightly reduced compared to
BPV1 wt cell lines, consistent with the idea that E2 transacti-
vation is not essential for the amplification process but may
modulate the extent (2). Finally, our studies do not exclude the
possibility that amino acid 73 of E2 plays a role in DNA pack-
aging or capsid protein assembly (12a).

We also examined a second E2 mutant at amino acid 37
which was defective for transactivation and found that it
behaved similarly to the E2 IL73 mutant in transient assays. In
contrast to the E2:IL73 mutant, E2:RK37 mutant genomes
exhibited a severely reduced copy number in monolayer cul-
tures and nondetectable levels of late functions in organotypic
rafts, which could be a consequence of the low copy number.
For example, if a negative factor regulates late gene expres-
sion, the extent of amplification of the E2:RK37 genome could
be unable to titrate out this protein. We suspect that the
E2:RK37 mutant is defective for additional functions which are
essential for genome copy number control and induction of
late expression. Support for this idea has been provided by
Sakai and coworkers, who demonstrated that mutation of
residue 37 from arginine to alanine in HPV16 E2 decreases
the transient replication function of E2 (50). The HPV16 E2
RA37 mutant protein retained the ability to complex with the
viral E1 protein, suggesting that residue 37 in HPV E2 may be
part of an additional replication activity of E2. Furthermore,
BPV1 genomes containing the E2 K37 mutation were not able
to induce focus formation on transfected C127 cells despite the
ability of the mutant E2 protein to transactivate, transiently
replicate viral DNA, and form complexes with the E1 protein
(10). Both studies suggest that amino acid 37 of E2 is critical to
additional activities besides transactivation.

The question remains as to whether transactivation of the
oncogenic HPV E2 protein plays any physiologically important
role in the viral life cycle or whether it is an artifact of tran-
sient-transfection assays. Our studies suggest that if E2 trans-
activation has any role in the viral life cycle, it is a modest one
which augments the levels of late functions. In infections in
vivo, it is possible that the transactivation function becomes
more important. For instance, our studies have not addressed
the possibility that E2 activates a cellular gene whose activity is
not recorded in our tissue culture system. Alternatively, the
primary role of E2 in the human viruses could be as a repli-
cation factor acting in conjunction with E1 and as a negative
regulator of early gene expression.

ACKNOWLEDGMENTS

We thank Thomas Iftner and Scott Terhune for insights and assis-
tance.

The work was supported by a grant from the National Cancer In-
stitute to L.A.L. and a postdoctoral fellowship grant from the Deut-
sche Forschungsgemeinschaft to F.S.

REFERENCES

1. Abroi, A., R. Kurg, and M. Ustav. 1996. Transcriptional and replicational
activation functions in the bovine papillomavirus type 1 E2 protein are
encoded by different structural determinants. J. Virol. 70:6169-6179.

2. Alderborn, A., N. Jareborg, and S. Burnett. 1992. Evidence that the tran-
scriptional trans-activating function of the bovine papillomavirus type 1 E2
gene is not required for viral DNA amplification in division-arrested cells.
J. Gen. Virol. 73:2639-2651.

3. Androphy, E. J., D. R. Lowy, and J. T. Schiller. 1987. Bovine papillomavirus
E2 trans-activating gene product binds to specific sites in papillomavirus
DNA. Nature 325:70-73.

4. Baker, C. C., W. C. Phelps, V. Lindgren, M. J. Braun, M. A. Gonda, and
P. M. Howley. 1987. Structural and transcriptional analysis of human papil-
lomavirus type 16 sequences in cervical carcinoma cell lines. J. Virol. 61:962—
971.

J. VIROL.

5. Bedell, M. A,, J. B. Hudson, T. R. Golub, M. E. Turyk, M. Hosken, G. D.
Wilbanks, and L. A. Laimins. 1991. Amplification of human papillomavirus
genomes in vitro is dependent on epithelial differentiation. J. Virol. 65:2254—
2260.

6. Bernard, B. A., C. Bailly, M. C. Lenoir, M. Darmon, F. Thierry, and M.
Yaniv. 1989. The human papillomavirus type 18 (HPV18) E2 gene product
is a repressor of the HPV18 regulatory region in human keratinocytes.
J. Virol. 63:4317-4324.

7. Bernard, H. U,, and D. Apt. 1994. Transcriptional control and cell type
specificity of HPV gene expression. Arch. Dermatol. 130:210-215.

8. Bonne-Andrea, C., F. Tillier, G. D. McShan, V. G. Wilson, and P. Clertant.
1997. Bovine papillomavirus type 1 DNA replication: the transcriptional
activator E2 acts in vitro as a specificity factor. J. Virol. 71:6805-6815.

9. Bouvard, V., A. Storey, D. Pim, and L. Banks. 1994. Characterization of the
human papillomavirus E2 protein: evidence of trans-activation and trans-
repression in cervical keratinocytes. EMBO J. 13:5451-5459.

10. Brokaw, J. L., M. Blanco, and A. A. McBride. 1996. Amino acids critical for
the functions of the bovine papillomavirus type 1 E2 transactivator. J. Virol.
70:23-29.

11. Cripe, T. P., T. H. Haugen, J. P. Turk, F. Tabatabai, P. G. Schmid III, M.
Durst, L. Gissmann, A. Roman, and L. P. Turek. 1987. Transcriptional
regulation of the human papillomavirus-16 E6-E7 promoter by a keratino-
cyte-dependent enhancer, and by viral E2 trans-activator and repressor gene
products: implications for cervical carcinogenesis. EMBO J. 6:3745-3753.

12. Crum, C. P., S. Barber, M. Symbula, K. Snyder, A. M. Saleh, and J. K.
Roche. 1990. Coexpression of the human papillomavirus type 16 E4 and L1
open reading frames in early cervical neoplasia. Virology 178:238-246.

12a.Day, P. M., R. B. Roden, D. R. Lowy, and J. T. Schiller. 1998. The papillo-
mavirus minor capsid protein, L2, induces localization of the major capsid
protein, L1, and the viral transcription/replication protein, E2, to PML
oncogenic domains. J. Virol. 72:142-150.

13. Demeret, C., M. Yaniv, and F. Thierry. 1994. The E2 transcriptional repres-
sor can compensate for Spl activation of the human papillomavirus type 18
early promoter. J. Virol. 68:7075-7082.

14. DiMaio, D. 1986. Nonsense mutation in open reading frame E2 of bovine
papillomavirus DNA. J. Virol. 57:475-480.

15. DiMaio, D., and J. Settleman. 1988. Bovine papillomavirus mutant temper-
ature sensitive for transformation, replication and transactivation. EMBO J.
7:1197-1204.

16. Dollard, S. C., J. L. Wilson, L. M. Demeter, W. Bonnez, R. C. Reichman,
T. R. Broker, and L. T. Chow. 1992. Production of human papillomavirus and
modulation of the infectious program in epithelial raft cultures. Genes Dev.
6:1131-1142.

17. Doorbar, J., and P. H. Gallimore. 1987. Identification of proteins encoded by
the L1 and L2 open reading frames of human papillomavirus 1a. J. Virol. 61:
2793-2799.

18. Doorbar, J., R. J. Grand, and P. H. Gallimore. 1986. Identification of the
human papilloma virus-1a E4 gene products. EMBO J. 5:355-362.

19. Ferguson, M. K., and M. R. Botchan. 1996. Genetic analysis of the activation
domain of bovine papillomavirus protein E2: its role in transcription and
replication. J. Virol. 70:4193-4199.

20. Frattini, M. G., and L. A. Laimins. 1994. Binding of the human papilloma-
virus E1 origin-recognition protein is regulated through complex formation
with the E2 enhancer-binding protein. Proc. Natl. Acad. Sci. USA 91:12398-
12402.

21. Frattini, M. G., and L. A. Laimins. 1994. The role of the E1 and E2 proteins
in the replication of human papillomavirus type 31b. Virology 204:799-804.

22. Frattini, M. G., H. Lim, J. Doorbar, and L. A. Laimins. 1997. Induction of
human papillomavirus type 18 late gene expression and genomic amplifica-
tion in organotypic cultures from transfected DNA templates. J. Virol. 71:
7068-7072.

23. Frattini, M. G., H. Lim, and L. A. Laimins. 1996. In vitro synthesis of
oncogenic human papillomaviruses requires episomal genomes for differen-
tiation-dependent late expression. Proc. Natl. Acad. Sci. USA 93:3062-3067.

24. Grassmann, K., B. Rapp, H. Maschek, K. U. Petry, and T. Iftner. 1996.
Identification of a differentiation-inducible promoter in the E7 open reading
frame of human papillomavirus type 16 (HPV-16) in raft cultures of a new
cell line containing high copy numbers of episomal HPV-16 DNA. J. Virol.
70:2339-2349.

25. Grossel, M. J., F. Sverdrup, D. E. Breiding, and E. J. Androphy. 1996.
Transcriptional activation function is not required for stimulation of DNA
replication by bovine papillomavirus type 1 E2. J. Virol. 70:7264-7269.

26. Haugen, T. H., T. P. Cripe, G. D. Ginder, M. Karin, and L. P. Turek. 1987.
Trans-activation of an upstream early gene promoter of bovine papilloma
virus-1 by a product of the viral E2 gene. EMBO J. 6:145-152.

27. Hawley-Nelson, P., E. J. Androphy, D. R. Lowy, and J. T. Schiller. 1988. The
specific DNA recognition sequence of the bovine papillomavirus E2 protein
is an E2-dependent enhancer. EMBO J. 7:525-531.

28. Hermonat, P. L., B. A. Spalholz, and P. M. Howley. 1988. The bovine
papillomavirus P2443 promoter is E2 trans-responsive: evidence for E2 au-
toregulation. EMBO J. 7:2815-2822.

29. Hirochika, H., T. R. Broker, and L. T. Chow. 1987. Enhancers and trans-



VoL. 72, 1998

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

acting E2 transcriptional factors of papillomaviruses. J. Virol. 61:2599-2606.
Hirt, B. 1967. Selective extraction of polyoma DNA from infected mouse cell
cultures. J. Mol. Biol. 26:365-369.

Howley, P. M. 1996. Papillomavirinae: the viruses and their replication, p.
2045-2076. In B. N. Fields (ed.), Virology. Lippincott-Raven, Philadelphia,
Pa.

Hummel, M. M., J. B. Hudson, and L. A. Laimins. 1992. Differentiation-
induced and constitutive transcription of human papillomavirus type 31b in
cell lines containing viral episomes. J. Virol. 66:6070—-6080.

Jiang, S. W,, and N. L. Eberhardt. 1995. A micro-scale method to isolate
DNA-binding proteins suitable for quantitative comparison of expression
levels from transfected cells. Nucleic Acids Res. 23:3607-3608.

Klumpp, D. J., F. Stubenrauch, and L. A. Laimins. 1997. Differential effects
of the splice acceptor at nucleotide 3295 of human papillomavirus type 31 on
stable and transient viral replication. J. Virol. 71:8186-8194.

Kovelman, R., G. K. Bilter, E. Glezer, A. Y. Tsou, and M. S. Barbosa. 1996.
Enhanced transcriptional activation by E2 proteins from the oncogenic hu-
man papillomaviruses. J. Virol. 70:7549-7560.

Kuo, S. R., J. S. Liu, T. R. Broker, and L. T. Chow. 1994. Cell-free replication
of the human papillomavirus DNA with homologous viral E1 and E2 pro-
teins and human cell extracts. J. Biol. Chem. 269:24058-24065.

Laimins, L. A. 1993. The biology of human papillomaviruses: from warts to
cancer. Infect. Agents Dis. 2:74-86.

Laimins, L. A. 1996. Human papillomaviruses target differentiating epithe-
lium for virion production and malignant conversion. Semin. Virol. 7:305—
313.

Lu, J. Z., Y. N. Sun, R. C. Rose, W. Bonnez, and D. J. McCance. 1993. Two
E2 binding sites (E2BS) alone or one E2BS plus an A/T-rich region are
minimal requirements for the replication of the human papillomavirus type
11 origin. J. Virol. 67:7131-7139.

McBride, A. A., H. Romanczuk, and P. M. Howley. 1991. The papillomavirus
E2 regulatory proteins. J. Biol. Chem. 266:18411-18414.

McCance, D. J., R. Kopan, E. Fuchs, and L. A. Laimins. 1988. Human
papillomavirus type 16 alters human epithelial cell differentiation in vitro.
Proc. Natl. Acad. Sci. USA 85:7169-7173.

Meyers, C., M. G. Frattini, J. B. Hudson, and L. A. Laimins. 1992. Biosyn-
thesis of human papillomavirus from a continuous cell line upon epithelial
differentiation. Science 257:971-973.

Mohr, L. J., R. Clark, S. Sun, E. J. Androphy, P. MacPherson, and M. R.
Botchan. 1990. Targeting the E1 replication protein to the papillomavirus
origin of replication by complex formation with the E2 transactivator. Sci-
ence 250:1694-1699.

Peden, K. W., J. M. Pipas, S. Pearson-White, and D. Nathans. 1980. Isola-
tion of mutants of an animal virus in bacteria. Science 209:1392-1396.
Phelps, W. C., and P. M. Howley. 1987. Transcriptional trans-activation by
the human papillomavirus type 16 E2 gene product. J. Virol. 61:1630-1638.
Pray, T. R., and L. A. Laimins. 1995. Differentiation-dependent expression
of E1UE4 proteins in cell lines maintaining episomes of human papilloma-
virus type 31b. Virology 206:679-685.

Rabson, M. S., C. Yee, Y. C. Yang, and P. M. Howley. 1986. Bovine papil-
lomavirus type 1 3" early region transformation and plasmid maintenance
functions. J. Virol. 60:626-634.

Romanczuk, H., and P. M. Howley. 1992. Disruption of either the E1 or the
E2 regulatory gene of human papillomavirus type 16 increases viral immor-
talization capacity. Proc. Natl. Acad. Sci. USA 89:3159-3163.

Romanczuk, H., F. Thierry, and P. M. Howley. 1990. Mutational analysis of
cis elements involved in E2 modulation of human papillomavirus type 16 P97
and type 18 P105 promoters. J. Virol. 64:2849-2859.

Sakai, H., T. Yasugi, J. D. Benson, J. J. Dowhanick, and P. M. Howley. 1996.
Targeted mutagenesis of the human papillomavirus type 16 E2 transactiva-
tion domain reveals separable transcriptional activation and DNA replica-
tion functions. J. Virol. 70:1602-1611.

Sarisky, R. T., Z. Gao, P. M. Lieberman, E. D. Fixman, G. S. Hayward, and
S. D. Hayward. 1996. A replication function associated with the activation
domain of the Epstein-Barr virus Zta transactivator. J. Virol. 70:8340-8347.
Sarver, N., M. S. Rabson, Y. C. Yang, J. C. Byrne, and P. M. Howley. 1984.
Localization and analysis of bovine papillomavirus type 1 transforming func-
tions. J. Virol. 52:377-388.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

HPV E2 TRANSACTIVATION 8123

Schneider-Gadicke, A., and E. Schwarz. 1986. Different human cervical
carcinoma cell lines show similar transcription patterns of human papillo-
mavirus type 18 early genes. EMBO J. 5:2285-2292.

Sedman, J., and A. Stenlund. 1995. Co-operative interaction between the
initiator E1 and the transcriptional activator E2 is required for replicator
specific DNA replication of bovine papillomavirus in vivo and in vitro.
EMBO J. 14:6218-6228.

Seo, Y. S., F. Muller, M. Lusky, E. Gibbs, H. Y. Kim, B. Phillips, and J.
Hurwitz. 1993. Bovine papilloma virus (BPV)-encoded E2 protein enhances
binding of E1 protein to the BPV replication origin. Proc. Natl. Acad. Sci.
USA 90:2865-2869.

Smotkin, D., and F. O. Wettstein. 1986. Transcription of human papilloma-
virus type 16 early genes in a cervical cancer and a cancer-derived cell line
and identification of the E7 protein. Proc. Natl. Acad. Sci. USA 83:4680-
4684.

Spalholz, B. A., P. F. Lambert, C. L. Yee, and P. M. Howley. 1987. Bovine
papillomavirus transcriptional regulation: localization of the E2-responsive
elements of the long control region. J. Virol. 61:2128-2137.

Spalholz, B. A., Y. C. Yang, and P. M. Howley. 1985. Transactivation of a
bovine papilloma virus transcriptional regulatory element by the E2 gene
product. Cell 42:183-191.

Steger, G., and S. Corbach. 1997. Dose-dependent regulation of the early
promoter of human papillomavirus type 18 by the viral E2 protein. J. Virol.
71:50-58.

Steger, G., J. Ham, and M. Yaniv. 1996. E2 proteins: modulators of papil-
lomavirus transcription and replication. Methods Enzymol. 274:173-185.
Stenlund, A. 1996. Papillomavirus DNA replication, p. 679-698. In M. De-
Pamphilis (ed.), DNA replication in eukaryotic cells. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

Stubenrauch, F., H. Lim, and L. A. Laimins. 1998. Differential requirements
for conserved E2 binding sites in the life cycle of oncogenic human papillo-
mavirus type 31. J. Virol. 72:1071-1077.

Sun, Y. N, J. Z. Lu, and D. J. McCance. 1996. Mapping of HPV-11 E1
binding site and determination of other important cis elements for replica-
tion of the origin. Virology 216:219-222.

Szymanski, P., and A. Stenlund. 1991. Regulation of early gene expression
from the bovine papillomavirus genome in transiently transfected C127 cells.
J. Virol. 65:5710-5720.

Tan, S. H., B. Gloss, and H. U. Bernard. 1992. During negative regulation of
the human papillomavirus-16 E6 promoter, the viral E2 protein can displace
Spl from a proximal promoter element. Nucleic Acids Res. 20:251-256.
Thierry, F., and P. M. Howley. 1991. Functional analysis of E2-mediated
repression of the HPV18 P105 promoter. New Biol. 3:90-100.

Thierry, F., and M. Yaniv. 1987. The BPV1-E2 trans-acting protein can be
either an activator or a repressor of the HPV18 regulatory region. EMBO J.
6:3391-3397.

Ushikai, M., M. Lace, Y. Yamakawa, M. Kono, J. Anson, T. Ishiji, S. Park-
kinen, N. Wicker, M. E. Valentine, I. Davidson, L. P. Turek, and T. H.
Haugen. 1994. trans activation by the full-length E2 proteins of human
papillomavirus type 16 and bovine papillomavirus type 1 in vitro and in vivo:
cooperation with activation domains of cellular transcription factors. J. Vi-
rol. 68:6655-6666.

Ustav, M., and A. Stenlund. 1991. Transient replication of BPV-1 requires
two viral polypeptides encoded by the E1 and E2 open reading frames.
EMBO J. 10:449-457.

van der Vliet, P. C. 1996. DNA replication in eukaryotes, p. 87-118. In M.
DePamphilis (ed.), DNA replication in eukaryotic cells. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

Yang, L., R. Li, I. J. Mohr, R. Clark, and M. R. Botchan. 1991. Activation of
BPV-1 replication in vitro by the transcription factor E2. Nature 353:628-
632.

zur Hausen, H. 1991. Human papillomaviruses in the pathogenesis of ano-
genital cancer. Virology 184:9-13.

zur Hausen, H. 1994. Molecular pathogenesis of cancer of the cervix and its
causation by specific human papillomavirus types, p. 131-156. In H. zur
Hausen (ed.), Human pathogenic papillomaviruses. Springer-Verlag KG,
Berlin, Germany.



