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The papillomavirus E2 proteins can function as sequence-specific transactivators or transrepressors of
transcription and as cofactors in viral DNA replication. We previously demonstrated that acute expression of
the bovine papillomavirus type 1 (BPV1) E2 protein in HeLa and HT-3 cervical carcinoma cell lines greatly
reduced cellular proliferation by imposing a specific G,/S phase growth arrest. In this report, we analyzed the
effects of a panel of point mutations in the BPV1 E2 protein to identify the functional requirements for acute
growth inhibition. Disruption of E2-specific transactivation by mutations within either the transactivation
domain or the DNA binding domain severely impaired E2-mediated growth inhibition in HeLa and HT-3 cells,
even though these mutants retain various other E2 activities. This result indicates that functional transacti-
vation activity is required for acute E2-mediated growth inhibition. HeLa cells, which contain a wild-type p53
gene, and HT-3 cells, which contain a transactivation-defective p53 gene, exhibited similar responses to the E2
mutants, suggesting that identical functions of the E2 protein were required for growth arrest regardless of p53
status. Replacement of the E2 transactivation domain with that of the herpes simplex virus VP16 generated a
chimeric transactivator that efficiently stimulated expression of an E2-responsive reporter plasmid yet was
completely defective for growth inhibition, suggesting that an E2-specific transactivation function is required
for growth arrest. Surprisingly, the transactivation-defective E2 mutants were also markedly defective in their
ability to repress transcription of the native human papillomavirus type 18 (HPV18) E6/E7 oncogenes in HeLa
cells and of the HPV18 promoter present in a transfected reporter plasmid. These mutants were also defective
in their ability to increase p53 levels. Therefore, efficient repression of the HPV18 promoter in HeLa cells is
not merely a consequence of the binding of an E2 protein to appropriately situated binding sites in the

promoter.

Papillomavirus E2 proteins participate in a variety of essen-
tial regulatory functions during the viral life cycle (35, 67). The
full-length bovine papillomavirus type 1 (BPV1) E2 protein,
E2-TA, is a dimeric sequence-specific DNA binding protein
that regulates viral gene transcription (2, 35, 52). In transfec-
tion studies, the E2 protein is able to inhibit transcription from
the human papillomavirus type 16 (HPV16) or HPV18 E6/E7
promoter, an effect which is thought to occur by the E2 protein
binding to the promoter and displacing other necessary tran-
scription factors (4, 5, 16, 19, 20, 25, 28, 33, 42, 45, 54-60).
E2-TR, an amino-terminal-truncated form of the E2 protein
expressed by BPV1, is expressed from an internal methionine
initiation codon and interferes with the activity of E2-TA by
competing for DNA binding sites and by forming inactive het-
erodimers with E2-TA (3, 35). E2-TA also binds to the viral E1
replication protein and is required for efficient viral DNA
replication (37, 49, 61, 68, 69). The BPV1 E2 protein has been
subjected to detailed mutational analysis which revealed that
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the conserved amino-terminal domain is required for transac-
tivation, E1 binding, and viral replication activities, while the
carboxy-terminal domain is sufficient for sequence-specific
DNA binding and dimerization (1, 6, 8, 23, 27, 35, 41, 66) (see
Fig. 1).

The E2 gene also appears to play a role during HPV-induced
carcinogenesis. The great majority of human cervical cancers
contain integrated HPV DNA and express the viral E6 and E7
oncogenes, which appear to exert their proliferative effects, at
least in part, by binding to the tumor suppressor proteins p53
and pl05Rb (62, 64). In contrast, the E2 gene is usually dis-
rupted in cervical cancers, suggesting that the loss of the E2
protein is an important step in the development of cervical
cancer (13, 39, 48, 62). The ability of E2-TA to inhibit the
expression of the HPV18 E6/E7 promoter suggested that dis-
ruption of the E2 gene during carcinogenic progression re-
lieved repression of the E6/E7 genes, resulting in increased
E6/E7 expression and delivery of an enhanced proliferative
signal (46, 60). This model was further supported by the finding
that mutations in the HPV16 E2 gene increased the ability of
transfected viral DNA to immortalize primary human kerati-
nocytes (44).

To explore the effects of the E2 protein on cell proliferation,
the E2 gene was introduced into cell lines derived from cervical
cancers, including HeLa cells, which express HPV18 E6 and
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E7. We used a BPV1/simian virus 40 (SV40) recombinant virus
to drive expression of the BPV1 E2 gene in the vast majority of
infected cells and demonstrated that expression of the wild-
type E2-TA protein in HeLa cells caused an acute and pro-
found decrease in cellular proliferation and a dramatic inhibi-
tion of HPV18 E6/E7 expression (31, 32). Growth inhibition
was also observed in HT-3 cells, which possess transactivation-
defective p53 and were initially classified as HPV DNA nega-
tive (14, 15, 40, 47, 71). However, a recent analysis indicates
that HT-3 cells do harbor HPV DNA sequences (18). Acute
E2-mediated inhibition of cellular proliferation did not appear
to be due to toxicity or apoptosis but rather to a block near the
G,-to-S-phase cell cycle transition (21, 31). In HeLa cells, the
E2 protein activated the dormant p53-dependent growth in-
hibitory pathway by increasing levels of p53 and the p53-in-
ducible cyclin dependent kinase (cdk) inhibitor p21 (21, 31).
Lowered cdk activity resulted in the accumulation of hypo-
phosphorylated p105Rb and decreased E2F expression, there-
by preventing the expression of genes required for transit
through the G,/S boundary. Because E2 expression led to a
dramatic decrease in the E6/E7 mRNA accumulation in HeLa
cells, it was plausible that the E2 protein merely reinstated
normal growth control by preventing the E6 and E7 proteins
from interfering with p53 and pRb function. However, HT-3
cells possess a mutated and defective form of p53 (14, 15, 47),
so p53 function was dispensable for growth arrest, at least in
this cell line.

In contrast to the G,/S phase arrest seen in HeLa or HT-3
cells infected with the BPV/SV40 recombinant, others have
reported that the E2 protein can cause apoptosis (17) or S-
phase arrest due to an uncoupling of S phase and mitosis (24).
Because these systems appear to express high levels of the E2
protein or to express adenovirus proteins which may affect the
cellular phenotype, it appears that the acute cellular response
to E2 expression depends on the particular E2 strain, host cell,
and expression vector used. The antiproliferative effect of the
E2 protein has also been measured in a long-term assay in
which cells are cotransfected with E2 expression vectors and a
neomycin-selectable marker (21, 60). The E2 gene from BPV1,
HPV16, or HPV18 caused a significant reduction in the num-
ber of drug-resistant colonies formed by HeLa cells, though no
difference in colony numbers was noted for HT-3 cells. Mu-
tants with large deletions in the transactivation domain of
E2-TA or with point mutations in the DNA binding domain
did not inhibit colony formation, suggesting that the DNA
binding and transactivation functions of the E2 protein are
required for the reduction of the number of colonies (21).
However, such an assay cannot differentiate between specific
growth arrest, toxicity, or apoptosis, and it is not readily ame-
nable to biochemical analysis.

To identify the activities of the E2 protein involved in the
acute G,-to-S-phase growth inhibition in HeLa and HT-3 cells,
we used the BPV1/SV40 recombinant virus system to test the
effects of BPV1 E2 mutants containing specific amino acid
substitutions in the transactivation and DNA binding domains
of the E2 protein. We also tested the effects of these mutants
on the expression of HPV18 E6/E7 mRNA and p53 in HeLa
cells. Intact transactivation and DNA binding domains were
required for efficient growth inhibition in both cell types de-
spite their difference in p53 status. Furthermore, although a
heterologous transactivation domain was able to convert the
E2-TR protein into a powerful E2 binding site-specific trans-
activator, it was unable to inhibit cellular proliferation. Unex-
pectedly, the transactivation function of the E2 protein was
also required for efficient repression of HPV18 E6/E7 expres-
sion.

J. VIROL.

MATERIALS AND METHODS

PI 1

P and mutag is. The eight E2 point mutations shown in Fig. 1 and
the VP16E2-R fusion (which contains amino acids 410 to 490 of the herpes
simplex virus [HSV] VP16 transactivation domain linked in frame to BPV1 E2
residues 162 to 410) were transferred into the BPV1/SV40 expression system to
allow production of high-titer viral stocks (6, 41, 50). The parental pPaval
BPV1/SV40 plasmid was first modified by inserting a Bg/II linker (New England
Biolabs catalog no. 1001) into the unique BstEII site 5’ of the BPV1 E2 gene to
create pPava-5'Bgl. The ES gene was then disrupted by linearizing pPava-5'Bgl
at the unique Spel site, filling in the 5" extensions with Klenow DNA polymerase
plus all four deoxyribonucleoside triphosphates followed by intramolecular liga-
tion to generate pPava-5'BAS. The E2 mutants and the chimera were transferred
into pPava-5'BAS by ligating the BamHI/BstXI fragment containing the E2
mutation to the large Bg/II/BstXI fragment of pPava-5'BAS. pPava-E2am1 con-
taining an amber stop codon at amino acid 158 has been previously described
(50).

For the experiments examining the effect of the transfected E2-TA gene on
repression of the E6/E7 promoter, E2amber, E39G, W92R, K399M, and wild-
type pPava-5'BAS were modified to change the E2-TR initiator methionine into
threonine (43) by using the QuickChange Site Directed Mutagenesis Kit (Strat-
agene) with appropriate primers according to the manufacturer’s instructions.

Cells and virus stocks. HeLa cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), and
HT-3 cells were maintained in McCoys 5a medium supplemented with 15% FBS.
Recombinant BPV1/SV40 stocks were prepared essentially as described previ-
ously (31, 50), with the modification that infected-cell pellets were resuspended
in Tris-EDTA (pH 8.7) and freeze-thawed three times, and the cell debris was
removed by centrifugation. Viral stocks were titered in eight-chamber slides by
infecting CMT-4 cells with serial dilutions of virus followed by indirect immu-
nofluorescence of the SV40 VP1 protein (38). This method of titering virus does
not depend on E2-mediated transactivation or site-specific DNA binding.

Immunoprecipitation and immunoblotting of BPV1 E2. HeLa cells (6 X 10°)
were plated in 100-mm-diameter dishes and allowed to grow overnight. Sufficient
virus stock was added to 2 ml of DMEM supplemented with 2% FBS to generate
a multiplicity of infection (MOI) of 20. After 2 h of viral absorption, 8 ml of
DMEM supplemented with 12% FBS was added, and the cells were incubated at
37°C for an additional 2 days. The cells were washed twice in 4°C phosphate-
buffered saline (PBS), scraped from the tissue culture dish in 1 ml of cold PBS,
and transferred to a 1.5-ml microcentrifuge tube. After a low-speed spin, the cell
pellets were resuspended in 1-ml portions of RIPA buffer (50 mM Tris-Cl [pH
8.0], 150 mM NaCl, 1% Nonidet P-40 [NP-40], 10 mM sodium deoxycholate,
0.1% sodium dodecyl sulfate [SDS], 1 mM phenylmethylsulfonyl fluoride, 5 g of
leupeptin per ml, 5 pg of aprotinin per ml, 1 mM NaF, 0.1 M sodium orthovana-
date), disrupted by pipetting, and extracted by rotating 30 min at 4°C. Cellular
debris was removed by centrifugation, and the protein concentration was deter-
mined by the detergent-resistant bicinchoninic acid (BCA) protein assay
(Pierce). Protein (500 pg) from each sample was mixed with 0.2 pg of the BPV1
E2-specific monoclonal antibody B202 (37) purified from mouse ascitic fluid and
incubated for 2 h at 4°C. Twenty microliters of a 50% slurry of protein A
Sepharose CL-4B (Pharmacia) was then added, and an additional 1-h incubation
was carried out. The antibody complexes were then washed twice in RIPA buffer
containing protease and phosphatase inhibitors and eluted by boiling for 5 min
in 25 pl of 2X Laemmli sample buffer. Proteins were electrophoresed on a 10%
polyacrylamide gel containing SDS, transferred to Immobilon P (Millipore) in
200 mM glycine-25 mM Tris, blocked in 5% bovine serum albumin in Tris/S
buffer (13 mM Tris-HCI, 170 mM NaCl; buffer pH 7.4) and incubated with a
1/100 dilution of B202 tissue culture supernatant in Tris/S plus 0.01% NP-40 for
2 h. The filter was washed twice for 10 min in Tris/S buffer, once with Tris/S plus
0.1% NP-40, and twice more with Tris/S, followed by a 1-h incubation with a
1:10,000 dilution of a protein A-horseradish peroxidase conjugate (Amersham),
subjected to washes as described above, and visualized with the enhanced chemi-
luminescence (ECL) reagent (Amersham).

Subcellular localization of BPV1 E2. The localization of DNA binding mutants
K339M and C340R was tested in infected COS7 cells. At 20 to 24 h after
infection, the cells were fixed in 4% formaldehyde (Buffered Formalde-Fresh;
Fisher) for 10 min at room temperature, washed four times with PBS, and made
permeable and blocked by incubation with 0.2% Triton X-100 and 0.1 M glycine
in PBS for 10 min. The cells were incubated for 1 h at 37°C with a 1:20 dilution
of B201 (56) monoclonal antibody supernatant in PBS. Cells were washed with
PBS four times, and then a 1:100 dilution of goat anti-mouse fluorescein-conju-
gated secondary antibody (Jackson Laboratories) was added and incubated for
1 h at 37°C. Cells were washed in PBS four times and mounted with a cover slip
using Gel Mount (Biomeda).

To localize the E2-TA transactivation domain mutants, the hemagglutinin
(HA) epitope from the plasmid pBSHA (a gift from M. Barbosa, Signal Phar-
maceuticals) was fused in frame to the amino termini of the wild-type and mutant
E2 coding sequences expressed from pcDNA3 (Invitrogen). HeLa cells were
transfected by the method of Chen and Okayama (11), and after 2 days, the cells
were fixed with periodate-lysine-paraformaldehyde (36). The cells were made
permeable as described above, incubated for 3 h in a 1:30,000 dilution of anti-
HAT1 12CAS5 ascitic fluid in PBS containing 2% control goat serum, washed three
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times in PBS, and incubated with a 1:300 dilution of a CY3-labeled, goat anti-
mouse antibody for 1 h at room temperature. After three washes in PBS, the
nuclei were counterstained by treatment with 0.4% Hoechst 33258 in PBS for 5
min and mounted by using a SlowFade Antifade Kit (Molecular Probes).

BPV1 E2 transactivation and transrepression assays. To measure the trans-
activation potential of E2 proteins, pPava plasmids expressing wild-type and
mutant E2 genes were cotransfected with an E2-responsive reporter construct
(p407-1) containing the long control region (LCR) of BPVI1 coupled to an
enhancerless SV40 early promoter 5" of the chloramphenicol acetyltransferase
(CAT) gene (52). HeLa or HT-3 cells (5 X 10°) were plated in 35-mm-diameter
dishes and transfected with 1 wg of p407-1 and 0.5 pg of the appropriate
BPV1/SV40 E2 expression vector, using 9 or 6 pl of Lipofectamine (Life Tech-
nologies), respectively. Between 24 and 48 h posttransfection, cell extracts were
prepared by using Reporter Lysis Buffer (Promega) and CAT activity was de-
termined by using the QUAN-T-CAT assay system (Amersham). The results
were normalized to a constant amount of protein by the BCA protein assay
(Pierce), and a CAT standard curve was used to generate milliunits of CAT
activity per milligram of total protein. To facilitate comparisons between exper-
iments and cell lines, the activity of a mutant was divided by that of the wild-type
E2 protein to yield the percentage of wild-type activity.

To measure the E2-mediated repression of the HPV18 pl105 promoter, a
1,053-bp BamHI fragment of HPV18 (nucleotides 6929 to 119) containing the
LCR and p105 promoter was inserted into the Bg/II site of pGL3-basic vector
(Stratagene). In the resulting plasmid, pGL3-HPV18LCR, the HPV sequences
were responsible for expression of the luciferase gene. To assay the repression
activity due to E2-TA in the absence of E2-TR, the initiator methionine of
E2-TR was converted into a threonine in the wild-type and mutant BPV1/SV40
pPava plasmids. Plasmids (0.5 pg) expressing E2, E2amber, the transactivation
mutants E39G and W92R, or the DNA binding mutant K339M construct, each
containing the E2-TR mutation, were cotransfected with 1 g of pGL3-
HPVI18LCR in HeLa cells as described above. Twenty-four hours after trans-
fection, luciferase activity was determined by using the Luciferase Assay System
(Promega). Two experiments were performed in duplicate or triplicate, and
essentially identical results were obtained. The data were combined and pre-
sented as the luciferase activity from pGL3-HPV18LCR cotransfected with a
vector unable to produce the E2 protein divided by the activity present after
cotransfection with one of the E2 expression vectors to yield fold inhibition of
luciferase activity (see Fig. 7).

Growth inhibition assays. Cells (2.5 X 10* HeLa or 3 X 10* HT-3 cells) were
plated in each well of a 24-well tissue culture plate and allowed to grow overnight
to approximately 5 X 10* cells per well. The cells were infected by the indicated
viral stocks at MOIs ranging from 2.5 to 20 in 0.2 ml of the appropriate media
supplemented with 2% FBS. Two hours later, 0.8 ml of media containing suffi-
cient FBS was added to produce a final concentration of 10 or 15% FBS,
respectively, for HeLa or HT-3 cells. Cell proliferation was determined by mea-
suring [*H]thymidine incorporation into trichloroacetic acid-insoluble material
48 to 60 h postinfection (31). Fold growth inhibition was calculated by dividing
the incorporated counts per minute of mock-infected cells by incorporated
counts per minute from cells infected with virus. Generally, assays were per-
formed in quadruplicate, and the mutant viruses were assayed in 3 to 11 separate
experiments. The data were averaged, and a standard deviation of the mean was
calculated for the whole population.

RNA analysis. Total RNA was prepared from cells 48 h postinfection with
Trizol reagent (Life Technologies). Five micrograms of RNA was subjected to
formaldehyde-agarose gel electrophoresis, transferred to a nitrocellulose mem-
brane (Biotrace NT from Gelman) or nylon membrane (Nytran from Schleicher
& Schuell), and hybridized with [a-**P]dATP random-primed HPV18 E6/E7
probe (22). Amounts of RNA were normalized by probing for y-actin followed
by quantitation on a PhosphorImager (Molecular Dynamics), using volume in-
tegration. Fold inhibition of E6/E7 mRNA was calculated by dividing the Phos-
phorImager signal from mock-infected cells by that from cells infected with the
wild-type and mutant viruses. Growth inhibition assays performed in parallel
with the RNA extractions confirmed efficient growth inhibition by the wild-type
E2 protein.

p53 protein detection. HeLa cells (2 X 10°) were plated in 35-mm-diameter
dishes and infected with virus stocks at an MOI of 20. Thirty-two hours postin-
fection, the cells were washed with PBS and lysed in 1 ml of Trizol reagent. After
the standard RNA and DNA fractionation (Life Technologies protocol), protein
was quantitatively precipitated by the addition of 3 volumes of acetone, incuba-
tion at 4°C for 1 h, and centrifugation. The pellets were washed in 1-ml portions
of 75% cold acetone and dissolved in 200-pl portions of 2% SDS. Following the
quantitation of protein by the BCA protein assay, 20 g of total cellular protein
from each sample was electrophoresed in an 8% acrylamide-SDS gel and trans-
ferred to Immobilon P in a solution consisting of 25 mM Tris, 192 mM glycine,
0.1% SDS, and 20% methanol. The membrane was blocked in TBST (10 mM
Tris [pH 7.2], 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat dry milk and
sodium azide. A 1-pg/ml solution of a mouse monoclonal anti-p53 antibody
(Ab-6; Oncogene Research Products) in TBST with 5% milk and with azide was
incubated with the membrane for 1 h, and then the membrane was washed in
four changes of TBST over a 30-min period. Following incubation of the mem-
brane with a 1:10,000 dilution of a horseradish peroxidase-labeled goat anti-
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FIG. 1. Domain structure of wild-type and mutant E2 proteins. The full-
length E2 transactivator (E2-TA), internally initiated transcriptional repressor
(E2-TR), and VP16 chimeric transactivator (VP16E2-R) proteins are shown
schematically, with the conserved DNA binding domain, the less conserved
“hinge” region, and the transactivation domain indicated. The chimeric
VP16E2-R protein contains the transactivation domain of the HSV VP16 protein
fused to the E2-TR. The numbers refer to the amino acid positions in the
full-length E2-TA. Mutations analyzed here are identified by the single-letter
amino acid abbreviation of the wild-type amino acid followed by the position of
the mutation and then the abbreviation for the substituted amino acid.

mouse antibody (Jackson Immunoresearch) in TBST with 5% milk without azide
and washes as described above, the p53 protein was visualized by ECL.

RESULTS

Description of E2 mutants. The domain structure of the
full-length BPV1 E2 transactivator (E2-TA) consists of a long
amino-terminal transactivation domain, a carboxyl-terminal
domain sufficient for DNA binding and dimerization, and an
intervening region designated the hinge region (Fig. 1). Both
BPV1 and the BPV1/SV40 recombinant also encode E2-TR, a
transactivation-defective carboxyl-terminal fragment of the E2
protein. E2-TR has little, if any, growth inhibitory activity
under our conditions (32). Figure 1 also shows the locations of
the point mutations studied here, consisting of single-amino-
acid substitutions within the transactivation and DNA binding
domains of the E2 protein. These mutants were previously
identified on the basis of their decreased activity as sequence-
dependent transcription factors in a genetic screen performed
with Saccharomyces cerevisiae (6, 26, 41). A virus expressing an
E2 gene with an amber stop codon inserted at position 158
(E2amber) was included in many experiments as a negative
control. This mutant encodes the E2-TR protein and a car-
boxy-truncated E2 protein which is defective for DNA binding,
transactivation, papillomavirus DNA replication, and induc-
tion of growth inhibition. In addition, a chimeric transactivator
that recognizes the E2 DNA binding site was constructed by
fusing the heterologous transactivation domain of the HSV
VP16 protein to the E2-TR protein (VP16E2-R).

These mutants were transferred to the BPV1/SV40 expres-
sion system and characterized. We confirmed by electro-
phoretic mobility shift assays that both mutations in the DNA
binding domain, K339M and C340R (41), disrupted binding to
a DNA fragment containing E2 binding sites (data not shown).
In the wild-type DNA binding domain, residues 339 and 340
directly contact the E2 binding site (30). In contrast, the mu-
tations in the transactivation domain did not interfere with
site-specific DNA binding, as assessed by a two-hybrid assay in
yeast (6, 56, 70).

Accumulation of mutant BPV1 E2 proteins within HeLa
cells. Before examining the biological properties of these mu-
tants, it was necessary to demonstrate that the mutant E2
proteins accumulated in infected cells. HeLa cells were in-
fected with wild-type virus and with each of the mutants at a
MOI of 20. To detect the E2 protein, 500 pg of cellular extract
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FIG. 2. Accumulation of wild-type and mutant E2 proteins in infected HeLa
cells. HeLa cells were infected with the indicated viral stocks, and protein was
isolated 60 h later. Total protein (500 wg) (except for the wild-type virus [wt]
titration) was immunoprecipitated and then immunoblotted with the B202
monoclonal antibody. The migration positions of the full-length E2 protein
(E2-TA) and transcriptional repressor (E2-TR) are noted. Various amounts of
wild-type virus extract ranging from 125 to 500 pg, as indicated, were assayed in
parallel to assess the signal resulting from different levels of the E2 protein. In a
separate experiment, viruses expressing the E2amber, VP16E2-R, and wild-type
E2 proteins were assayed. The VP16E2-R protein has a lower molecular weight
than wild-type E2 and thus migrates more rapidly during electrophoresis.

prepared 60 h after infection was immunoprecipitated with the
anti-BPV1 E2 monoclonal antibody B202, resolved on a dena-
turing polyacrylamide gel, and immunoblotted with the same
antibody. In addition, various amounts of extract from cells
expressing the wild-type E2 protein were immunoprecipitated
to allow a rough comparison of protein levels in the mutants.
The results in Fig. 2 demonstrated that all the full-length mu-
tant E2 proteins stably accumulated in HeLa cells. Several
mutants (Q15H, E39G, F87S, E105G, K339M, and C340R)
accumulated to levels similar to that of the wild-type protein,
whereas W92R and W99C were approximately twofold less
abundant. Thus, all of the mutants accumulated to levels at
which the wild-type E2 protein caused substantial growth in-
hibition (see below). In addition, cells infected with each of the
viruses also expressed the ~30-kDa E2-TR protein. These
results demonstrated that gross deletions or rearrangements
affecting the E2 gene had not occurred during amplification of
the virus stocks and established that none of the mutations
markedly affected the expression or stability of the mutant E2
proteins.

Nuclear localization of the BPV1 E2 mutants. Although
none of these mutations are located within signals known to be
required for nuclear localization of E2-TA (51), it was possible
that the E2 mutant proteins might be unable to enter the
nucleus due to disruption of unidentified localization signals or
to catastrophic misfolding. Two approaches were used to de-
termine the locations of the E2 proteins. First, COS7 cells were
infected with viruses expressing the wild-type E2 protein or
DNA binding mutants, which contain mutations in the domain
common to E2-TA and E2-TR. After 20 to 24 h, the cells were
immunostained with an anti-E2 antibody which detects both
the transactivator and transcriptional repressor forms of the
E2 protein. As shown in Fig. 3A, the wild-type protein and
both of these mutants displayed nuclear localization. A differ-
ent approach was used to examine the localization of E2 mu-
tants with substitutions in the transactivation domain. Because
viruses encoding these mutants also expressed the wild-type
E2-TR, which was expected to localize normally, we did not
attempt to determine localization by using the anti-E2 anti-
body. Instead, an HA epitope was inserted at the amino ter-
mini of the wild-type and mutant E2-TA proteins, and plas-
mids encoding these proteins were transfected into HeLa cells.
The cells were then immunostained with an anti-HA antibody
to determine the subcellular localization of the full-length
E2-TA proteins. As shown for representative examples in Fig.
3B, all the mutant and wild-type E2-TA proteins tested in this
fashion accumulated within the nucleus, although some mu-

J. VIROL.

tants, in particular Q15H, displayed some cytoplasmic staining
as well.

Transactivation activity of the E2 mutants. Because the
mutants were classified as transactivation defective on the basis
of studies in yeast, we determined their transactivation poten-
tial in HeLla and HT-3 cells, the same cells used for the growth
inhibition assays. The ability of the mutants to transactivate
was assayed by cotransfection of the BPV1/SV40 plasmid con-
taining the E2 mutant of interest with a reporter plasmid
containing an E2-responsive promoter driving expression of
the bacterial CAT gene. Extracts were prepared 48 h later and
assayed for CAT activity. This transactivation assay required
that the E2 transactivation domain be functional and that the
E2 mutant be able to bind to its recognition sequence. As
shown in Fig. 4, the wild-type E2 gene efficiently transactivated
the reporter plasmid in both cell lines, whereas the amber
mutant was defective. Most of the point mutants displayed
<5% of the wild-type levels of transactivation in both HeLa
and HT-3 cells. Mutant E105G, which was originally classified
as leaky for transactivation in yeast, displays substantial activity
in both human cell lines. F87S shows slightly more transacti-
vation activity than the markedly defective mutants.

Growth-inhibitory activity of BPV1 E2 mutants. To explore
the relationship between the various functions of the E2 pro-
tein and its growth-inhibitory activity, we tested the E2 mutants
for their ability to inhibit DNA synthesis in HeLa and HT-3
cells. First, we determined whether slight variations in E2 pro-
tein levels due to minor differences in viral titer or stability of
the mutant proteins could mask an effect of the mutation on
growth inhibition. HeLa and HT-3 cells were infected with the
BPV1/SV40 recombinant virus containing the wild-type E2
gene at MOIs ranging from 2.5 to 20. The amber mutant was
included at an MOI of 20 as a control for nonspecific effects of
viral infection. Growth inhibition was assayed by determining
incorporation of tritiated thymidine into trichloroacetic acid-
precipitable material 48 to 60 h postinfection. In a represen-
tative experiment, HeLa cells incorporated 415,000 cpm after
mock infection, 335,000 cpm after infection with the E2amber
virus, and 11,000 cpm after infection with the wild-type virus at
an MOI of 20. In HT-3 cells, incorporation was 82,000, 89,000,
and 19,000 cpm, respectively. The results of multiple such
experiments are combined and presented in Fig. 5. Although
growth inhibition by wild-type E2 clearly decreased with de-
creasing amounts of virus, even a low MOI of 2.5 was sufficient
for readily detectable growth inhibition in both HelLa and
HT-3 cells, whereas cells infected at a high MOI with the
E2amber mutant showed negligible growth inhibition.

Extracts from HelLa cells infected at the various MOIs with
the wild-type virus were prepared, and E2 protein levels were
examined by immunoblotting. The data indicated that the lev-
els of E2 protein roughly correlate with the MOI (data not
shown). Thus, growth inhibition was clearly detectable at a
concentration of wild-type E2 protein that was lower than the
least abundant transactivation-defective mutant protein. Based
on these experiments, growth assays of the E2 mutants were
carried out after infection at an MOI of 20, conditions under
which minor variations in the levels of the mutant E2 protein
would evidently not interfere with our ability to measure
growth inhibition.

To assess the effects of the mutations on growth inhibition,
HeLa or HT-3 cells were infected at an MOI of 20 with viruses
containing a wild-type or mutant E2 gene, and DNA synthesis
was assayed as described above. The averaged results of these
experiments using several preparations of virus for each mu-
tant are presented in Fig. 5. The transactivation-defective E2
mutants were significantly impaired in their ability to inhibit



FIG. 3. Subcellular localization of wild-type and mutant E2 proteins. (A)
COS7 cells mock infected or infected with virus expressing wild-type (wt) E2 or
the DNA binding mutant K339M or C340R were fixed and stained for E2
localization with the B201 monoclonal antibody. (B) HeLa cells mock trans-
fected or transfected with vectors expressing HA-tagged wild-type E2-TA or the
indicated HA-tagged mutants were fixed and stained for E2 localization with an
anti-HA antibody.
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FIG. 4. Transactivation assay of wild-type and mutant E2 proteins. The in-
dicated E2 mutants were cotransfected with p407-1, a reporter vector responsive
to E2-specific transactivation. Twenty-four hours posttransfection, HeLLa and
HT-3 cell extracts were assayed for CAT activity. The results are presented as
percentages of transactivation by the wild-type E2 plasmid (E2-wt). The slashed
lines on the two VP16E2-R bars represent values of 820 and 170% in HeLa and
HT-3 cells, respectively, that are off the scale.

DNA synthesis in both HeLa and HT-3 cells. These mutants
were able to suppress DNA synthesis only about 1.5-fold com-
pared to the 20-fold inhibition by the wild-type protein in
HeLa cells and 6-fold inhibition in HT-3 cells. The E105G
mutant, which retained significant transactivation activity, ex-
hibited an intermediate level of growth suppression that was
greater than the other mutants but still less than that induced
by wild-type E2 protein even at low MOIs. The pattern of
growth suppression by the panel of point mutants was very
similar in p53-positive HeLa cells and in p53-negative HT-3
cells. Thus, the ability of the E2 protein to transactivate ap-
pears to be an absolute requirement for efficient growth sup-
pression in both cell lines. We note, however, that all of the
point mutants retained modest growth inhibitory activity in
both cell types, as did the E2 amber mutant in HT-3 cells. This
activity was not dependent on site-specific DNA binding since
the DNA binding-defective mutants also display this property.

A heterologous transactivator is unable to substitute for the
E2 transactivation domain. The results presented above indi-
cated that transactivation-competent E2 protein was required
for efficient growth suppression. To explore the specificity of
this requirement for transactivation, we tested whether an-
other strong transactivation domain could substitute for the E2
transactivation domain. We fused the HSV VP16 transactiva-
tion domain to the amino terminus of E2-TR, which contains
the DNA binding domain of the E2 protein, to construct
VP16E2-R and generated virus stocks expressing the fusion
protein. As shown in Fig. 2, this chimeric protein accumulated
in infected cells. In addition, Fig. 4 shows that in both HeLa
and HT-3 cells, the VP16E2-R chimera exhibited substantially
higher levels of transactivation of a gene linked to an E2
binding site than did the wild-type E2 protein. Nevertheless,
the chimera was markedly defective in its ability to inhibit
DNA synthesis, being indistinguishable from the transactiva-
tion-defective E2 mutants (Fig. 5). Thus, targeting a strong
transactivation domain to E2 binding sites was not sufficient to



3930 GOODWIN ET AL.

20.0

HeLa Cells

Fold Growth Inhibition

suwwoo TONELOO = o o
oas D g 0O NN W o 9 ~
E:;uu -®mwo oo mg i
< 2 23 cmu.;gm 20 ©
(] o
w >
6.0 HT-3 Cells

Fold Growth Inhibition

ywwoo TOoOnxoOo s @ @

aanesZ o woNNOW o O «

E3%%s sucggs g3 o
- ™

< 3 o EY o ©

N o

w >

FIG. 5. Growth inhibition of HeLa and HT-3 cells by the E2 protein. Viral
stocks expressing wild-type or mutant E2 were used to infect HeLa or HT-3 cells,
and incorporation of tritiated thymidine was assayed 40 to 60 h postinfection.
The data are expressed as fold inhibition, which is calculated as the ratio of the
thymidine incorporation in mock-infected cells divided by that of infected cells.
The left set of bars in each graph show the activity of the E2amber mutant
following infection at an MOI of 20 compared to a titration of wild-type E2
following infection at the indicated MOIs. The remainder of the bars in each
graph show the fold growth inhibition values of the indicated mutants and the
heterologous VP16E2-R transactivator, all following infection at a MOI of 20.
The results of multiple experiments have been combined, and the error bars
represent 2 standard deviations of the mean.

induce acute growth inhibition, rather some specific feature of
the E2 transactivation domain was required. Dowhanick et al.
(21) previously reported that a similar chimera did not inhibit
colony formation in transfected HeLa cells.

Repression of HPV18 E6/E7 mRNA by the E2 mutants. We
and others previously showed that expression of the E2 protein
in HeLa cells led to the repression of the endogenous HPV18
E6 and E7 oncogene mRNAs (17, 21, 32). Studies in trans-
fected cells suggested that the ability of the E2 protein to bind
to E2 binding sites within the HPV18 promoter was essential
for repression, presumably by occluding binding sites for nec-
essary cellular transcription factors. To test the effects of the
transactivation-defective E2 mutants on expression of the E6
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FIG. 6. Repression of HPV18 E6/E7 message in HeLa cells by BPV1 E2.
HelLa cells were infected with BPV1/SV40 expressing wild-type (wt) or mutant
E2 proteins, and total RNA was harvested 60 h postinfection. RNA (5 ng) was
resolved by formaldehyde agarose gel electrophoresis, transferred to a solid
support, and hybridized with a radiolabeled HPV18 E6/E7 probe. After analysis
on a PhosphorImager, the probe was removed and the transferred RNA was
rehybridized to a radiolabeled actin probe to facilitate comparisons between
samples. (A) Autoradiography of the transferred RNA revealed two major
E6/E7 messages expressed from integrated copies of the HPV18 genome in
HeLa cells. The left set of lanes display the effects of the wild-type E2 protein on
E6/E7 message levels following infection at the indicated MOI, while the re-
mainder of the lanes display the indicated E2 mutants following infection at a
MOI of 20. The actin-specific signal is shown in the bottom gel. (B) The E6/E7-
specific signals were measured by using the Phosphorlmager with filters obtained
in several independent experiments, and the results are presented in graphical
form. The data are expressed as fold inhibition, which is calculated as a ratio of
E6/E7 signal from mock-infected cells to that from cells infected with wild-type
or mutant E2 viruses.

and E7 genes, HeLa cells were infected with virus at an MOI
of 20, and after 60 h, total RNA was harvested and analyzed
for HPV18 E6/E7 RNA by Northern blotting. An autoradio-
gram from one experiment is presented in Fig. 6A, and the
data from several experiments were quantitated with a Phos-
phorImager and combined in Fig. 6B. The wild-type E2 protein
caused a marked reduction of E6/E7 message levels, ranging
from 10-fold at an MOI of 2.5 to ~45-fold at an MOI of 20. As
expected, the DNA binding mutants had no effect on E6/E7
message levels. Surprisingly, though able to bind DNA, the
transactivation domain mutants also repressed message levels
poorly, reducing expression no more than two- to fivefold com-
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FIG. 7. Repression of the HPV18 E6/E7 promoter by wild-type and mutant
E2 proteins. A construct containing the HPV18 LCR upstream of a promoterless
luciferase gene was cotransfected with vectors expressing wild-type or mutant
E2-TA, as indicated, and luciferase activity was determined 24 h posttransfec-
tion. All E2 expression vectors contained the mutation at the E2-TR initiation
codon (43). The results are the averages of two independent experiments and are
expressed as fold inhibition of the HPV18 E6/E7 promoter activity, which is
calculated as a ratio of luciferase activity from the HPV18LCR vector cotrans-
fected with a nonspecific plasmid to that from cotransfection with a plasmid
expressing E2-TA.

pared to the 45-fold repression caused by wild-type E2 at the
same MOI. In HeLa cells, the E105G mutant, which retains
significant transactivation activity, also repressed E6/E7 to a
greater extent than the other mutants. Although the VP16E2-R
chimera exhibited strong transactivation activity in HeLa cells,
it was unable to repress E6/E7 message to a significant degree.
These results demonstrated an unexpected requirement for
E2-specific transactivation activity for efficient repression of
E6/E7 expression and revealed a strong correlation between
the extent of E6/E7 repression and growth inhibition in HeLa
cells.

We also tested the ability of the full-length E2 proteins to
repress the HPV18 E6/E7 promoter in a transient-transfection
assay. The HPV18 LCR, which contains the HPV18 E6/E7
promoter and the four E2 binding sites that regulate it, was
cloned into a promoterless luciferase reporter vector such that
expression of the luciferase gene was under the control of the
HPV sequence. To prevent expression of E2-TR and focus on
E2-TA in these experiments, we mutated the E2-TR initiator
methionine to a threonine in the wild-type pPava vector as well
as the E2amber, E39G, W92R, and K339M mutants. This
mutation does not alter the growth arrest activity of the wild-
type BPV1 E2 protein in HeLa or HT-3 cells (32). To measure
repression of the HPV18 E6/E7 promoter by wild-type and
mutant E2 proteins, we cotransfected HeLa cells with the
LCR-luciferase reporter plasmid and various E2 expression
vectors. Luciferase activity was measured after 24 h, and the
averaged results of two experiments are shown in Fig. 7. The
wild-type E2-TA repressed luciferase activity approximately
12-fold, to levels similar to those in cells transfected with the
luciferase gene without the HPV LCR. In contrast, the
E2amber mutant, the transactivation domain mutants E39G
and W92R, and the DNA binding mutant K339M caused only
minor decreases in luciferase activity. These results provided
direct evidence that transactivation-defective E2-TA proteins
are not able to efficiently repress the HPV E6/E7 promoter.

Induction of p53 protein by the E2 mutants in HeLa cells.
We previously demonstrated that acute E2 expression in HeLa
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FIG. 8. Induction of p53 in HeLa cells by BPV1 E2. HeLa cells were infected
with BPV1/SV40 recombinant viruses expressing wild-type (wt) or mutant E2
proteins at an MOI of 20. Total protein was isolated 32 h postinfection, and 20
wg was subjected to SDS-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane. A mouse monoclonal antibody directed
against human p53 was used to detect the p53 protein by ECL.

cells led to a dramatic increase in the steady-state level of p53
due to stabilization of the protein (31). To test the ability of the
E2 mutants to induce p53, we prepared protein extracts from
HelLa cells infected with the various E2 mutants and detected
p53 by immunoblotting. As shown in Fig. 8, the wild-type E2
protein caused a substantial increase in the level of p53 com-
pared to that in the mock-infected sample. The transactivation-
defective E2 point mutants induced p53 poorly. For the mu-
tants, there was a good correlation between their ability to
induce p53 and their diminished ability to repress E6/E7
mRNA expression. The transactivation-competent but growth
arrest-negative VP16E2-R mutant was unable to increase the
levels of p53. Surprisingly, the leaky E105G mutant led to
essentially the same levels of p53 accumulation as did the
wild-type E2 protein, despite the intermediate phenotype of
this mutant with respect to its ability to arrest cell growth and
to repress E6/E7 transcription.

DISCUSSION

To investigate the biochemical mechanisms responsible for
acute growth inhibition by the BPV1 E2 protein, we analyzed
a series of point mutants with single-amino-acid substitutions
in either the DNA binding or transactivation domain of this
protein. These mutants were chosen with the expectation that
such subtle mutations would have minimal effect on the overall
conformation, localization, or stability of the E2 protein. In
fact, our results demonstrated that all of the mutants tested
here retained predominantly nuclear localization and exhibited
minimal differences in their expression levels. Furthermore,
the transactivation domain mutants retained DNA binding ac-
tivity (6, 56). In addition, most of the mutants retained the
ability to bind the E1 viral replication protein, and several
supported viral DNA replication (Table 1). Therefore, it ap-
pears that these mutations caused relatively specific defects in
E2 function, with ablation of the transcriptional activation
function being the one feature common to all the mutants.
Thus, any common phenotypic effects of these mutations are
likely to be due to the lack of transactivation function rather
than to a global disruption of the E2 protein. In contrast,
several of the mutants examined by Dowhanick et al. (21)
contained large deletions in the E2 protein, which may have
affected multiple activities.

Requirements for E2-mediated growth inhibition. Our re-
sults demonstrated that all of the mutants that were severely
compromised for transcriptional activation were also severely
impaired in their ability to induce growth inhibition. Mutants
in this class included Q15H, E39G, F87S, W92R, and W99C
with substitutions in the transactivation domain, as well as the
DNA binding mutants K339M and C340R. In contrast, the
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TABLE 1. Summary of E2 mutant phenotypes

E2 protein Transactivation® DNA Viral DNA Growth
P binding” replication” inhibition®

Wild-type E2 ++ + ++ ++
E2amber - +4 - -
Q15H — + + -
E39G = + ++ —
F87S +/— + + -
WOI2R — + — —
W99C - + + —
E105G +; ++¢ + ++ +/—
K339M - - ND -
C340R - - ND -
VP16E2R +++ + — —

“ Level of transactivation compared to that by wild-type E2. Symbols: —, 0 to
10%; +/—, 10 to 40%; +, 40 to 80%; ++, 80 to 120%; +++, >120%.

® Data for DNA binding and viral DNA replication are from references 27, 41,
and 56. Symbols for DNA binding: —, no detectable binding; +, readily detect-
able binding. Symbols for DNA replication: —, <10% of wild-type levels; +, 10
to 50%; ++, >90%. ND, not done.

“Fold growth inhibition in infected HeLa cells relative to that in mock-
infected cells. Symbols: —, zero to twofold; +/—, two- to fourfold; ++, >10-fold.

4 Activity of the E2-TR protein which is expressed by this mutan.

¢E105G scored + in HeLa cells and ++ in HT-3 cells.

ability of the mutant E2 proteins to bind the viral E1 protein or
to support viral DNA replication did not correlate with growth
inhibition (Table 1). The defect in growth inhibition displayed
by the transactivation domain mutants (which still bind DNA
and express the wild-type E2-TR which is itself competent for
DNA binding) indicated that binding of an E2 protein at the
E2 recognition sites was not sufficient for efficient growth in-
hibition. The inability of the DNA binding mutants to act as
sequence-specific transactivators may underlie their poor
growth inhibitory activity, or the DNA binding activity of the
E2 protein may play an independent role in growth inhibition.
We have been unable to complement the defect in growth
inhibition by coinfection with pairs of DNA binding and trans-
activation domain mutants (data not shown), a result that is
consistent with the interpretation that these two classes of
mutants share the same fundamental defect.

The E105G mutant was leaky for transactivation in HelLa
(and yeast) cells, but it transactivated efficiently in HT-3 cells.
This mutant displayed modest growth-inhibitory activity in
both human cell types. This phenotype suggests that transac-
tivation is not sufficient for growth inhibition in HT-3 cells.
Alternatively, although the transfected mutant efficiently trans-
activated a cotransfected artificial E2-responsive construct in
HT-3 cells, it is possible that this mutant had reduced trans-
activation or transrepression activity at natural, integrated pro-
moters following delivery of the E2 gene by infection. Thus, a
threshold level of E2-mediated transcriptional regulation may
not be achieved at these target promoters by E105G.

Dowhanick et al. (21) also concluded that transactivation
and DNA binding were required for growth suppression by the
BPV1 E2 protein. However, this group did not test the effects
of point mutations in the transactivation domain. Further-
more, the mutants were assayed in a colony reduction assay
following transfection of HeLa cells, an activity of the E2
protein that may be quite different from the acute G,/S growth
inhibition induced in our studies by the E2 gene delivered by
infection with the BPV1/SV40 recombinant. In support of this
view, HT-3 cell colony formation was not reduced by transfec-
tion of the E2 gene, suggesting that the E2 activity measured in
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this fashion was not equivalent to the acute growth-inhibitory
activity measured here. In fact, the observation that transfec-
tion of the E2 gene into HeLa cells can lead to apoptosis (17)
raises the possibility that a colony reduction assay following
transfection may be scoring apoptosis rather than growth arrest.

The BPV1 E2 protein binds to a variety of cellular transcrip-
tion proteins including TFIIB, TBP, SP1, and AMF-1 (7, 16,
42, 55, 57, 70). Presumably, the assembly of a multiprotein
complex consisting of the E2 protein and cellular transcription
factors is responsible for its ability to transactivate. The trans-
activation-defective point mutants studied here displayed var-
ied abilities to bind these cellular partners. For example, Q15H
and F87S retained wild-type binding to TFIIB and AMF-1,
whereas W99C displayed a specific defect in binding TFIIB (7,
56). Such specific alterations in the protein partners bound by
the E2 mutants further emphasized that these mutations did
not cause global changes in the structure of the E2 protein.
The finding that mutations scattered throughout the first 100
amino acids of the transactivation domain of the E2 protein
consistently impaired both transactivation and growth inhibi-
tion, even though they differentially affected the ability of the
E2 protein to bind various cellular factors, implied that growth
inhibition requires an intact transactivation domain rather
than the ability of the E2 protein to bind any particular factor.
Moreover, the transactivation-competent VP16 chimera was
also defective for growth inhibition, indicating that some spe-
cific aspect of the E2 transactivation domain was required for
growth inhibition.

The requirement for an intact transactivation function is not
shared by another viral transactivator, the Zta protein of Ep-
stein-Barr virus, which also inhibits cell growth at the G,/S
boundary of the cell cycle (10). The transactivation function of
the Zta protein is not required for growth inhibition; rather the
zinc finger motif is sufficient (9). This difference indicates that
the E2 protein and Zta initiate growth inhibitory cascades by
fundamentally different biochemical mechanisms and implies
that DNA viruses have evolved multiple distinct mechanisms
to impose cell cycle arrest.

Requirements for E2-mediated repression of E6/E7 expres-
sion. Transient-transfection studies showed that repression of
the HPV18 E6 and E7 genes requires the presence of E2
binding sites in the pl05 promoter, with the E2 binding site
proximal to the transcription initiation site having the greatest
influence on E2-mediated repression (45, 54, 59). The binding
of the E2 protein to this site is thought to interfere with the
assembly of a functional transcriptional complex, resulting in
repression (20, 58). Consistent with this simple notion, the
wild-type E2 protein caused a dramatic inhibition of expression
of the endogenous HPV18 E6/E7 genes in HeLa cells, whereas
the DNA binding mutants had no effect. However, surprisingly,
expression of DNA-binding-competent, transactivation-nega-
tive E2 mutants did not cause high-level repression of E6/E7
expression, although these mutants did cause modest repres-
sion. We interpret this result to show that E2-mediated assem-
bly of a multiprotein complex within the p105 promoter was
responsible for high-level repression and that DNA binding by
the E2 protein only or by the E2 protein in association with an
incomplete set of cellular partners was not sufficient. Further-
more, the absence of repression by VP16E2-R indicates that
such an inhibitory complex cannot be constituted from any
assemblage of transcription factors at the promoter but re-
quires some specific feature of the E2 transactivation complex.

E2-TR, which is expressed by all of the mutants including
E2amber, did not cause substantial inhibition of E6/E7 repres-
sion in our experiments. In contrast, Desaintes et al. (17)
reported that transfection of a plasmid expressing the E2-TR
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protein is sufficient to repress the E6/E7 promoter in HelLa
cells. Desaintes et al. may not have been able to distinguish the
modest inhibition caused by expression of E2-TR from the
more substantial inhibition caused by the transactivation-com-
petent, full-length E2 protein. Alternatively, in their experi-
ments, high levels of expression of the transfected E2 gene
from the cytomegalovirus immediate-early promoter may have
been sufficient to drive repression by all forms of the E2 protein.

Implications for the mechanism of E2-mediated growth ar-
rest. The experiments reported here provide several new in-
sights into the mechanism of acute growth inhibition by the
BPV1 E2 protein. Our results revealed a strict requirement
for an intact transactivation function for acute E2-mediated
growth arrest in both HeLa and HT-3 cells. The strikingly
similar response of HeLa and HT-3 cells to the various E2
mutants implied that identical functions of the E2 protein were
required for growth inhibition in the two cell types, despite
their differences in p53 status. Similar functions of the E2
protein appear to be required for the acute growth inhibition
studied here and for the reduction in HeLa cell colony forma-
tion reported by Dowhanick et al. (21). The requirement for
transactivation function in both systems appeared E2 specific
because fusion of the VP16 transactivation domain to the E2
DNA binding domain did not restore growth inhibition, even
though it generated a strong transactivator protein. The inabil-
ity of VP16E2-R and the DNA binding mutants to inhibit cell
growth ruled out the possibility that growth inhibition resulted
merely from transcriptional squelching as a consequence of the
expression of a strong transactivator in the cells.

The requirement for E2-mediated transactivation suggests
that the E2 protein causes growth inhibition by binding to
specific sites in DNA and influencing transcription of growth
regulatory genes. Since the mutants described here were de-
fective for both transactivation and transrepression, our results
did not establish whether these putative E2 target genes are
induced or repressed by the E2 protein. In fact, the phenotype
of the transactivation-competent, repression-defective VP16E2-R
chimera indicated that growth inhibition correlated better with
repression. Furthermore, although the HPV18 E6 and E7
genes are regulated by the E2 protein and their repression is
likely to contribute to growth inhibition in HPV-positive cells,
cellular genes may also be transcriptional targets of the E2
protein. The extent of acute E2-mediated growth inhibition
achieved in HeLa cells, usually greater than 90%, greatly ex-
ceeded the growth inhibition attained in these and similar
HPV-positive cells by approaches that directly target E6/E7
expression (12, 29, 30a, 34, 53, 63, 65). In addition, the ability
of the HPV16 E2 gene to modulate E6/E7 expression does not
appear to fully account for the inhibitory effect of HPV16 E2
on viral immortalization (44). Thus, repression of E6/E7 may
not be the sole mechanism responsible for the growth-inhibi-
tory effects of papillomavirus E2 proteins. Indeed, the obser-
vation that the E105G mutant induces p53 to a level similar to
that of wild-type E2 indicates that p53 induction is not suffi-
cient for high-level growth arrest in HeLa cells. The ability of
the E2 protein to inhibit the growth of pS3-negative HT-3 cells
provides further evidence that the E2 protein is able to activate
p53-independent growth-inhibitory signals. It is possible that
efficient growth inhibition in HeLa cells requires both E6/E7
repression, resulting in restored p53 and pRb activity, and
HPV-independent effects of the E2 protein. According to this
view, the E2 protein is a less potent inhibitor in HT-3 cells than
in HeLa cells, since p53 function cannot be restored in the
former cell type. The elucidation of the mechanisms responsi-
ble for E2-mediated growth inhibition and the identification of
E2-responsive cellular growth regulatory genes will provide
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further insights into growth control in human cancer cells and
may identify new therapeutic targets and suggest new ap-
proaches to therapy.
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