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loss of expression of the viral E2 gene but maintains high levels
of E6/E7 expression (13, 24). E2 encodes a regulatory protein,
and for the genital HPVs, it is involved in the regulation of the
viral promoter that directs expression of the E6 and E7 genes
(10, 11, 20, 41, 48–50). Several observations suggest that the
loss of E2 expression may be an important step in HPV-associated carcinogenic progression. First, E2 can repress activity
from the HPV-16 and HPV-18 promoters which direct expression of the E6 and E7 gene products (5, 41, 49). Second, viral
genomes with mutations in the HPV-16 E2 open reading frame
(ORF) have an increased immortalization capacity in primary
keratinocytes (40). Finally, the reintroduction of the BPV-1 E2
gene into cervical carcinoma cell lines leads to suppression of
growth and cell cycle arrest (23, 50). This growth suppression
correlates with inhibition of expression of the E6 and E7 transcripts, as demonstrated by infection of HPV-positive cervical
carcinoma cell lines with a recombinant SV40 expressing the
bovine papillomavirus type 1 (BPV-1) E2 protein (23).
The functions of the E2 proteins have been extensively characterized for BPV-1. The BPV-1 E2 ORF encodes three different proteins: an internally initiated E2 transcriptional repressor (E2-TR), a spliced product between E8 and E2 (E8E2), and the E2 transactivator (E2-TA) (22, 27). The fulllength E2 protein (E2-TA) can function as a transactivator or
a repressor, depending on the location of E2 binding sites in a
responsive promoter. It has two functional domains which are
well conserved among the E2 proteins of different papillomaviruses (17, 35), a 200-amino-acid transactivation domain at
the N terminus and a 90- to 100-amino-acid C-terminal domain
that is essential for dimerization and DNA binding (30, 34, 36,
38). A flexible spacer region called ‘‘the hinge’’ separates the
transactivation and DNA binding domains. Both E2-TR and
E8-E2 can inhibit the transactivation function of the full-length
protein, through mechanisms that may involve competition
with E2-TA for DNA binding or by subunit mixing and heterodimer formation with the full-length protein. E2-TA can
directly repress transcription of promoters in which the E2
binding sites are located near essential promoter elements

There are over 70 different human papillomaviruses (HPVs)
now identified, of which at least 30 types have been associated
with anogenital lesions (60). HPVs can be further classified as
either high risk (HPV type 16 [HPV-16] and HPV-18) or low
risk (HPV-6 and HPV-11) on the basis of the clinical lesions
with which they are associated and the relative propensity for
these lesions to progress to cancer. Approximately 85 to 90%
of human cervical cancers harbor the DNA of a high-risk HPV.
In HPV-positive genital cancers, the viral genomes are transcriptionally active, and two viral genes, E6 and E7, are invariably expressed. The high-risk HPVs encode two oncoproteins,
E6 and E7, whose expression can extend the life span of squamous epithelial cells, which are the normal host cells for the
papillomavirus. E6 and E7 together can result in the efficient
immortalization of primary human cells (21, 39, 55). E6 and E7
are expressed in HPV-positive cervical cancer-derived cell
lines (42, 43, 45). Furthermore, although many genetic changes
have occurred in cervical carcinoma cells, the continued expression of the viral oncoproteins is necessary since expression
of antisense E6/E7 RNA results in decreased cell growth (53).
Similar to the transforming proteins of the other small DNA
tumor viruses, simian virus (SV40) and adenovirus, the transforming properties of the E6 and E7 oncoproteins appear to be
due at least in part to their capacity to functionally inactivate
the p53 and the retinoblastoma (pRB) tumor suppressor proteins. The E6 proteins of HPV-16 and HPV-18 can complex
(56) and inactivate p53 (37). The high-risk HPV E7 proteins
bind pRB more efficiently than the E7 proteins of low-risk
HPVs (3, 14, 39a). It is believed that the functional inactivation
of the p53 and pRB regulatory pathways by E6 and E7 are
important steps in cervical carcinogenesis.
One characteristic of HPV-related carcinogenic progression
is the frequent integration of the viral genome into the human
chromosome in the cancer cells in a manner that results in the
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Carcinogenic progression of a human papillomavirus (HPV)-infected cell is often associated with integration
of the viral genome in a manner which results in the loss of expression of the viral regulatory protein E2. One
function of E2 is the regulation of expression of the viral oncogenes, E6 and E7. Introduction of the bovine
papillomavirus type 1 (BPV-1) E2 transactivator (E2-TA) in HeLa cells, an HPV type 18 (HPV-18)-positive
cervical carcinoma cell line results in growth arrest. In this study, we have found that the HPV-16 and HPV-18
E2 proteins share with BPV-1 E2-TA the ability to suppress HeLa cell growth. This property was not observed
for the BPV-1 E2 transcriptional repressor (E2-TR). Analysis of various mutant E2 proteins for growth
suppression revealed a requirement for the intact transactivation and DNA binding domains. A HeLa cell line
(HeLa-tsE2) which expressed a conditional mutant E2 protein that was functional only at the permissive
temperature (32&C) was established, permitting an analysis of the molecular and cellular consequences of E2
expression. Our data indicate that one mechanism by which E2 suppresses cellular growth is through
repression of E6 and E7 expression, thereby enabling the cellular targets of E6 and E7 to resume regulation
of the cell cycle.
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MATERIALS AND METHODS
Recombinant plasmids. The plasmids used for expression of the various
BPV-1 E2 proteins were based on C59, which utilizes the SV40 early promoter
to express the full-length E2 protein (46, 58). The C59-derived E2-TA plasmid
used in this study has been modified to contain a Kozak initiation consensus
sequence (CCACCATG [26]) as previously described (57). The plasmids used
for expression of E2-TR and the E2-TR with the translation termination linker
in E5 (p1175) were previously described (28). Plasmids which express the E2
mutant proteins E2D1-15, E2D157-282, E2D220-309 (34, 57), and E21-218 have been
previously described (58).
tsE2 was subcloned from plasmid pE2ts-1 (9) by PCR using oligonucleotides
containing a HindIII site at the 59 end and an XbaI site at the 39 end of the E2
gene. Pfu polymerase (from Stratagene) was used to ensure high fidelity. The
DNA fragment containing temperature-sensitive E2 (tsE2) was cloned into the
vector pRC-CMV (Invitrogen) at the HindIII-XbaI sites of the polylinker. This
vector also contains the gene for neomycin resistance. The sequence of this clone
was verified by automated DNA sequence analysis (ABI model 373A sequencer).
The mutant E2 gene contains an insertion of the four-amino-acid sequence
Pro-Arg-Ser-Arg between amino acids 181 and 182 (9).
Cell culture. HeLa, HT-3, SiHa, Caski, and C33A are human cervical cancer
cell lines obtained from the American Type Culture Collection that have been
previously analyzed for the presence of HPV DNA and HPV RNA (59). Saos-2,
a human osteosarcoma cell line, was obtained from Phil Hinds (Harvard Medical
School). An immortalized human foreskin keratinocyte cell line (W16) was
immortalized by using the full-length genome of HPV-16 linearized with BamHI,
as previously described (40).
HeLa, SiHa, Caski, C33A, and Saos-2 cells were maintained in Dulbecco
modified Eagle medium with 10% fetal bovine serum. HT-3 cells were maintained in McCoy’s 5A medium (Gibco/BRL) with 10% fetal bovine serum. The
HPV-16-immortalized keratinocyte line (W16) was maintained in 311 medium
(3 parts KGM plus 1 part Dulbecco modified Eagle medium).
Growth suppression assay. Cells were seeded at 1 3 106 to 2 3 106 cells per
10-cm-diameter dish the day before transfection. Cells were transfected by lipofection (Lipofectin; GIBCO BRL), using 8 to 10 mg of plasmid DNA purified
through two CsCl gradient centrifugations per 10-cm-diameter plate. Sixteen
hours after transfection, cells were refed; at 24 h posttransfection, the cells were
split and placed under selection in medium containing 10% fetal bovine serum
and G418 (concentration dependent on the cell line). Cells were maintained
under selection for 2 to 3 weeks until the number of drug-resistant colonies could
be determined. Cells were fixed in 10% formaldehyde for 15 min, washed, and
stained with methylene blue for 15 min. Plates were washed, and G418-resistant
colonies were counted.
Chloramphenicol acetyltransferase assays. Reporter plasmid was cotransfected into HeLa cells (6) with the indicated expression plasmids (empty vector
was used to normalize the amount of total DNA transfected) by the calcium
phosphate method. At 48 h after transfection, cells were harvested and lysed in
250 mM Tris (pH 8.0), and chloramphenicol acetyltransferase activity was determined (19).
Generation of the HeLa-tsE2 cell line. tsE2 was linearized with BglII and
transfected into HeLa cells by lipofection. Transfected cells containing tsE2 were
selected for in 450 mg of G418 per ml, and individual colonies were analyzed.
RNA analysis. The HeLa-tsE2 cell line and the control cell line containing the
vector alone (HeLa-V) were split, and 106 cells were plated. Cultures were at
maintained at 32 or 388C for 5 days. Total RNA was harvested by using a Biotex
RNA isolation kit. Total RNA (14 mg) was separated by 1.2% agarose-formaldehyde gel electrophoresis for Northern (RNA) blot analysis. The RNA was
transferred to a GeneScreen Plus filter and hybridized with a probe for HPV-18
E6/E7 mRNA levels and with the cyclophilin probe (7).

Immunological procedures. For immunoblotting, cell lysates were prepared in
lysis buffer (0.1 M NaCl, 2 mM EDTA, 20 mM Tris [pH 8.0], 1% Nonidet P-40,
0.01% phenylmethylsulfonyl fluoride, 1 mg of aprotinin per ml, 1 mg of leupeptin
per ml, 5 mM sodium fluoride, 1 mM sodium orthovanadate) on ice for 30 min.
Lysates were cleared by centrifugation at 15,000 3 g at 48C for 5 min. A 100-mg
aliquot of protein from the cell lysate of each sample was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
immunoblotting (51). The protein concentrations were determined by the BioRad protein assay. Monoclonal antibody 1801 (Ab-2 from Oncogene Science)
was used for p53 detection. Monoclonal antibody 245 (PharMingen) was used for
pRB detection. Mouse monoclonal antibody sdi-1/p21 (15091A; PharMingen)
was used for p21/WAF1/CIP1 detection. Horseradish peroxidase-conjugated
rabbit anti-mouse antibody (NA 931; Amersham) was used, followed by enhanced chemiluminescence detection (Renaissance system; NEN).
Immunocomplex kinase assays. Immunoprecipitations were carried out essentially as described previously (32), using 100 mg of cellular extract. Rabbit polyclonal antibody C-8 (Santa Cruz) was used to precipitate cyclin A. Mouse monoclonal antibody HE-111 (Santa Cruz) was used to precipitate cyclin E complexes.
Kinase assays were carried out as described previously (32), using histone H1
as a substrate. Proteins were separated by SDS-PAGE (11% polyacrylamide gel),
Coomassie blue stained, and dried, and phosphorylated proteins were visualized
by autoradiography.

RESULTS
Suppression of HeLa cell growth by BPV-1 E2-TA but not
E2-TR. Expression of the full-length BPV-1 E2-TA protein in
HeLa cells results in suppression of cell growth as assayed by
a reduction in colony formation (50). It is thought that the
decreased expression of the viral oncoproteins may contribute
to this growth suppression, since expression of the full-length
E2 proteins of BPV-1, HPV-16, and HPV-18 as well as HPV18C (an artificially truncated HPV-18 E2 repressor construct,
analogous to BPV-1 E2-TR) is capable of down regulating
transcription from the HPV-18 P105 promoter (49). Furthermore, growth suppression of HeLa cells by BPV-1 E2-TA
expressed from an SV40-based vector results in the down regulation of E6 and E7 expression from the viral P105 promoter
(23). To further investigate the mechanisms involved in the E2
regulation of cellular proliferation, we examined whether
BPV-1 E2-TR could suppress HeLa cell growth like the fulllength BPV-1 E2-TA. HeLa cells were cotransfected with a
plasmid conferring neomycin resistance (pSV2neo) and a plasmid encoding either BPV-1 E2-TA or BPV-1 E2-TR. Cells
were split after transfection and maintained in G418-containing medium for 14 to 21 days, at which time the number of
G418-resistant colonies was determined. In agreement with
previous reports, no growth suppression was observed with
BPV-1 E2-TR (Fig. 1). Since the E2-TR plasmid used in this
experiment contains an intact E5 gene which might mask or
otherwise affect a growth-suppressive effect of E2-TR, an
E2-TR construct (p1175) with a translation termination linker
in E5 was tested and also found to be defective for HeLa cell
growth suppression (data not shown). Similar results were obtained when puromycin selection rather than G418 selection
was used, indicating that these results were not specific for
neomycin resistance selection.
The lack of growth suppression by E2-TR was unexpected,
since E2-TR has been shown to specifically repress E2-responsive promoters. To confirm that E2-TR was indeed expressed
in HeLa cells, the E2-TR plasmid was tested for its ability to
repress E2-TA transactivation in HeLa cells. HeLa cells were
transfected with the E2-TA plasmid, the E2-responsive plasmid 6XE2TKCAT (47), and increasing amounts of the E2-TR
plasmid. Figure 2 demonstrates that E2-TR was able to specifically repress E2-TA transactivation, indicating expression of
functional E2-TR in HeLa cells.
HPV-16 and HPV-18 E2 proteins suppress cell growth in
HeLa cervical carcinoma cells. The abilities of HPV-16 and
HPV-18 E2 proteins to suppress HeLa cell growth were next
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such as the TATA box or SP1 binding sites (11, 18, 31, 41, 46,
49, 52). In these cases, E2-TA is believed to interfere with the
assembly of the transcriptional initiation complex.
The studies presented here were designed to further examine the effect of E2 expression in cervical carcinoma cell lines.
We were able to confirm earlier studies showing that expression of BPV-1 E2-TA results in growth suppression of HeLa
cells. However, we found that E2-TR was unable to suppress
cellular growth and, using a series of mutated E2 proteins,
were able to determine which domains of the E2 protein were
important for this activity. We were also able to demonstrate
that HPV-16 and HPV-18 E2 proteins had similar growth
suppression functions. Establishment of a HeLa cell line allowed further characterization of E2-mediated growth suppression. These studies suggest that at least one consequence
of E2 expression in HPV-positive cell lines is decreased expression of the viral oncoproteins, resulting in cell cycle arrest.
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examined, since the expression of E2 is often lost as a consequence of the integration of the viral DNA in the course of
carcinogenic progression of HPV-associated cancers. In this
series of experiments, we tested whether the E2 proteins of the
high-risk HPVs shared the growth-suppressive function shown
for the BPV-1 E2-TA protein. The experiment was performed
with HPV-16 E2 and HPV-18 E2 expression plasmids that had
been previously shown to express functional E2 protein capable of supporting origin-dependent DNA replication and of
activating E2-responsive promoters (8). Both HPV-16 E2 and
HPV-18 E2 proteins suppressed HeLa cell growth in the colony formation assay (Table 1). This result differs from a previous report that expression of HPV-18 E2 was not able to
suppress the growth of HeLa cells (50). We feel that the discrepancy between these two studies might be due to different
levels of expression from the different HPV-18 expression vectors used in each study.
Growth suppression mediated by E2 is observed in other
HPV-positive cell lines. To examine the specificity of E2
growth suppression, additional cell lines were assayed for their

responses to E2 expression using the colony reduction assay.
E2 growth suppression was observed in each of the three HPVpositive cell lines tested in which the viral genes are expressed
from the viral long control region. These include two HPV-16positive cervical carcinoma cell lines, SiHa and Caski, and
W16, which is a human foreskin keratinocyte cell line immortalized by HPV-16 (Table 2). Growth suppression by BPV-1
E2-TA was observed in each of these cell lines, and no growthsuppressive effect was observed with the BPV-1 E2-TR protein. These data are in agreement with the results of Hwang et
al. (23), who also reported growth suppression of other HPVpositive cervical cancer cell lines by BPV-1 E2-TA.
To determine whether E2 can act as a general growth suppressor, two cervical carcinoma cell lines which are HPV negative (C33A and HT-3) and a human osteosarcoma cell line
(Saos-2) were tested for growth suppression by E2-TA. It was
previously reported that E2-TA could suppress the growth of
HT-3 cells when introduced by infection with an E2-expressing
recombinant SV40 (23). In our assay, however, the growth of
each of these HPV-negative cell lines, including HT-3, was
unaffected by expression of the E2-TA protein (Table 3). Thus,
the E2 growth suppression in the colony reduction assay is
specific for HPV-positive cells.

TABLE 1. HeLa cell growth suppression by HPV-16
and HPV-18 E2a
No. of G418-resistant coloniesb
Transfection

HPV-16 E2
HPV-18 E2
Vector alone
FIG. 2. E2-TR can specifically repress expression of CAT from an E2-responsive promoter. HeLa cells were transfected with 1 mg of the reporter construct 6XE2TKCAT and the indicated expression vectors. Cells were harvested
48 h after transfection, and the percentage conversion in each sample was
determined with a Phosphoimager (Bio-Rad).

Expt 1

Expt 2

0
0
34

0
0
41

a
HeLa cells were transfected with 1 mg of pSV2neo and 10 mg of either
HPV-16 E2- or HPV-18 E2-expressing plasmid or vector alone.
b
Transfected cells were maintained under selection in medium containing 500
mg of G418 per ml for 2 to 3 weeks, and the number of G418-resistant colonies
from each transfection was determined.
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FIG. 1. Growth suppression of HeLa cells by the full-length BPV-1 E2-TA but not E2-TR. HeLa cells (106 per plate) were transfected with 1 mg of pSV2neo plus
10 mg of E2-TA, E2-TR, or vector alone, using lipofection. Cells were split 24 h after transfection into medium containing G418 (500 mg/ml). The number of
drug-resistant colonies was determined at 2 to 3 weeks.
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TABLE 2. BPV-1 E2 growth suppression of
HPV-16-expressing human cell linesa
No. of G418-resistant colonies
Transfection

E2-TA
E2-TR
Vector alone

SiHa

Caski

W16

Expt 1

Expt 2

Expt 1

Expt 2

Expt 1

Expt 2

6
52
46

4
42
57

2
59
51

0
67
55

4
18
24

8
19
23

a
Indicated cell lines were transfected with 1 mg of pSV2neo and 10 mg of
either BPV-1 E2-TA- or BPV E2-TR-expressing plasmid or vector alone.

TABLE 3. Lack of BPV-1 E2 growth suppression of
HPV-negative human cell linesa
No. of G418-resistant colonies
Transfection

Saos-2
HT-3

E2-TA
E2-TR
Vector alone

Expt 1

Expt 2

67
81
62

80
102
99

24
28
19

a
See the footnote to Table 2. For C33A cells, values were .500 in all assays
in two experiments.
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Intact DNA binding and transactivation functions of the E2
protein are required for inhibition of HeLa cell growth. The
domains of BPV-1 E2 necessary for growth suppression were
mapped by using a series of truncation and deletion mutants of
E2, which had been previously characterized for their transactivation and replication functions (57). The growth-suppressive
phenotype conferred by the E2 deletion mutants was assayed
in HeLa cells by using the colony reduction assay (Fig. 3A).
Growth suppression was observed with E2-TA and with
E2D220-309, which is a mutant deleted of a large segment of the
hinge region but containing an intact transactivation domain
and an intact DNA binding/dimerization domain. No growth
suppression was observed for either E2D1-15 or E2D157-220, both
of which are deficient for the transcriptional transactivation
and DNA replication functions in mammalian cells. Each of
these E2 mutants can inhibit the transactivation properties of
E2-TA in trans. An E2 mutant protein (E21-218) consisting of
only the transactivation domain similarly had no negative effect
on cell growth. The E2D220-309 mutant, which has growth-suppressive activity, is able to transactivate an E2-responsive plasmid but is defective in origin-dependent DNA replication (57).
We confirmed the transactivation or transrepression properties
of each of these mutant E2 proteins in HeLa cells (data not
shown). The expression of the E2 proteins was demonstrated
in COS cells by immunoblotting, using expression from recombinant PAVA viruses. In these studies, it was noted that the
E21-218 mutant was expressed at a somewhat lower level than
the other E2 proteins (data not shown). These results indicate
that the BPV-1 E2 growth-suppressive effect in HeLa cells
requires a functional transactivation domain as well as an intact DNA binding domain but that an intact DNA replication
function is apparently not necessary.
The genetic organization of BPV-1 is complex, with overlapping ORFs at the 39 end of the early region (2), raising the
possibility that another ORF contributes to the growth suppression phenotype. This, however, is quite unlikely. The intact
E2-TA expression vector that was used contains additional
ORFs, including E3 (3267 to 3551), E4 (3173 to 3526), and E5
(3714 to 4010). The E2D220-309 deletion mutant plasmid, which
expresses an E2 capable of growth suppression, is deleted of
most of the coding regions of E3 and E4 (from 3265 to 3532 of
the BPV-1 genome). Furthermore, E5 has been previously
shown not to be associated with the growth-suppressive effect
observed with the BPV-1 E2 expression vector (50). Thus, we
conclude that the growth-suppressive phenotype can be attributed to E2.
We next examined the specificity of the E2 transactivation
domain in suppressing HeLa cell proliferation by testing
whether this function could be provided by other acidic activation domains. Chimeric constructs containing the E2 DNA
binding/dimerization domain fused to either the acidic trans-

activation domain of the herpesvirus VP16 transcriptional activator (31) or the spi oncogene (16) were tested in the colony
reduction assay (Fig. 3B). Although both chimeric proteins
were able to efficiently transactivate E2-responsive reporter
constructs in HeLa cells (data not shown), neither had the
ability to suppress HeLa cell proliferation. This finding indicates that the ability of the E2 transactivation domain to suppress cellular proliferation is specific and not due to its general
transactivation property.
The dimerization and DNA binding properties of BPV-1 E2
have been separated by point mutations in the DNA binding
domain (4, 33). E2 mutants that can dimerize but not bind
DNA and that can no longer dimerize or bind DNA have been
described. Two of these E2 mutants were tested for the ability
to suppress HeLa cell growth. Neither the E2(I331R) mutant,
which is defective for both dimerization and DNA binding, nor
the E2(R344K) mutant, which can dimerize but not bind DNA,
was capable of suppressing HeLa cell proliferation (Fig. 3B).
These results suggest that both the E2 transactivation and
DNA binding functions are necessary for the E2 growth suppression phenotype.
Molecular consequences of E2 expression. To study the
downstream effects of E2 expression in HPV-positive cells, we
used a conditional BPV-1 E2 mutant that has normal replication and transactivation functions at 328C which are inactivated
at either 37 or 398C (9). This mutant E2 gene was subcloned
behind the cytomegalovirus promoter into an expression vector
containing the neomycin resistance gene to generate plasmid
pRC-tsE2. This plasmid was introduced into HeLa, SiHa, and
C33A cells, and the number of G418-resistant colonies was
determined after 21 days at 32 and 388C (Table 4). Following
transfection at the nonpermissive temperature (388C), the cells
were split and incubated at either 32 or 388C under G418
selection. At the permissive temperature (328C), tsE2 inhibited
colony formation, similar to the effect of the wild-type E2-TA,
in both the HeLa and SiHa cell lines. However, at the nonpermissive temperature (388C), there was no growth inhibition in
any of the cell lines tested. In agreement with the results
obtained with wild-type E2, no growth suppression was observed with tsE2 in C33A cells at the permissive temperature.
Control transfections performed with the pRC-neo vector
alone confirmed that the growth suppression observed in HeLa
and SiHa cells was not due to temperature, since G418-resistant colonies appeared for both cell lines at 328C.
pRC-tsE2 was used to generate a G418-resistant HeLa cell
line at 388C which expressed the conditional E2 mutant protein
(HeLa-tsE2). HeLa-tsE2 clonal lines were characterized for
the ability to transactivate an E2-responsive plasmid and for
their growth properties at 32 and 388C. As a control, a G418resistant HeLa cell line (HeLa-V) was also established by using
the vector without insert. The HeLa-tsE2 cells were growth
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FIG. 3. The E2 transactivation domain and the E2 DNA binding domain are necessary for growth suppression. The number of G418-resistant colonies was
determined at 2 weeks. (A) The BPV-1 E2 hinge region is not required for growth suppression. HeLa cells were transfected with E2 deletion mutants (57) as described
in Materials and Methods. The properties of the various E2s are listed. (B) Chimeric E2s (VP16-E2 and Spi-E2) and point mutants in the DNA binding domain
[E2(I331R) and E2(R344K)] were transfected into HeLa cells as described in Materials and Methods. Open box, E2 sequence; hatched box, Spi sequence; shaded box,
VP16 sequence.

arrested at 328C, whereas the HeLa-V cells were not. Fluorescence-activated cell sorting analysis indicated that the HeLatsE2 cells were arrested in G1 when grown at 328C (data not
shown), consistent with previously reported data indicating
that BPV-1 E2 expression in HeLa cells from a recombinant
SV40 leads to a G1 cell cycle arrest (23). The HeLa-tsE2 cell
line was characterized for HPV-18 RNA levels (Fig. 4). At the

permissive temperature, the level of E6/E7 message was at
least three- to fourfold lower than in HeLa-tsE2 cells at 388C.
There was a temperature-dependent decrease of 1.5-fold in the
HeLa-V cell line at 328C compared with HeLa-V cells grown at
388C.
Effects of E2 expression on cellular proteins in HeLa cells.
The E2-dependent loss of E6/E7 message and growth arrest
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TABLE 4. Temperature-sensitive growth phenotype of cells
containing the E2 mutanta
No. of G418-resistant colonies
Cell line

HeLa
SiHa
C33A

pRC-tsE2

pRC-neo

328C

388C

328C

388C

0
0
.500

73
86
.500

41
37
.500

61
77
.500

a
Indicated cell lines were transfected with 1 mg of pSV2neo and 10 mg of
either BPV-1 tsE2 or vector alone.

FIG. 4. Down regulation of E6/E7 mRNA in cells expressing BPV-1 E2.
Cultures of HeLa-tsE2 and HeLa-V cells were incubated at 32 or 388C for 5 days.
Fourteen micrograms of total cellular RNA was electrophoresed through a 1.2%
formaldehyde gel, transferred to GeneScreen Plus, and hybridized with a probe
for HPV-18 E6/E7 (A). The position of the 18S rRNA is indicated. Hybridization
with a cyclophilin radioactive probe was used as a control for the quantity and
integrity of the RNAs (B).

FIG. 5. HeLa-tsE2 and vector control HeLa-V cells were incubated at 32 or
388C for 6 days. (A) p53 levels in the HeLa-tsE2 cell line. Cells were lysed, 100
mg of total protein was separated by SDS-PAGE (10% polyacrylamide gel), and
the levels of p53 were determined. The relative levels of p53 in each sample were
determined with a Phosphoimager (Bio-Rad). (B) p21 levels in the HeLa-tsE2
cell line. Cell lines were prepared as described for p53, and 100 mg of total
cellular protein was separated by SDS-PAGE (14% polyacrylamide gel). (C)
Cyclin E-dependent kinase activity. Total cell extracts (100 mg) were immunoprecipitated by either cyclin E antibody or normal mouse serum (M). Kinase
assays were performed with histone H1 as a substrate as described in Materials
and Methods. The position of histone H1 is indicated. (D) Accumulation of the
hypophosphorylated form of pRB in E2 growth-arrested cells. HeLa-tsE2 and
control HeLa-V cells were incubated at 32 or 388C for 3 days. Equal amounts of
protein (100 mg) extracted from the indicated cell lines were separated by
SDS-PAGE (7% polyacrylamide gel). The positions of hyperphosphorylated
(ppRB) and hypophosphorylated (pRB) pRB are indicated.

inhibited in the HeLa-tsE2 cells at the permissive temperature
but not at the nonpermissive temperature or in the HeLa-V
cell line (data not shown).
An immunoblot analysis of pRB was performed on extracts
from the HeLa-tsE2 and HeLa-V cell lines grown at 32 or
388C. Both the hyperphosphorylated and hypophosphorylated
forms of pRB were detected in each case; however, the pRB
forms in the HeLa-tsE2 cell line shifted to 328C were predominantly hypophosphorylated (Fig. 5D). There was little difference in the phosphorylation state of pRB in the HeLa-tsE2
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may be mediated through cellular targets of the E6 and E7
proteins. Since HPV-18 E6 promotes the degradation of p53,
the decrease in expression of the endogenous viral mRNA
would be predicted to result in lower levels of E6 and increased
levels of p53. The levels of p53 were examined in the HeLatsE2 cell line following a shift to the permissive temperature.
Immunoblot analysis of total cell extracts demonstrated a 20fold increase (Fig. 5A) in the level of p53 in HeLa-tsE2 cells
shifted to 328C compared with normal HeLa cells or HeLatsE2 cells grown at 388C. A decrease in p53 levels was noted in
HeLa-V cells at 328C. The reason for this lowered level of p53
is not known, but this finding suggests that the destabilizing
effect of E6 might be even greater than the 20-fold change in
the HeLa-tsE2 cell line.
Induction of the cyclin-dependent kinase inhibitor p21/
WAF1/Cip1/Sdi1 occurs in response to increased levels of p53
(15). As shown in Fig. 5B, an increased level of p21 protein was
observed in the HeLa-tsE2 cells after a shift to the permissive
temperature (328C). Notably, in the HeLa-V cell line at 328C,
which had very low levels of p53, no p21 was detected (Fig.
5B).
To examine whether the increased levels of p21 in the HeLatsE2 cell line at the permissive temperature resulted in an
inhibition of the cyclin-dependent kinases, cell lysates were
prepared and immunoprecipitated with cyclin-specific antibodies, and kinase assays were performed with histone H1 as a
substrate (32). Cyclin E is associated with Cdk2 and is active in
late G1 (12, 25). Inhibition of the cyclin E-associated kinase
activity was observed in the HeLa-tsE2 cells at the permissive
temperature (Fig. 5C). The cyclin E-associated kinase was active in the HeLa-tsE2 cells at 388C and in the HeLa-V cells at
both 32 and 388C. Cyclin A-associated kinase activity was also
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cells grown at 388C and pRB in the HeLa-V control cell line at
either temperature.
DISCUSSION

The growth-suppressive effect of E2 was demonstrated in
other HPV-positive cell lines but not in HPV-negative cell
lines by the cotransfection assay used in this study. This result
contrasts with the finding of Hwang et al. (23), who observed a
growth-suppressive effect with BPV-1 E2-TA in the HPV-negative cervical carcinoma cell line HT-3. One explanation for
the difference between these two studies may involve the different assays used and the different levels of expression of E2
achieved in the two experimental approaches. Our studies
were done with DNA transfection, whereas the studies by
Hwang et al. used the recombinant SV40 virus PAVA-E2,
which resulted in much higher levels of protein expression. We
have not been able to detect E2 protein by immunoblot analysis in HeLa cell lines transfected with the E2 plasmid, even
though we can readily detect functional levels of E2 in transactivation or transcriptional repression assays. However, E2 is
readily detectable by immunoblotting in HeLa cells infected
with the PAVA-E2 virus (23), indicating a significantly higher
level of expression. The two studies also differed in the experimental conditions to assess the biologic effects of E2 expression. Hwang et al. examined the transient effects of E2 by
analyzing the cells 2 days postinfection. In the colony growth
suppression assay used in our study, selection was maintained
for 2 weeks, at which time the number of drug-resistant colonies was counted. Thus, the different effects of E2 observed on
the growth of the HPV-negative HT-3 cell line may be due to
differences in the assays, to the levels of E2 expression
achieved by the different vectors, or to both.
Repression of HPV-18 E6/E7 transcription was observed in
the HeLa-tsE2 cells after a shift to the permissive temperature,
resulting in a growth arrest. Our data indicate that in HeLa
cells, the mechanism of E2-mediated growth arrest involves a
decrease in E6 and E7 mRNA and reactivation of the p53/p21
and pRB pathways. The fact that the p21/Cdk inhibitory pathway is still intact and can be activated by disruption of E6
function suggests that therapeutic strategies targeted at interfering with E6 function could be effective in inhibition of cellular proliferation in HPV-positive cancers. We also observe
an accumulation of hypophosphorylated pRB, which may be a
consequence of a p53-mediated G1 growth arrest (44). Cells
blocked in G1 prior to activation of the cyclin D/Cdk complexes do not phosphorylate pRB. The shift in the phosphorylation state of RB to its hypophosphorylated form suggests
that the cell cycle block occurs prior to the point of pRB
phosphorylation. Our studies are in agreement with the observation that expression of antisense E6/E7 in C4-1, an HPV-18derived cell line, was able to inhibit the growth rate of these
cells (53, 54).
The studies presented here indicate that the transactivation
domain of E2 is involved in the growth suppression and that
the characteristic of the E2 transactivation domain in this suppression is not a general property shared with the VP16 and
Spi transactivation domains. Future studies will be designed to
see whether the transactivation function of E2-TA can be unlinked from its growth-suppressive effects and to identify cellular factors that may be involved in mediating the E2-dependent growth response.
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Previous studies have demonstrated that expression of
BPV-1 E2-TA in HeLa cells results in growth inhibition (23,
50). In this study, we have confirmed these results and have
shown that the capacity of the full-length E2 proteins to inhibit
cell growth is shared by the E2 proteins of HPV-16 and HPV18. Furthermore, HeLa cell growth was not inhibited by E2TR. This result was somewhat surprising because both forms of
E2 have been reported to repress the HPV E6/E7 promoter
and because the ability of E2-TA to suppress HeLa cell growth
correlates well with its ability to inhibit the expression of the
endogenous HPV-18 genome in HeLa cells. Previous studies
found that N-terminally deleted forms of HPV-18 E2, analogous to BPV-1 E2-TR, were able to transcriptionally repress
the HPV-18 P105 promoter (49). These data taken together
suggest that the mechanism for E2-mediated growth suppression may involve more complex mechanisms or that E2-TR is
not an effective repressor of the HPV promoters integrated
into the host chromosome. Progression of high-risk HPV lesions to cervical cancer is often associated with integration of
the viral genome with disruption of the E1/E2 region (1, 43).
This integration leads to the deregulation of the expression of
the viral E6 and E7 transforming genes. This may be due in
part to the release of the E6/E7 promoter from the repressor
effects of E2. We have shown that HPV-positive cervical carcinoma cells are sensitive to the reintroduction of HPV E2
proteins, consistent with this model. The growth-suppressive
effect of E2 is presumably mediated by transcriptional repression of E6 and E7 expression from the HPV-16 P97 promoter.
However, since mutations in the long control region that eliminate E2 binding in the HPV-16 long control region only partially relieve E2 repression of immortalization (40), it appears
that E2 may affect viral transcription and cellular growth regulation through additional mechanisms.
The E2 transactivation and DNA binding/dimerization domains were each necessary for E2-mediated growth suppression of HeLa cells. E2D220-309, which is defective in the replication function but retains the ability to transactivate an E2responsive plasmid (57), was able to suppress growth of HeLa
cells, indicating that the growth-suppressive properties of E2
can be unlinked from its DNA replication properties. The
fusion of two other transactivation domains to the E2 DNA
binding domain did not suppress the growth of HeLa cells,
even though each of these chimeric proteins could function as
E2-dependent transactivators in these cells. Therefore, some
characteristic of the E2 transactivation domain is specific for
cell growth suppression and is not shared with other transactivation domains. It is possible that the E2 transactivation
domain recruits specific cellular factors to the promoter which
may play a role in the transcriptional repression and growth
suppression activities of E2.
The dependence of a functional transactivation domain may
be in part due to its ability to relieve nucleosome-mediated
repression. The E2 transactivation domain has been shown to
counteract the nucleosome repression of DNA replication
(29). The transcriptional repression properties of the E2-TR
have been characterized on transiently transfected naked
DNA. This, however, cannot be the only explanation for E2mediated growth suppression, since the VP16 transactivation
domain also has the ability to relieve nucleosome repression,
but in our experiments, expression of the chimeric protein does
not result in growth suppression.
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