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A hallmark of human papillomavirus (HPV) associ-
ated carcinogenesis is the integration of the viral DNA
into the cellular genome, usually accompanied by the
loss of expression of the viral E2 gene. E2 binds to and
represses the viral promoter directing expression of
the E6 and E7 oncogenes. The re-introduction and
expression of exogenous E2 in HPV-positive cancer
cells results in cellular growth arrest, while growth in
the context of exogenous E2 can be restored through
the expression of exogenous E6 and E7. Here we
examine the individual contributions of the viral E6
and E7 genes to this phenotype. E6 alone displays
moderate activity, whereas both E7 and adenovirus
E1A display high activity in reversing E2-mediated
cellular growth suppression. Using defined mutants of
E7 and E1A, we show that an intact retinoblastoma
interaction domain is required for this function. In
addition, we show that the E2-mediated growth arrest
of HPV-positive cells results in cellular senescence,
and implicate the cyclin/cdk inhibitor p21¢ as a
downstream E2 effector in this phenotype.
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Introduction

Over 90 human papillomavirus (HPV) types have now
been identified. A subset of these, termed the ‘high-risk’
types, is strongly associated with anogenital cancers
(reviewed in Howley, 1996). Over 90% of cervical cancers
express the high-risk E6 and E7 viral oncoproteins
(zur Hausen, 1996), which together are sufficient to
immortalize primary human keratinocytes (Durst et al.,
1987; Schlegel et al., 1988; Woodworth et al., 1988).
Mechanistically, the high-risk HPV E6 and E7 proteins
interfere with cell cycle control pathways through inter-
action with a number of specific cellular proteins. The best
studied effects of E6 and E7 are the targeted ubiquitylation
and degradation of pS3 by E6 (Scheffner et al., 1990), and
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the binding and functional inactivation of the cellular
retinoblastoma protein pRb by E7, respectively (Dyson
et al., 1989). E6 can also induce telomerase activity in
normal human cells, an activity that is thought to be
critical for bypassing cellular senescence (Kiyono et al.,
1998). E7 has been shown to bind other members of the
cellular pocket protein family, p107 and p130, as well as
the cyclin/cdk inhibitor p21€* (Jones et al., 1997).

Although HPV DNA is maintained as an episome in
benign, pre-cancerous lesions, it is generally found
integrated in cancers and in the cell lines derived from
the cancers (Durst et al., 1985; Schwarz et al., 1985).
Integration of the viral DNA appears to be a random event
with regard to sites of host chromosomal integration, but
most often results in the disruption of the viral E2 open
reading frame (ORF) and the loss of E2 expression. Since
E2 is a negative regulator of the E6/E7 promoter, the loss
of E2 results in the deregulated expression of E6 and E7.
Several lines of evidence support the notion that the loss of
HPV E2 protein expression contributes to carcinogenesis.
First, E2 is known to repress directly the viral promoter
that drives expression of E6 and E7 (Romanczuk et al.,
1990; Thierry and Howley, 1991; Tan et al., 1992;
Demeret et al., 1997). Secondly, mutations that disrupt
the E2 ORF increase E6/E7-dependent immortalization
efficiency of HPV16 genomic DNA (Romanczuk and
Howley, 1992). Thirdly, the re-introduction of E2 into
HPV-positive, but not HPV-negative cervical cancer cell
lines results in a G, cell cycle arrest (Thierry and Yaniv,
1987; Hwang et al., 1993; Dowhanick et al., 1995;
Desaintes et al., 1997; Goodwin et al., 1998). We have
recently shown that E2-mediated repression of the E6/E7
promoter is required for the observed cellular growth
arrest (Francis et al., 2000).

The papillomavirus E2 proteins have regulatory func-
tions in viral transcription and viral DNA replication. The
structure of E2 resembles that of a prototypical transcrip-
tion factor, with an N-terminal transcriptional activation
domain and a C-terminal DNA binding domain, separated
by a hinge region. The bovine papillomavirus (BPV) E2
proteins have been studied most extensively. Three
different BPV E2 proteins have been detected in BPV-
transformed C127 cells. The largest 48 kDa form, E2-TA,
represents the product of the complete ORF with the entire
transactivation domain. A short internally initiated 30 kDa
form of BPV E2, known as E2-TR, is devoid of a
transactivation domain, but contains the C-terminal DNA
binding/dimerization domain (Howley, 1996). The BPV
and HPV full-length E2 proteins can serve either as
activators or repressors of transcription, depending upon
the context of E2 binding sites within the promoter region.
Although the mechanism of promoter repression by viral
full-length E2 proteins is not completely resolved, steric
interference of bound E2 proteins with the binding of
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positively acting transcription factors TBP and Spl has
been suggested (Dostatni et al., 1991; Demeret et al.,
1994; Dong et al., 1994). However, recent reports suggest
that the E2 transcriptional activation function is required
for promoter repression, which is consistent with a more
complex scenario. Specific conservative point mutations
within the bovine or human E2 transactivation domain that
eliminate E2-mediated transcriptional activation also
eliminate E6/E7 promoter repression (Goodwin et al.,
1998; Nishimura et al., 2000). It remains to be determined
whether other functions are impaired by these mutations,
such as specific protein—protein interactions between E2
and members of the transcriptional or chromatin remodel-
ing machinery.

We have recently reported that exogenous expression of
HPV E6 and E7 from a promoter that is not repressed by
E2 can restore cellular growth in the presence of BPV
E2-TA, providing evidence that E6/E7 promoter repres-
sion is necessary for E2-mediated cellular growth arrest
(Francis et al., 2000). To determine the individual roles of
the HPV viral oncoproteins in overcoming this growth
arrest, we have assayed E6 and E7 individually in transient
transfection and colony reduction experiments. Each
protein was able, to some extent, to rescue HeLa cells
from cellular growth arrest. E7 exhibited a particularly
strong phenotype, as did adenovirus (Ad) 12S E1A. A
genetic analysis of E7 and of E1A in this assay revealed
that the integrity of the retinoblastoma binding domains
was critical for this activity, emphasizing the importance
of pRb-dependent pathways in E2-mediated cellular
growth arrest. We also noted a previously undocumented
senescence-like phenotype in cells undergoing E2-medi-
ated growth arrest. Like cellular growth arrest, induction
of senescence in HPV-positive cervical cancer cells
required a transactivation-competent E2 protein and
could be overcome by exogenous expression of HPV16
E7 and Ad 12S El1A. E2-mediated growth arrest was
accompanied by the upregulation of a known marker of
senescence, the cyclin/cdk inhibitor p21¢” (Dowhanick
et al., 1995; Hwang et al., 1996). We show that over-
expression of p21¢ by itself could induce senescence of
HeLa cells. Additionally, microinjection of antisense
p21€® oligonucleotides inhibited senescence in HelLa
cells expressing E2. These observations are consistent
with a mechanistic model in which E2-mediated growth
arrest occurs through cellular senescence, and implicate
the cyclin/cdk inhibitor p21¢7 as a critical E2 effector.

Results

E6 and E7 can individually rescue Hela cells from
E2-mediated growth arrest

We have previously demonstrated that the E2-mediated
growth arrest in HeLa cells requires the repression of the
E6/E7 promoter and can be overcome by the exogenous
co-expression of HPV16 E6 and E7. In order to assess the
individual contributions of these two viral oncoproteins,
we performed HeLa cell growth suppression assays in
which plasmids expressing HPV16 E6 or E7 were co-
transfected with a BPV1 E2-TA-expressing plasmid. The
expression of HPV16 E7 and the E7 ADLYC mutant,
which is defective for binding pRB and p21 (Miinger et al.,
1989; Jones et al., 1997), was confirmed directly by

Senescence induction in HPV-positive cancer cells

Table 1. Effects of HPV16 E6 and E7 proteins on the E2 growth
arrest of HeLa cells

Colony number % colonies

A B C

Vector alone 83 77 102 100

E2-TR 80 79 98 99 (= 4)
E2-TA + RSV vector 1 0 3 2(x2)
E2-TA + E7 10 12 31 19 (= 9)
E2-TA + E7 ADLYC (pRB-) 0 1 2 1(x£1)
E2-TA + E6 6 4 9 7(x2)
E2-TA + E6, + E7 12 15 29 20 (£ 7)

Colony numbers obtained from three independent experiments are
depicted. Vector alone, empty SVE vector; E2-TR, the truncated BPV
E2 variant lacking the transactivation domain. The percentage of
colonies relative to empty SVE vector was determined for each
experiment. The average percentage of colonies is shown in the last
column; standard deviations are indicated.

western blot analysis (data not shown). Expression of
HPV16 E6 was assessed indirectly by examining the levels
of p53 in transfected cells, in which the proteolysis of p53
is mediated by E6 (data not shown).

Three independent growth suppression experiments are
depicted in Table I. HeLa cells were transfected with
E2-TA plasmid along with the viral oncoprotein expres-
sion vector and neomycin selection plasmid. As controls,
cells were transfected either with empty vector or with
BPV1 E2-TR and the neomycin selection plasmid. Colony
numbers were determined after 20 days of G418 selection.
As seen in previous studies, transfection with the full-
length E2-TA protein resulted in a dramatic inhibition of
colony formation. Colony growth was partially rescued by
the co-transfection with plasmids expressing HPV16 E6
and E7, as seen with our previous analysis (Francis et al.,
2000). Since both the 12S E1A and E7 proteins induce
apoptosis when expressed at high concentrations, the
plasmid input ratio of the viral oncogenes relative to E2
was kept low (1:5) in these colony reduction assays. Partial
rescue is thus likely to reflect the percentage of cells that
were successfully co-transfected with both the E2-TA and
the E1A or E7 plasmids. When the individual contribu-
tions of E6 and E7 were examined, we found that both E7
and E6 could each partially rescue the E2-mediated HeLa
cell growth suppression, although E7 was considerably
more effective. In fact, the level of restoration of cellular
growth observed with E7 was equal to the level we
observed with the combination of E6 and E7. The mutated
E7 ADLYC protein did not restore colony formation, thus
assigning a critical role to the pocket protein interaction
domain within E7.

One potential trivial explanation for the rescue of the
E2-mediated HeLa cell growth suppression by E6 and/or
E7 (as well as Ad 12S ElA, see below) would be the
inhibition of E2 expression by these viral oncoproteins.
We therefore examined E2 expression in HeLa cells
transfected with either vector alone, E2 plus vector, E2
plus E6, E2 plus E7 or E2 plus Ad E1A. RNA was
analyzed 48 h post-transfection. No differences were
found in the E2 RNA levels from cells transfected with
E2 plus vector, and E2 plus any of the viral oncoproteins
(data not shown). We therefore concluded that the rescue
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Table II. Effects of Ad 12S E1A proteins on the E2 growth arrest of HeLa cells

Colony number

% colonies

A B C D

Vector alone 110 43 109 42 100

E2-TR 67 44 139 66 112 (= 41)
E2-TA + RSV vector 1 1 1 1 2(x 1)
E2-TA+El1A 12 S 30 23 53 30 50 (= 18)
E2-TA + E1A TK460 (CBP) 26 26 41 18 41 (= 15)
E2-TA + E1A TK496 (pRb") 1 2 4 1 3(x2)
E2-TA + E1A E55 (P/CAF-) 28 10 34 17 30 (£ 8)
E2-TA + E1A ACRI1 (CBP-, pRb-, pCAF") 6 3 2 2 5(x2)

The assays were performed as described for Figure 1A. Colony numbers from four independent experiments are depicted. Characteristics of the
individual mutant E1A proteins in their abilities to interact with cellular pRb, CBP or P/CAF are indicated. Vector alone, empty SVE vector; E2-TR,
the truncated BPV1 E2 protein lacking the transactivation domain. The average percentage of colonies relative to empty SVE vector is indicated in the

last column.

observed from E2-mediated HeLa cell growth arrest by
E6, E7 and Ad E1A was due to effects on signaling
pathways governed by the viral oncoproteins.

Adenovirus 12S E1A can rescue Hela cells from
E2-mediated growth arrest

The high-risk HPV E7 proteins share a number of
structural and functional attributes with the Ad 12S E1A
protein. Through interactions with various cellular factors,
E1A promotes cellular immortalization and transform-
ation. Two distinct domains within the N-terminus of E1A
are required for its oncogenic activities, one of which
interacts with the pRB family of pocket proteins (Whyte
et al., 1988; Ewen et al., 1991; Giordano et al., 1991),
whereas the other interacts with the p300/CBP family of
co-activators (Whyte et al., 1989; Eckner et al., 1994). A
third interaction with the cellular co-activator P/CAF has
also been recently identified (Reid et al., 1998). This
interaction is independent of CBP/p300 binding and maps
close to the pRb and p300 interaction domains within
conserved region 1. EIA and E7 share the ability to
interact with pRb and the related ‘pocket’ proteins p107
and p130 (Dyson et al., 1989; Miinger et al., 1989), a
property that is reflected in the primary amino acid
similarity between conserved regions 1 and 2 within E1A
and domains in E7 (Phelps et al., 1988). Both HPV16 E7
and Ad 128 E1A protein also directly bind the cyclin/cdk
inhibitor p21°? in vitro (Funk et al., 1997; Jones et al.,
1997; Keblusek et al., 1999).

Since the N-terminus of E1A is in many ways structur-
ally and functionally analogous to high-risk HPV E7, yet
also exhibits a unique binding specificity for cellular
transcriptional co-activators, we assayed a panel of wild-
type and mutant 12S E1A proteins for their ability to
protect HeLa cells from E2-mediated cellular growth
suppression. These proteins carry N-terminal mutations
that abolish pRb, P/CAF and CBP interaction, either
individually or together (Reid et al., 1998). As shown in
Table II, wild-type 12S EI1A, like E7, partially protected
HeLa cells from E2-mediated cellular growth arrest.
Comparable levels of protein expression could be
achieved for the wild-type and mutant E1A proteins
(data not shown). The mutant E1A protein TK460,
deficient in the CBP/p300 interaction, and the mutant
ESS protein, deficient in the P/CAF interaction, exhibited
abilities comparable to wild-type E1A in antagonizing E2

5764

growth arrest. In contrast, both the mutant protein TK496,
which is deficient only for pocket protein interactions,
and the mutant ACRI1 protein, which does not bind pRB,
P/CAF and CBP, were not able to reverse E2-TA-mediated
growth suppression of HeLa cells. From these data, we
conclude that, as with E7, the E1A rescue does not depend
upon interaction with CBP or P/CAF, but does require a
functional pRb pocket protein interaction motif.

HPV E2 induces cellular senescence in
HPV-positive cervical cancer cells
Growth-suppressive effects of E2 on cervical carcinoma
cell lines are specific for HPV-positive cells (Dowhanick
etal., 1995). In the course of our studies, we have observed
that E2-mediated growth suppression of HPV-positive
cells is accompanied by morphological changes in
transfected cells that are typical of senescent cells. The
term cellular or replicative senescence describes the finite
replicative capacity of somatic cells in culture, which
eventually results in complete cessation of cellular
division (reviewed in Smith and Pereira-Smith, 1996).
While cell cycle arrest marks the onset of senescence,
senescence is not a necessary consequence thereof.

The morphology of HeLa, U20S, C33A and Caski cells
after transfection with vector alone, BPV E2-TR, BPV
E2-TA or HPV18 E2 is shown in Figure 1. Cells received
the indicated plasmids along with a neo® plasmid and
were stained for expression of the senescence-associated
B-galactosidase (SA-BGal) senescence-specific marker
(Dimri et al., 1995) 2 weeks after G418 selection. We
observed dramatic morphological changes in HeLa and
Caski cells following expression of E2-TA and HPV18 E2,
but not upon expression of the transactivation-defective
E2-TR protein or with vector alone. These changes, which
were appreciable as early as 3—4 days post-transfection,
included an enlarged, flat morphology, resulting in an ~20-
to 50-fold increase in cellular size and the appearance of a
vacuolated cytoplasm. Multinucleated cells were also
frequently observed. Over 90% of enlarged cells stained
positive for the perinuclear B-galactosidase (SA-PGal)
activity, a highly specific marker for senescence that is not
present in either growth-arrested or differentiated cells
in vitro or in vivo (Dimri et al., 1995). A similar phenotype
was also observed in the HPV16-positive SiHa cell line
(data not shown), but not in the HPV-negative C33A or
U20S cell lines (Figure 1).
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Fig. 1. E2-mediated senescence in HPV-positive cell lines. HeLa, U20S, C33A and Caski cells were co-transfected with expression vectors for the
neo resistance gene and either expression vectors for BPV E2-TA, BPV E2-TR or HPV18 E2 or empty SVE vector (vector alone). At 20 days post-
selection, the cells were stained for the senescence-specific B-galactosidase marker (SA-BGal) as described in Materials and methods.

We have previously shown that removal of the BPV
E2 transactivation domain resulted in the loss of E2-
mediated cellular growth arrest (Dowhanick et al., 1995).
Furthermore, the analysis of a panel of mutant BPV1 and
HPV16 E2 proteins carrying point mutations within their
transactivation domains has established a clear correlation
between E2 transcriptional activation activity and growth
suppression of HPV-positive cell lines (Goodwin et al.,
1998; Nishimura et al., 2000). As shown in Figures 1 and
2, a functional E2 transactivation domain is also required
for the induction of senescence. The full-length BPV1
E2-TA protein induced HeLa cell senescence, whereas the
E2-TR protein lacking a transactivation domain did not
(Figure 1). We also compared the abilities of wild-type
HPV16 E2 and two E2 mutants containing single amino
acid substitutions within their transactivation domains to
induce cellular senescence in HeLa cells. These two
HPV16 E2 mutant proteins, E39A and 173A, have been
characterized previously and separate the E2 transcrip-
tional activation and replication functions: I73A is
defective for transcriptional activation, but functions
normally in transient viral DNA replication assays,
whereas E39A exhibits the opposite phenotypic pattern
(Sakai et al., 1996). As shown in Figure 4C and D, E39A

induced cellular senescence in HeLa cells, whereas [73A
did not. Therefore, the ability of E2 to induce cellular
senescence in HPV-positive cervical carcinoma cells
requires an intact transactivation function.

Viral oncoproteins rescue Hela cells from
E2-induced senescence

We next examined whether exogenous expression of
HPV16 E7 or Ad E1A could rescue HeLa cells from
E2-induced senescence. Figure 3A depicts HeLa cells
stained for SA-BGal expression 2 weeks post co-transfec-
tion with E2-TA and several different viral oncoproteins.
Senescence inhibition was observed with all viral
oncoproteins (Figure 3A). In order to quantitate the degree
of inhibition by the various oncoproteins, we assessed the
percentage of enlarged cells relative to the total cell
number at days 5, 7 and 9 using the characteristic flat cell
phenotype as a marker. Three random fields, each
containing >50 cells, were counted. Co-expression of E2
and HPV E7 or Ad 125 E1A resulted in strong inhibition
of E2-induced senescence, which is reflected by the
dramatic reduction in the number of flat cells earlier in the
selection process (Figure 3B). The E1A TK496 and the E7
ADLYC mutant proteins, which do not bind pRB, did not
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reverse the senescent phenotype. HPV16 E6, which
exhibited a weak ability to rescue E2-mediated cellular
growth suppression (Table I), reduced the number of flat
cells observed with E2-TA alone ~2- to 3-fold compared
with the ~10- to 30-fold reduction observed with either
E1A or E7. These data suggest that E2-mediated
senescence, like cellular growth arrest, can be overcome
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Fig. 2. A functional E2 transactivation function is required for
senescence induction. HeLa cells were co-transfected with a neomycin
selection plasmid and either empty SVE vector (A) or expression
vectors for wild-type HPV16 E2 (B), or the mutant HPV16 E2 proteins
E39A or I73A (C and D). Senescence-specific staining was performed
as described in the legend to Figure 3.

by viral oncoproteins and particularly implicate pRb-
dependent pathways in this process.

The role of p21°"P in E2-mediated senescence
Several laboratories, including our own, have reported an
acute rise in p21¢”? RNA and protein levels following
expression of BPV1 E2-TA in HPV-positive cells
(Dowhanick et al., 1995; Hwang et al., 1996; Desaintes
et al., 1999). The p21¢ protein is a member of the family
of cyclin/cdk inhibitors with well characterized functions
in cell cycle control (reviewed in Sherr and Roberts,
1999). Importantly, p21¢* has been described as a marker,
in some circumstances even an inducer, of cellular
senescence and was indeed originally identified as a
senescence-specific protein sdil (Noda ef al., 1994; Brown
et al., 1997; Fang et al., 1999; Kagawa et al., 1999). We
explored the role of p21¢% as a potential downstream
effector of E2-mediated senescence in HeLa cells. In
agreement with the previous studies, Figure 4A demon-
strates that the levels of p21 protein were upregulated in
HeLa cells following expression of BPV E2-TA. The
induction of p21 correlated with the stabilization of p53
(data not shown). The levels of p21¢/* remained high over
the course of 14 days following expression of E2-TA, but
not of E2-TR (Figure 4A) or transfection with the empty
SVE vector (data not shown). In contrast, levels of the
cyclin/kinase inhibitor p16, which has also been implic-
ated in cellular senescence in some cell systems, did not
change upon E2 expression in HeLa cells. Levels of the
p21-related p27X™P! protein were also unaffected by E2
(data not shown).

It has previously been shown in a number of systems
that a transcriptional upregulation of p16/N¥#A correlates
with the functional inactivation of pRB, including
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Fig. 3. Viral oncoproteins counteract E2-mediated senescence in HeLa cells. (A) HeLa cells were co-transfected with the neomycin plasmid and BPV
E2-TA, either alone (1) or in the presence of wild-type 12S E1A (2), wild-type HPV16 E7 (3), the mutant ADLYC E7 (4), wild-type HPV16 E6 (5) or
both HPV16 E6 and E7 (6). The cells were selected and stained for SA-BGal activity as described in Figure 1. (B) Cells that assumed the senescence-
specific morphology were counted on days (d) 5, 7 and 9 post-selection. Three random fields were counted and averaged for each data point; the
standard deviations are as indicated. Each field contained a minimum of 50 cells. The data are expressed as percent enlarged cells relative to total
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Fig. 4. Induction of the cyclin/cdk inhibitor p21¢ correlates with E2-mediated senescence. (A) HeLa cells were co-transfected with a puromycin
selection plasmid and either E2-TA or E2-TR expression vectors. On the next day, the cells were split and placed under puromycin selection

(0.4 ng/ml). At days 1-14 post-selection, the cells were harvested for preparation of whole-cell lysates and 50 ug of protein were separated by

12.5% SDS-PAGE. Expression of the p21¢/ protein as well as of p16/¥k#A was detected by western blot analysis. (B) HeLa cells were co-transfected
with the puromycin resistance plasmid and expression vectors for either BPV E2-TA, BPV E2-TR, HPV18 E2, HPV16 E2 and the two HPV16 E2
mutant proteins 173A and E39A. p21¢/* protein levels were measured on day 3 post-selection as described in (A).

mutation, deletion or the association of pRB with viral
oncoproteins, including E7 (Khleif et al., 1996 and
references therein). Although E2-TA expression leads to
repression of E7 expression, we did not observe any
significant reduction in pl16/Vk#A protein levels over the
14 day time course of our experiment. The lack of a
reduction in p16/NK#A protein levels could be due to a
cell-type associated phenomenon. Alternatively, it is
possible that the levels of p16/Vk#4 protein that persist in
these cells reflect a prolonged stability of the protein in the
absence of pl16/VK#A transcription. We have not examined
p16/VK#A mRNA levels in E2-expressing HeLa cells.

To investigate further the correlation between p21¢*
induction and cellular senescence in HPV-positive cancer
cells, we examined the abilities of the HPV18 and HPV16
E2 proteins to upregulate p21¢. Expression of HPV 18 E2
and HPV16 E2, and the transactivation-competent HPV16
E2 mutant E39A in HeLa cells increased levels of
expression of p21€P protein, whereas the transactiv-
ation-defective E2 I73A mutant did not (Figure 4B). From
these data, we conclude that the transcriptional induction
of p21¢ by E2 proteins correlates with their respective
abilities to cause cellular senescence.

Overexpression of p21°"P induces senescence of
Hela cells in the absence of E2

The correlation between E2-mediated senescence and
p21¢® expression implicated p21¢" as a potential E2
effector of senescence in HeLa cells. In order to test
whether p21¢/" expression is sufficient to induce senes-
cence in HeL a cells in the absence of E2, we examined the
effect of expression of p21¢”* using an RSV-p21 vector
that provided efficient overexpression of p21¢" (data not
shown). We transfected HeLa cells with either empty
vector or the RSV-p21 expression vector along with a
neomycin selection plasmid, after which the cells were
split and placed under selection. In two independent
experiments, the number of cells exhibiting the senescent,
flat cell phenotype was quantitated relative to the total
number of cells at 7 days from three randomly selected

fields (Figure 5A). The background of senescent cells
following transfection with empty vector was 0.3% in each
of the experiments, whereas transfection with the p21¢%?
expression vector resulted in a 25- to 40-fold increase to
8-12% of senescent, flat cells at 7 days. At 15 days post-
transfection, the cells were fixed and stained for SA-BGal
expression, and the number of SA-BGal-positive cells was
quantitated over an area of 6 cm? (Figure 5B). There was
an ~36-fold increase in the number of SA-BGal-positive
cells in the p21¢P-transfected cells compared with control
transfected cells (Figure 5B). It should be noted, however,
that the number of senescent HeLa cells observed
following transfection with the p21¢" expression vector
was still 5- to 7-fold less than the number induced by
E2-TA (compare Figures 3B and 5A). Although this
difference could be due to differences in the levels of
p21€ expression, it is also possible that other effectors
may contribute to the E2-induced phenotype, either
independently or in collaboration with p21¢/,

Antisense p21°" oligonucleotides inhibit the
E2-induced senescent phenotype

In order to test whether p21€/? is in fact required for E2-
mediated senescence, we tested the effect of morpholino
antisense p21¢7" oligonucleotides using microinjection
techniques. HeLa cells were cytoplasmically injected with
E2-TA plasmid, either alone or in the presence of a p21¢/
antisense oligonucleotide. Cells were examined for the
characteristic flat cell morphology 7 days post-injection.
Successful injections were assessed by the detection of co-
injected fluorescein isothiocyanate (FITC)-labeled dextran
as a marker (Figure 6A, left panels). As shown in
Figure 6A, injection with E2-TA, either alone or with
the random control oligonucleotide, resulted in the typical
senescence morphology. Co-injection of E2-TA with the
antisense p21 oligonucleotide was sufficient to inhibit this
phenotype. Quantitation of these data revealed that >70%
of the cells injected with E2-TA alone or together with the
control oligonucleotide assumed a senescence-like
morphology, whereas the cells co-injected with E2-TA
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Fig. 5. Expression of p21¢/F causes HeLa cell senescence in the
absence of E2. (A) HeLa cells were transfected with the indicated
expression vectors using either empty or p21¢/P-expressing RSV
vector as well as neoR plasmid. Two independent experiments are
shown, in which the percentage of cells exhibiting the flat cell,
senescent morphology was determined at 7 days. The data are
expressed as percent flat cells relative to the total cell number. Three
random fields were quantitated and averaged; the standard deviations
are indicated. Each field contained a minimum of 100 cells. (B) In the
same experiment, the SA-BGal-positive cells were counted over an
area of 6 cm? at 15 days post-transfection. The average from the
two independent experiments is shown by the bars, with the
individual data indicated at the top.

plus the antisense p21 oligonucleotide did not
(Figure 6B). A comparison of the cells injected with
E2-TA plus the a-p21 oligonucleotide with the uninjected
cells (Figure 6A) revealed that the injected cells were not
entirely normal. The co-injected cells were more refractile
and occasionally displayed cytoplasmic extensions, as
depicted in Figure 6B. This altered phenotype could reflect
effects of E2-TA that are not mediated by p2l.
Nonetheless, these data strongly support a critical function
for p21¢/* in E2-mediated HeLa cell senescence.

Discussion

Molecular pathways governing E2 growth arrest

E2-mediated growth arrest in cervical cancer cell lines
harboring high-risk HPV DNA has been well character-
ized using short-term cell proliferation studies and longer
term colony reduction assays (Hwang et al., 1993, 1996;
Dowhanick et al., 1995; Desaintes et al., 1997; Goodwin
et al., 1998). E2 represses the viral E6/E7 promoter, which
results in the reduction of E6 and E7 protein levels and the
release of negative cell cycle regulators such as p53 and
pRb. Although it is possible that E2 may have other
functions that contribute to growth suppression (Desaintes
et al., 1997), these have not yet been identified. For
example, E2 may regulate the expression of certain
cellular genes. Another consequence of E2 overexpression
in HeLa cells is apoptosis, a phenomenon that has been
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+
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Fig. 6. Microinjection of antisense p21¢” oligonucleotides inhibits
E2-mediated HeLa cell senescence. (A) Cells were left uninjected or
injected cytoplasmically with E2-TA plasmid alone or in the presense
of o-p21€" or control morpholino oligonucleotides. FITC-conjugated
dextran served as a co-injection marker (left panel). Imaging was
performed on day 7 post-injection. (B) Cells exhibiting the enlarged
phenotype were counted on day 8 and are expressed as a percentage
of the total imaged cells.

described as p53 independent and occurs early (20-24 h)
after E2 transfection (Desaintes et al., 1997, 1999).

We have previously shown that the E2-mediated
cellular growth arrest of HPV-positive cervical cancer
cells requires repression by E2 of the integrated E6/E7
promoter (Francis et al., 2000). Exogenous co-expression
of HPV16 E6 and E7 with E2 can rescue the growth of
HeLa cells. In this present study, we have extended our
analyses by dissecting the individual contributions of E6
and E7 to the observed rescue. While E6 was able to
overcome the growth-suppressive effects of E2, E7 and
E1A were more potent in overriding the growth-inhibitory
effects of E2 overexpression in HeLa cells. We have also
determined that an intact pRb interaction domain is
required for this effect by both E1A and E7, emphasizing
the apparent role of the retinoblastoma protein (or other
members of the pocket protein family) in E2 growth arrest.



One possible mechanism of E2 growth arrest is the
downregulation of E7 expression by E2, resulting in
increased levels of hypophosphorylated pRb protein,
leading to G, cell cycle arrest. The observed phenotypic
reversal of E2 growth suppression by E7 or E1A could be
explained by their binding of pRb, thereby releasing the
cells from G, arrest.

E2 induces senescence in HPV-positive cervical
carcinoma cells

We report here, as a later consequence of E2 expression,
the induction of a cellular state indistinguishable from that
of classical replicative senescence in HPV-positive, but
not in HPV-negative cervical carcinoma cell lines
(Figure 1). We do not know at this point whether there
is a relationship between E2-mediated apoptotic and
senescent cell death. For example, cells that initially
escape from apoptosis may subsequently undergo senes-
cence. Alternatively, the induction of cellular senescence
in a subpopulation of cells may protect them from
apoptosis, as has been reported for senescent human
fibroblasts (Wang, 1995). The fate of an E2-expressing
HPV-positive cell—apoptosis or senescence—may also
depend on the level of E2 protein expression. In view of a
putative role for p21¢ both in E2-induced senescence
(see below) and apoptosis of HeLa cells (Tsao et al.,
1999), it is intriguing to speculate that both E2-mediated
apoptosis and senescence may be related to the function of
p21CIP,

We observed that after a period of time, E2-expressing
HPV-positive cells assume an enlarged morphology
typical of senescent cells and express the specific marker
SA-BGal (Dimri et al., 1995). Additionally, these cells had
increased expression levels of the cyclin/cdk inhibitor
p21¢ a known marker and under some circumstances
even inducer of cellular senescence (Figure 4). As was
previously reported for E2-mediated cellular growth
arrest, senescence depends upon a transactivation- but
not replication-competent E2 protein (Figures 1 and 2).
Both the E2-induced growth suppression and senescence
phenotypes are inhibited by viral oncoproteins, in particu-
lar by HPV16 E7 and Ad E1A (Figure 3), a function that
requires an intact pRb interaction domain in each protein.
The functions of E2 as a cellular growth suppressor are
highly specific for HPV-positive cells, making it an
intriguing candidate for use in a gene therapy approach
to HPV-associated cancers.

Although the domains of E7 and Ad E1A to which p21
binds have not been clearly mapped, interactions between
HPV16 E7 and p21¢" have been shown to involve both
the pRb interaction domain and the C-terminus (Funk
et al., 1997; Jones et al., 1997). The HPV16 E7 ADLYC
mutant protein is defective for its interaction with
members of the pocket protein family, and for interaction
with p21¢® (Jones et al., 1997). Additionally, the CR1
domain of E1A has been implicated in a direct interaction
between E1A and p21°* in vitro (Keblusek et al., 1999).
Interaction of E7 and E1A with p21¢" has not yet
been separated mutationally from their pRB interaction
abilities. It is, therefore, possible that the binding of p21¢7
by E7 and E1A also plays an important role in the reversal
of E2 growth arrest and senescence.

Senescence induction in HPV-positive cancer cells

The p21°P protein as a mediator of senescence
p21€? is a member of the cyclin/cdk inhibitor family,
which are well characterized cell cycle regulatory proteins
(reviewed in Sherr and Roberts, 1999). Several lines of
evidence are consistent with the notion that p21¢%®
functions as a senescence effector in E2-expressing
HPV-positive cervical carcinoma cell lines. First, levels
of p21¢" are upregulated as early as 1 day post-E2
transfection, peak at day 4, which is when the senescent
phenotype first becomes evident, and remain high until
day 14 (Figure 4A). Secondly, the ability of various wild-
type and mutant E2 proteins to induce senescence
correlates with their ability to increase p21¢/ expression
levels (Figure 4B). p21¢/* is also able to cause HeLa cell
senescence in the absence of E2 (Figure 5). Moreover, the
induction of HeLa cell senescence by E2 is inhibited by
antisense p21¢7* oligonucleotides (Figure 6).

The mechanistic model that the introduction of E2
into HPV-positive cancer cells suppresses E6 and E7
expression, resulting in the activation of the cell cycle
regulatory proteins pRb, p53 and p21¢”, is supported
by the data presented in this study. These data are
consistent with important roles for pRb and/or other
members of the pocket protein family, as well as for
p21€" and p53 as an inducer of p21¢/F, in senescence
induction. The observed activation of p21¢/* is at least
in part transcriptional, most likely due to the increase
in the levels of p53 following E6 repression. Using
luciferase reporter assays with p21 promoter constructs,
we have established that E2 induces the p21 promoter
in HeLa cells but not a p21 promoter mutant deleted
of upstream sequences containing the two p53 binding
sites (data not shown).

The induction of p21¢¥ in other systems is known to
result in the activation of pRb through the inhibition of
pRb phosphorylation by cyclin/cdk kinases. Overexpres-
sion of pRb alone in HeLa cells, however, did not result in
senescence, although we did note that pRB could stimulate
p21¢P-mediated senescence induction ~2-fold (data not
shown). Although the best studied function of p21¢/* is the
inhibition of pRb phosphorylation by cyclin/cdk kinases,
its role in cellular senescence could involve other less well
characterized activities.

In this study we observed that the number of senescent
cells following p21¢" expression was fewer than that
following E2 expression in HeLa cells. The level of colony
reduction mediated by p21¢" was also lower than that
observed for E2 (data not shown). We also observed that
the morphology of HeLa cells co-injected with E2-TA and
a-p21 oligonucleotides, while clearly not flat and senes-
cent, was distinct from the morphology of normal,
uninjected HeLa cells (Figure 6). While these differences
could be explained by variable levels of p21¢* expression
in the presence and absence of E2, it is also conceivable
that p21¢” may not be the only senescence effector
affected by E2. Other molecules could contribute to HeLa
cell senescence, either independently or in collaboration
with p21¢*, Finally, one cannot rule out the possibility
that E2 itself may have direct functions in senescence
induction, considering that senescence, much like
apoptosis, may involve complex signaling cascades with
multiple effector pathways. Nevertheless, since senes-
cence may represent an important natural barrier against
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tumorigenesis, insights into the mechanisms of senescence
induction in tumor cells such as HeLa may ultimately
provide novel approaches for the treatment of cancer.

Materials and methods

Recombinant plasmids

Expression plasmids for BPV1 E2-TA (p2450) and E2-TR (p1153)
proteins (Spalholz et al., 1991; Winokur and McBride, 1992; Dowhanick
et al., 1995), for the HPV16 wild-type (p2091) or mutant I73A (p3670)
and E39A (p3667) E2 proteins (Sakai et al., 1996), as well as for HPV 18
E2 (p2092) (Del Vecchio et al., 1992), have been described previously.
The numbers indicated for each of these plasmids represent their
respective numbers in our laboratory plasmid bank. Expression vectors
for the wild-type and mutant Ad 12S E1A proteins were a generous gift
from Dr T.Kouzarides (Reid et al., 1998). E1A expression is under the
control of an RSV promoter in the context of plasmid pBJ9Q (RSV empty
vector). To construct analogous expression vectors for the HPV
oncoproteins, we subcloned coding sequences for the HPV 16 E6 and
E7 proteins as well as for the mutant E7 DLYC protein (Miinger et al.,
1989) into the pCR-Blunt II-TOPO plasmid vector using PCR and the
Zero Blunt TOPO PCR Cloning Kit (Invitrogen). The respective
sequences were then excised and subcloned into the RSV vector pBJ9Q
using Xbal and HindIIl. The resulting plasmids were RSV E6 (p4483),
RSV E7 (p4484) and RSV E7 ADLYC (p4485). Coding sequences for the
human p21¢" gene were subcloned from the pCDNAp21 expression
vector, a gift from Dr P.Hinds, into the RSV vector using HindIII-Xbal
digestion. The resulting plasmid is RSV p21 (p4486).

Cell lines

The human cervical cancer cell lines HeLa, Caski and C33A, as well as
the human osteosarcoma cell line U20S, were maintained as monolayers
in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum.

Cellular growth suppression assay

Cells were seeded at 1-2 X 10° per 60 mm plate the day before
transfection. Transfections were performed using a total of 10 ug of DNA
and Fugene™ 6 (Boehringer Mannheim) according to the manufacturer’s
instructions. Transfection efficiencies of 70-90% were routinely
achieved. Unless indicated otherwise, the cells were transfected with
5 g of E2 plasmid, 1 pg of neomycin selection plasmid and 1 pg of viral
oncogene plasmid. Salmon sperm DNA was used as carrier DNA. At24 h
post-transfection, the cells were split into 3 X 10 cm plates and placed
under selection in medium containing 900 pg/ml G418 (Gemini Bio-
Products, Inc.) for HeLa and U20S cells, 400 ug/ml for Caski and
1100 pg/ml for C33A cells. Cells were washed once with phosphate-
buffered saline (PBS) and overlayed with fresh selection medium every
third day. The number of colonies could easily be determined after
2-3 weeks, after which time they were fixed using 10% formaldehyde in
PBS, stained with methylene blue and counted.

Senescence assay
Staining for perinuclear SA-BGal activity was performed as previously
described (Dimri et al., 1995).

Immunoblotting and antibodies

For western blot analysis, the cells were washed with PBS and scraped
into RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
160 mM NacCl, 10 nM Tris pH 7.4, 5 mM EDTA) containing 16 pg/ml
benzamidine—-HCl, 10 pg/ml phenanthroline, 10 pg/ml aprotinin,
10 pg/ml leupeptin, 10 pg/ml pepstatin A and 1 mM phenylmethylsul-
fonyl fluoride. The lysates were incubated at 4°C for 30 min, cell debris
was pelleted and the protein concentration of the supernatants was
determined using Bradford assays (Bio-Rad). Protein lysates were
normalized for equal protein concentrations and separated by SDS—
PAGE. Proteins were then transferred to polyvinylidene difluoride
(PVDF) membranes and probed with the appropriate antibodies.
Signals were detected by secondary horseradish peroxidase-conjugated
antibody and enhanced chemiluminescence as recommended by the
manufacturer (NEN™ Life Science Products, Inc.). The p21¢¥#
monoclonal 6B6 antibody was from PharMingen. The monoclonal
antibody to p16/%#A was a generous gift from Dr P.Hinds.
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Microinjection

HeLa cells were plated in 35 mm glass bottom dishes (MatTek
Corporation, MA) 24 h prior to injection. Cells were injected
cytoplasmically with 110 ng/ml E2-TA plasmid alone or with 2 mg/ml
morpholino oligonucleotides (GeneTools, LLC). The sequence of the
antisense p21¢?  oligonucleotide was 5-CGCCTCCTCTGAGTG-
CCTCGGTGCC-3’ and that of the standard control oligonucleotide was
5’-CCTCTTACCTCAGTTACAATTTATA-3'. FITC-conjugated dextran
was used as a co-injection marker. Microinjections were performed using
the CompiC Inject automated system (Luigs & Neumann) at the EMBL
(Heidelberg, Germany). Following the injections, cells were cultured in
2% serum at 32°C for 5 days, and then switched to 37°C. Images were
taken on day 7 post-injection using a Leica fluorescent microscope
equipped with a 63X objective.
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