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The human papillomavirus E7
oncoprotein can uncouple cellular
differentiation and proliferation in
human keratinocytes by abrogating
p21-'Pt-mediated inhibition of cdk?2
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The high risk human papillomaviruses (HPVs) are associated etiologically with the majority of human cervical
carcinomas. These HPVs encode two viral oncoproteins, E6 and E7, which are expressed consistently in
cervical cancers. The function of these viral oncoproteins during a productive infection is to ensure viral
replication in cells that have normally withdrawn from the cell division cycle and are committed to terminal
differentiation. Expression of the E7 oncoprotein has been shown to lead to the abrogation of various negative
growth regulatory signals, including a p53-mediated G, growth arrest, TGFB-mediated growth inhibition, and
quiescence of suprabasal keratinocytes. Here we describe a novel mechanism by which E7 can uncouple
cellular proliferation and differentiation. In contrast to normal, differentiating keratinocytes, HPV-16
E7-expressing keratinocytes show delayed cellular differentiation and elevated cdk?2 kinase activity despite
high levels of p21<'** and association of p21©** with cdk2. We show that the HPV E7 protein can interact
with p21<'P* and abrogate p21<***-mediated inhibition of cyclin A and E-associated kinase activities. Based on
these findings, we propose that this capacity of the HPV E7 oncoprotein to overcome p21<P*-mediated
inhibition of cdk2 activity during keratinocyte differentiation contributes to the ability of E7 to allow for

cellular DNA synthesis in differentiated keratinocytes.
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The papillomaviruses are small DNA viruses that have a
pronounced tropism for epithelial cells where they cause
benign hyperplasias or warts. Human papillomaviruses
(HPVs) can be subdivided into two groups based on the
propensity of the lesions to progress to malignancy. Low
risk HPVs are associated with lesions with a very low
frequency of malignant progression, whereas the lesions
caused by the high risk HPVs can undergo carcinogenic
progression (for review, see zur Hausen 1996), with more
than 95% of all cervical carcinomas harboring high risk
HPVs (Bosch et al. 1995). Although HPVs infect the di-
viding, basal cells of host epithelia, their replication is
intimately tied to the cellular differentiation machinery
of these cells. Expression of the viral capsid proteins and
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productive viral replication can only occur in the differ-
entiated layers of the skin that are composed of cells that
have withdrawn from the cell division cycle. Limited by
their small genome size, with the exception of the viral
E1 and E2 proteins, papillomaviruses do not encode the
enzymes that are rate limiting for DNA replication.
Rather, these viruses have developed multiple strategies
to subvert key regulatory circuits that control host cell
replication (for review, see Howley 1996). The precise
mechanisms by which HPVs are able to reactivate the
dormant replication machinery in these cells to replicate
their own genomes are unknown. The E6 and E7 proteins
of the high-risk HPVs interact with and functionally ab-
rogate the p53 and retinoblastoma tumor suppressor
(pRB) proteins, respectively. In a nonproductive infec-
tion, integration of the viral DNA into the host genome
causes dysregulated expression of E6 and E7, which con-
tributes to malignant progression of a high-risk HPV-
associated lesion (for review, see Vousden 1995). There-
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fore, the elucidation of the transforming principles of
these viral proteins also yields important insights into the
replication strategy of the high-risk HPVs and vice versa.

Because of the intricate link between the arrest of cell
division and the onset of terminal differentiation, the
ability of papillomaviruses to reinitiate or maintain cel-
lular replication implies an underlying capacity to alter
the cellular differentiation program. Initial studies inves-
tigating the effects of E6 and E7 expression on cellular
replication were performed by expressing E6 and E7 us-
ing recombinant retroviruses to infect epithelial raft cul-
tures (Blanton et al. 1992; Halbert et al. 1992; Wood-
worth et al. 1992; Cheng et al. 1995). These studies
showed that high-risk and to a lesser extent also low-risk
HPV E7 proteins are capable of inducing expression of
proliferating cell nuclear antigen (PCNA) and reactivat-
ing cellular DNA synthesis in the suprabasal, differenti-
ated cells of epithelial raft cultures. Interestingly, the
differentiation program was not altered markedly in
these rafts. Histologically, HPV E7-expressing raft cul-
tures were reminiscent of high-risk HPV-positive squa-
mous intraepithelial lesions (SIL) where there is an ex-
pansion of poorly differentiated suprabasal cells but dif-
ferentiation is still observed in the upper strata of the
lesion (Blanton et al. 1992; Cheng et al. 1995). Although
these studies suggested that the E7 protein is capable of
reactivating the cellular replication machinery, the un-
derlying molecular mechanism remained unknown. The
ability of HPV-16 E7-expressing cells to override a vari-
ety of negative growth regulatory signals has been well
documented. This includes the abrogation of transform-
ing growth factor B (TGFB)-mediated growth inhibition,
p53-mediated G, growth arrest, and cell cycle with-
drawal during terminal differentiation (Vousden et al.
1993; Demers et al. 1994, 1996; Hickman et al. 1994;
Slebos et al. 1994).

Whereas the differentiation-specific expression of
structural proteins, such as the keratins and cornified
envelope proteins, has been studied extensively in squa-
mous epithelial cells (for review, see Fuchs 1993), the
basic mechanisms that drive the differentiation program
in keratinocytes are less well understood. Recent studies
with murine keratinocytes have focused on the elucida-
tion of mechanisms that couple cellular differentiation
to the control of the cell division cycle. These studies
have demonstrated that the cyclin-dependent kinase in-
hibitors (CKIs) p21<'** and p27¥** each have a role in
this process. The levels of these CKls increase during
cellular differentiation resulting in a cell cycle arrest.
The induction of p21<'P* is through a p53-independent
pathway and involves p300 (Missero et al. 1995, 1996).
Similar results were obtained in differentiating human
keratinocytes and the major initial kinase target of the
CKiIs induced during keratinocyte differentiation is cyc-
lin-dependent kinase 2 (cdk2) (R.M. Alani, J. Hasskarl,
and K. Munger, in prep.).

In this study we propose a mechanism whereby HPV-
16 E7 is able to uncouple cellular proliferation and dif-
ferentiation in human keratinocytes by targeting
p21<iP, HPV-16 E7-expressing keratinocytes show de-
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layed cellular differentiation and elevated cdk2 kinase
activity despite high levels of p21<'** and association of
p21°iPt with cdk2. We demonstrate that HPV-16 E7 can
abrogate p21©P1-mediated cdk2 inhibition and can exist
in complexes that contain p21<"*, Because induction of
p21°* during keratinocyte differentiation is a p53-inde-
pendent process (Missero et al. 1995), it is not targeted by
the HPV EG6 protein. Based on these results we suggest a
model whereby abrogation of p21<**-mediated inhibi-
tion of cdk2 activity by the HPV E7 protein is a vital step
that leads to the uncoupling of the processes of cellular
differentiation and proliferation in HPV-infected kera-
tinocytes. This function of HPV E7 may allow HPV rep-
lication in cells that have normally withdrawn from the
cell division cycle.

Results

Cellular proliferation and differentiation
are uncoupled in HPV-16 E7-expressing
human keratinocytes

Primary cultures of human foreskin Kkeratinocytes
(HFKs) were infected with an HPV-16 E7-expressing
LXSN-based retrovirus (Halbert et al. 1991) or the paren-
tal LXSN virus (Miller and Rosman 1989) as a control.
Infected cells were obtained by G418 selection in low-
calcium-containing, serum-free growth medium and
subsequently treated with medium containing 2 mm cal-
cium and 10% fetal bovine serum. Under these condi-
tions, monolayer cultures of keratinocytes undergo a dif-
ferentiation program that is similar to that observed in
stratified squamous epithelia in vivo (Pittelkow et al.
1986; Schlegel et al. 1988). Although this system does
not recapitulate the three dimensional architecture of
the skin, it is possible to biochemically analyze cells at
distinct phases of keratinocyte differentiation by stan-
dard methods, which is not feasible with raft cultures.
Following 72 hr of treatment with differentiation me-
dium, cells infected with the control LXSN virus dis-
played features typical of differentiated keratinocytes in-
cluding cellular flattening, enlargement, and increased
desmosomal contacts (Fig. 1A,B). In contrast, focal areas
of morphologically poorly differentiated, small angular
cells were observed frequently in cultures of HPV-16 E7-
expressing keratinocytes under differentiation condi-
tions (Fig. 1C,D). These phenotypic differences indicated
that cellular differentiation was reduced in HPV-16 E7-
expressing HFKs compared with normal cells. To deter-
mine whether these conclusions could be confirmed on a
molecular basis, cell extracts were prepared from undif-
ferentiated and differentiated HFKs expressing HPV-16
E7 and compared with matched control cells that were
infected with the parental virus. Expression of keratin 10
and the cornified envelope protein involucrin was ana-
lyzed to assess keratinocyte differentiation. In normal
cells, increased expression of involucrin and keratin 10
was observed at 24 and 72 hr after induction of differen-
tiation. In the HPV-16 E7-expressing Keratinocytes, the
induction of these markers was delayed (Fig. 2A). We
also examined the expression of differentiation markers
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Figure 1. Photomicrographs of undifferentiated (A) and differ-
entiated (B) human keratinocytes, and undifferentiated (C) and
differentiated (D) HPV-16 E7-expressing keratinocytes.

in HPV-16 E6- and HPV-16 E6/E7-expressing keratino-
cytes. We found that the rate of induction of differentia-
tion markers in HPV-16 E6-expressing keratinocytes was
identical to that of matched control cells, whereas E6/
E7-expressing cells exhibited a delayed expression of dif-
ferentiation markers similar to HPV-16 E7-expressing
keratinocytes (data not shown). We next studied the ex-
pression of proteins that are expressed typically in divid-
ing cells such as PCNA and hyperphosphorylated forms
of pRB. As shown in Figure 2A, the levels of PCNA ex-
pression were higher in E7-expressing keratinocytes than
in normal keratinocytes at all time points. In agreement
with the ability of HPV E7 to destabilize pRB, the overall
levels of this protein were lower in E7-expressing cells
than in the control cells; however, the relative levels of
hyperphosphorylated pRB was higher in E7-expressing
cells than in the parental cells at 72 hr after induction of
keratinocyte differentiation (Fig. 2A). These results sup-
port the notion that expression of HPV-16 E7 in human
keratinocytes results in sustained elevated proliferation
in differentiating keratinocytes.

cdk2 activity is high in E7-expressing, differentiating
keratinocytes despite association with p21<'P*

Previous studies have shown that expression of multiple
CKls, including p21<'P* and p27X*!, is induced during
keratinocyte differentiation (Missero et al. 1995, 1996;
R.M Alani, J. Hasskarl, and K. Munger, in prep.). The
levels of p21<'** were considerably higher in HPV-16 E7-
expressing keratinocytes compared with matched con-
trol cells at 24 and 72 hr after induction of differentiation
(Fig. 2B). The induction of p27¥** was unaltered in E7-
expressing cells compared with matched control cells
(data not shown). Because previous studies had impli-
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cated cdk? as the primary, initial target for inhibition by
CKiIs induced during cellular differentiation (Missero et
al. 1995; R.M Alani, J. Hasskarl, and K. Munger, in prep.),
we analyzed the association of p21©** with cdk2. High
levels of p21©*** in association with cdk2 were detected
in E7-expressing keratinocytes at 24 and 72 hr after ke-
ratinocyte differentiation. Association of p21°P! with
cdk?2 was also detected in matched control keratinocytes
but the levels were much lower (Fig. 2B). Next we com-
pared the modulation of cdk2 activity during differentia-
tion of control keratinocytes and HPV-16 E7-expressing
keratinocytes. The activity of cdk2 decreased during dif-
ferentiation in control keratinocytes and was very low at
72 hr after induction of differentiation. Surprisingly,
however, cdk2 remained active in HPV-16 E7-expressing
keratinocytes despite association with p21©"™?* (Fig. 2B).
This was observed in multiple experiments. Induction of
p21°iPt was also detected in E6/E7-expressing keratino-
cytes and, like in E7-expressing cells, the activity of cdk2
during differentiation remained high in these cells (data
not shown). The levels of cyclin E and cdk2 were ap-
proximately twofold increased in E7-expressing cells
compared with matched control keratinocytes (data not
shown).

HPV-16 E7 abrogates p21<'**-mediated inhibition of
cyclin A- and cyclin E-associated kinase activity

It has been reported that HPV-16 E7 can interact with
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Figure 2.  (A) Immunoblot analysis of markers of cellular dif-
ferentiation (Involucrin; Keratin 10) and proliferation (prolifer-
ating cellular nuclear antigen, PCNA; retinoblastoma tumor
suppressor protein, pRB) in keratinocytes infected with a con-
trol virus (LXSN) or an HPV-16 E7-expressing retrovirus (E7) at
0, 1, 6, 24, and 72 hr after induction of differentiation. (B) Analy-
sis of p21€P1, expression, p21°P! association with cdk2, and
histone H1 (HH1) kinase activity associated with cdk2 at 0, 24,
and 72 hr after induction of differentiation. To allow for quan-
titative comparisons, the different panels of LXSN and E7-ex-
pressing keratinocytes shown in this figure are derived from
identical exposures of the same gel.
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cyclins A and E and a histone H1 kinase activity (Dyson
et al. 1992; Davies et al. 1993; Tommasino et al. 1993).
Although not conclusive, there is evidence to suggest
that this interaction is mediated through the ability of
E7 to associate with the pRB family member, p107
(Mclintyre et al. 1996). Therefore, we wanted to deter-
mine whether the presence of E7 in a complex with these
cyclins might alter the associated kinase activities or the
susceptibility of these kinases to inhibition by p21©P®,
Cyclin A was immunoprecipitated from the human my-
eloid leukemia cell line, ML-1, and associated kinase ac-
tivity was assayed using histone H1 as a substrate. When
recombinant HPV-16 E7 fused to glutathione-S-transfer-
ase (GST-16E7) was titrated into the kinase assay, no
effect was seen on cyclin A-associated kinase activity
(Fig. 3A, lanes 1,3,4,5,6), whereas addition of GST
p21<'P* led to substantial inhibition of cyclin A-associ-
ated kinase activity (Fig. 3A, lane 2). When GST-16E7
was titrated into the kinase assay in the presence of
p21<P* concentration-dependent recovery of kinase ac-
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Figure 3. HPV-16 E7 can overcome p21°Pl-mediated inhibi-
tion of cyclin A- and cyclin E-associated histone H1 kinase ac-
tivity in vitro. Cyclin A-associated (A,B) and cyclin E-associated
(C) protein kinases were immunoprecipitated from the human
myeloid leukemia cell line ML-1 and kinase assays were per-
formed in the absence (-) or presence (+) of 2 pg of purified
GST-p21€iP* using histone H1 as a substrate. Increasing
amounts of purified GST-16E7 (0.4, 1.1, 4.4, and 6.6 ug) (A,C) or
the pRB-binding deficient mutant GST-16E7A21-24 (0.4, 1.1,
4.4, and 6.6 pg) (B) were titrated into the reaction. As a control,
purified unfused GST (1.1, 4.4, and 6.6 pg) was added. Quanti-
tations are shown underneath each assay.
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tivity was observed (Fig. 3A, lanes 2,6,7,8,9). Approxi-
mately 80% of the initial kinase activity was recovered
by addition of HPV-16 E7. No recovery of kinase activity
was detected when unfused GST was incubated with cy-
clin A-associated kinases in the presence of p21<'** (Fig.
3A, lanes 2,11,12,13). Because the ability of E7 to asso-
ciate with kinase complexes is thought to be attribut-
able, in part, to its ability to associate with p107 (Mcln-
tyre et al. 1996), we also tested the ability of a pRB- and
p107-binding deficient, transformation negative mutant
of E7 (HPV-16 E7 A21-24) for its ability to abrogate the
inhibitory effects of p21<'** in this assay. This mutant
was reduced in its ability to abrogate the inhibitory ef-
fects of p21©P on cyclin A-associated kinase activity
(Fig. 3B).

The results presented in Figure 2B showed that cdk?2
activity remained high in E7-expressing, differentiating
HFKs despite increased levels of p21<"** and association
of the CKI with cdk2. cdk?2 associates with multiple cy-
clin partners, including cyclins A and E, both of which
are important for the initiation of and progression
through the synthesis phase of the cell division cycle (for
review, see Pines 1993). Therefore, we wanted to deter-
mine if HPV-16 E7 was capable of counteracting p21<*P*-
mediated inhibition of cyclin E-associated kinase activ-
ity as well. As was seen for cyclin A-associated kinase
activity, addition of GST-16E7 had no effect on cyclin
E-associated kinase activity (Fig. 3C, lanes 1,3,4,5,6).
However, addition of GST-16E7 to a cyclin E-associated
kinase assay in the presence of p21<"®?! led to a signifi-
cant abrogation of the ability of p21<'P* to inhibit kinase
activity. (Fig. 3C, lanes 2,7,8,9,10). As before, addition of
GST alone had no effect on kinase activity (Fig. 3C, lanes
2,11,12,13). The ability of E7 to abrogate p21<'P* activity
was consistently higher when cyclin E-associated kinase
activity was assayed, and up to 100% of the initial kinase
activity was recovered by addition of HPV-16 E7. These
results demonstrate that HPV-16 E7 can counter the in-
hibitory activity of p21©"** on cyclin A- and cyclin E-
associated kinases in vitro.

HPV-16 E7 can associate with p21<P*

Because E7 can abrogate the inhibitory effects of p21<iP?,
we wanted to ascertain whether or not E7 was capable of
existing in complexes with p21<*2. Insect cells were in-
fected with recombinant baculoviruses expressing wild-
type HPV-16 E7 or mutant E7 proteins (Fig. 4A). The
HPV-16 E7 A6-10 mutant contains a deletion in the ad-
enovirus (Ad) conserved region 1 homology domain
within the amino terminus of E7. This mutant of E7 is
transformation deficient, yet is still capable of interact-
ing with pRB family members (Phelps et al. 1992). The
pRB-binding-deficient HPV-16 E7 A21-24 mutant ana-
lyzed in the cyclin A-associated kinase assay (Fig. 3B)
was described above. The HPV-16 E7 A35-37 mutant has
a deletion in an acidic casein kinase Il consensus phos-
phorylation site adjacent to the pRB-binding domain.
This mutant is transformation competent and retains
wild-type pRB-binding properties (Phelps et al. 1992).
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Figure 4. Complex formation of HPV-16 E7 and p21€*! in
vitro. (A) Schematic representation of HPV-16 E7 and the mu-
tants used for these experiments. (B) Radioactively labeled
p21CP1 protein was synthesized by in vitro transcription/in
vitro translation in the presence of **S-methionine and mixed
with insect cell lysates containing the wild-type HPV-16 E7
protein (E7), or each of three mutant E7 proteins (A6-10; A21-
24; A35-37). Extracts from cells infected with wild-type bacu-
lovirus (vector) were used as a negative control. HPV-16 E7/
p21°P1 complexes were purified by immunoprecipitation with
an E7-specific monoclonal antibody that recognizes an epitope
outside of the mutated domains of E7 (clone 7F3; obtained from
Ciba-Corning Diagnostics) and analyzed by SDS-PAGE and
fluorography. The signal of p21©"** in complex with wild-type
E7 corresponds to [6% of the input protein. (C) HPV E7 or each
of three mutant E7 proteins (A6-10; A21-24; A35-37) were syn-
thesized by in vitro transcription/in vitro translation and mixed
with GST-p21 or GST. Complexes were purified by affinity
chromatography with glutathione-Sepharose followed by SDS-
PAGE and bound E7 was detected by fluorography. The signal of
wild-type E7 in complex with GST—p21 corresponds to (5% of
the input protein. cdk2 was used as a positive control and bound
to p21CPt at an efficiency of [(20%.

Equal expression of the HPV-16 E7 proteins were verified
by immunoblot analysis (data not shown). Insect cells
infected with these recombinant baculoviruses were
lysed, and protein extracts were incubated with in vitro
synthesized, radioactively labeled p21<"*. Immunopre-
cipitations with an E7-specific monoclonal antibody
showed that p21°! was coimmunoprecipitated effi-
ciently with wild-type HPV-16 E7, HPV-16 E7 A6-10,
and HPV-16 E7 A35-37 and less efficiently with HPV-16

Inactivation of p21©P* by HPV-16 E7

E7 A21-24 (Fig. 4B). This correlates with the reduced
ability of this mutant of E7 to abrogate the inhibitory
effects of p21<"** toward cyclin A- and cyclin E-associ-
ated kinases.

The results of these binding experiments were con-
firmed using bacterially produced, purified GST fusion
proteins and equal amounts of radioactively labeled pro-
teins generated by in vitro transcription/in vitro trans-
lation. Approximately 5% of the input 3°S-labeled HPV-
16 E7 protein was seen to bind GST-p21°iP! (Fig. 4C).
The binding of HPV-16 E7 A6-10 and HPV-16 E7 A35-37
to p21©"™* was similar, whereas the HPV-16 E7 A21-24
mutant of E7 bound to p21<'** with reduced efficiency
(Fig. 4C). In comparison, [20% of the input 3°S-labeled
cdk2 bound to GST-p21<®! (Fig. 4C). In the reverse ex-
periment, *°S-labeled p21©** was found to bind GST-
HPV-16 E7, whereas the HPV-16 E7 A21-24 mutant of E7
bound to p21€P! with reduced efficiency (data not
shown). Although binding of HPV-16 E7 A21-24 to
p21<** was reduced, when this mutant was used in
binding experiments with pRB, it was completely nega-
tive (Munger et al. 1989). Because all of the amino-ter-
minal mutants tested here retain some ability to bind to
p21<'** the data suggest that the carboxyl terminus of
E7 as well as sequences in the pRB-binding site may be
important for interacting with p21<'*,

Low-risk HPV-6 E7 _has a decreased abilit_y to
associate with p21©"* and abrogate p21©**-mediated
cdk2 inhibition

Because low-risk HPVs are faced with many of the same
biological challenges as the high-risk HPVs with regards
to viral replication, we wanted to determine if the low-
risk HPV-6 E7 protein could also interact with p21<'t,
Using a bacterially produced, purified GST-HPV-6 E7
fusion protein and in vitro transcribed/translated
p21°'Pt it was seen that HPV-6 E7 could interact with
p21<'*t albeit with a significantly reduced efficiency
when compared with the high-risk HPV-16 E7 (Fig. 5A).
Addition of GST-HPV-6 E7 to a cyclin E-associated Ki-
nase assay in the presence of p21<"?* led to concentra-
tion-dependent recovery of kinase activity. Although up
to 95% of the initial kinase activity was recovered by
HPV-6 E7, approximately fivefold higher concentrations
of HPV-6 E7 were required (Fig. 5B) in comparison to the
amount of HPV-16 E7 necessary for recovery of maximal
activity (Fig. 3A). These results suggest that HPV-6 E7
has a decreased ability to abrogate the inhibitory effects
of p21<'Pt,

The HPV-16 E7 protein associates with p21<'** in
E7-expressing human keratinocytes

To ascertain whether or not the association between
HPV-16 E7 and p21°'P* detected in vitro could be physi-
ologically relevant, we wanted to determine if such com-
plexes could be detected in the primary host cells of
HPVs, human keratinocytes. Because we had shown pre-
viously that HPV E7-expressing, differentiating human
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Figure 5. The low-risk HPV-6 E7 protein can bind to p21¢ir*
and overcome p21°"P-mediated inhibition of cyclin E-associ-
ated histone H1 kinase activity. (A) Radioactively labeled
p21CP1 protein was synthesized by in vitro transcription/in
vitro translation in the presence of [**S]-methionine and mixed
with purified GST-16 E7, GST-6 E7 or unfused GST as a control.
Complexes were analyzed by glutathione-sepharose affinity
chromatography, SDS-PAGE, and fluorography. The signal of
p21°"P* in complex with wild-type HPV-16 E7 corresponds to
(5% of the input protein. (B) Cyclin E-associated protein ki-
nases were immunoprecipitated from the human myeloid leu-
kemia cell line ML-1 and kinase assays were performed in the
absence (-) or presence (+) of 2 pg of purified GST-p21<"** using
histone H1 as a substrate. Increasing amounts of purified GST-6
E7 (0.4,1.1, 4.4, and 6.6 ug) were titrated into the reaction. As a
control, purified unfused GST (1.1, 4.4, and 6.6 pg). Quantita-
tion is shown underneath.

keratinocytes possess active cdk2 bound to p21<™* (Fig.
2B), we performed coupled immunoprecipitation/immu-
noblot experiments using lysates from such cells. Ly-
sates prepared from matched sets of vector-infected ke-
ratinocytes were used as controls. HPV-16 E7 was cop-
recipitated with a p21©"*-specific antibody (Fig. 6A). In
addition, p21©'"** was coprecipitated with an E7 mono-
clonal antibody specifically from HPV-16 E7 expressing
keratinocytes (Fig. 6B). These results show that HPV-16
E7 and p21©'** can be in a complex in differentiating
human keratinocytes.

Discussion

As a consequence of their restricted genome size, the
small DNA tumor viruses do not encode many enzymes
that are rate limiting for viral DNA replication and,
therefore, have to appropriate host cellular components
to replicate their own genomes. This constitutes a par-
ticular challenge for the HPVs whose life cycle is inti-
mately linked to the differentiation status of the host
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cell. HPVs initially infect the replicative basal cells of
the epithelium but full vegetative replication, including
expression of the viral capsid proteins, can only occur in
the terminally differentiated strata of the infected epi-
thelium (for review, see Howley 1996). These cells have
normally withdrawn from the cell cycle. Therefore,
HPVs need to reactivate cellular DNA synthesis and/or
maintain the infected host cell in a replication-compe-
tent state without blocking the actual process of kera-
tinocyte differentiation. To uncouple cellular prolifera-
tion and differentiation, viral proteins target molecules
that link these two processes. Previous studies with ep-
ithelial raft cultures have demonstrated that HPV E7 but
not E6 is able to reactivate cellular proliferation in su-
prabasal keratinocytes. Despite a dramatic increase in
cellular DNA synthesis, the pattern of keratinocyte dif-
ferentiation was not significantly altered in E7-express-
ing keratinocytes (Blanton et al. 1992; Cheng et al. 1995).
Therefore, HPV E7 but not E6 is able to uncouple cellular
differentiation and proliferation in keratinocytes. We
used a simple monolayer system of human keratinocyte
differentiation (Pittelkow et al. 1986; Schlegel et al.
1988) (Fig. 1) to investigate the molecular changes that
occur when HPV E7 is expressed in differentiating kera-
tinocytes (Fig. 2). Our goal was to identify cellular mol-
ecules that are targeted by the E7 protein to derail the
tight coupling of cellular proliferation and differentia-
tion in keratinocytes. It has been shown previously that
the CKI p21€'P* has an important role in linking differ-
entiation and proliferation in multiple cell types (Jiang et
al. 1994; Steinman et al. 1994; Guo et al. 1995; Halevy et
al. 1995; Macleod et al. 1995; Parker et al. 1995; Mat-
sumura et al. 1997), including keratinocytes (Missero et
al. 1995, 1996). Induction of p21<'** is an early event
during keratinocyte differentiation, is independent of
p53-induction, and results in the specific inhibition of
cdk2 activity (Missero et al. 1995, 1996; R.M. Alani, J.
Hasskarl, and K. Munger, in prep.). HPV-16 E7-express-
ing Kkeratinocytes express relatively high levels of
p21°Pt and the activity of cdk2 is high despite associa-
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Figure 6. Coimmunoprecipitation of HPV-16 E7 and p21<** in
E7-expressing keratinocytes. (A) Immunoprecipitations were
performed with E7-specific (left) and p21<*-specific (right) an-
tibodies, resolved by SDS-PAGE and followed by immunoblot
analysis with an E7-specific monoclonal antibody. (B) Immuno-
precipitation was performed with a p21°P*-specific (left) or an
E7-specific (right) antibody, resolved by SDS-PAGE and fol-
lowed by immunoblot analysis with a p21©***-specific antibody.
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tion with p21<'** (Fig. 2B). This is not only observed in
differentiating human keratinocytes but is a general
characteristic of E7-expressing cells (data not shown).
Our results demonstrate that the HPV E7 protein can
associate with p21<'** (Figs. 4 and 6) and abrogate its
ability to inhibit the activities of cyclin/cdk complexes
(Fig. 3). A mutant of HPV-16 E7, which is unable to bind
to pRB or p107 (HPV-16 E7 A21-24) (Munger et al. 1989;
E. Blom and K. Munger, unpubl.), is decreased in its abil-
ity to associate with and abrogate the inhibitory activity
of p21<'P, suggesting that this region of E7 encompasses
the p21©*P1-association domain. However, because all of
the HPV-16 E7 mutants had an intact carboxyl terminus
and retained at least some partial binding activity, this
suggests that the interaction between E7 and p21€P?
may involve multiple regions. The low-risk HPV-6 E7
protein, which has a reduced ability to bind to pRB fam-
ily members (Munger et al. 1989; Ciccolini et al. 1994),
also had a reduced ability to interact with and reactivate
p21<PLinhibited cyclin E-associated Kkinase activity
(Fig. 5). This is consistent with the greatly reduced abil-
ity of HPV-6 E7 to reactivate DNA synthesis in su-
prabasal keratinocyte in raft cultures (Halbert et al. 1992;
Demers et al. 1996).

Based on these results we propose a model where in-
teraction with the CKI p21©'** and its functional abro-
gation contribute to the ability of HPV E7 to reestablish
and/or sustain elevated cdk?2 activity in differentiating
keratinocytes (Fig. 2) to allow for viral replication. The
interaction of viral oncoproteins with CKls has some
precedent. The tax protein of the human T-cell leukemia
virus type 1 (HTLV1) can bind to the CKI p16'™<4* (Su-
zuki et al. 1996; Low et al. 1997) and both Ad E1A and
HPV-16 E7 can interact with p27<*1 (Mal et al. 1996;
Zerfass-Thome et al. 1996). Because p27<"* is involved
in mediating cell cycle inhibition in response to growth
inhibitory molecules such as TGFB (for review, see
Polyak 1996), targeting p27*"** may be important for the
ability of these viral oncoproteins to overcome TGFB-
mediated growth inhibition (Laiho et al. 1990; Pietenpol
et al. 1990; Demers et al. 1996). Moreover, p27<P? is also
induced during keratinocyte differentiation (Missero et
al. 1996), and it is conceivable that the ability of E7 to
interact with p27<i** in addition to p21©*%, contributes
to the ability of HPV E7 to reactivate cellular DNA syn-
thesis in differentiated keratinocytes.

The tumor suppressor p53 can directly activate tran-
scription of p21<P* (El-Deiry et al. 1993; Harper et al.
1993; Xiong et al. 1993) and, therefore CKI is an impor-
tant mediator of p53-associated G, growth arrest. The
high-risk HPV E6 proteins can interact with and induce
the proteasome-mediated degradation of p53 (Scheffner
et al. 1990; Werness et al. 1990), resulting in the abroga-
tion of the p21<'**-mediated growth arrest signal sent by
p53 (Kessis et al. 1993; Foster et al. 1994; Gu et al. 1994).
Because E6 and E7 are generally coexpressed in a viral
infection or during HPV-associated carcinogenic progres-
sion, the ability of high-risk HPV E7 to overcome a
p21€Pl-mediated growth inhibition may be less signifi-
cant in those cases, such as DNA damage, where signifi-
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cant increases of p21<'"* are triggered by p53 as the high-
risk HPV EG6 protein can induce p53 degradation and
dampen the p53 response. During keratinocyte differen-
tiation, p21°?* is induced by a p53-independent path-
way (Missero et al. 1995), and the induction of p21©** is
not abrogated by HPV E6 (data not shown).

We have analyzed recently the actinomycin D-in-
duced, p53-mediated, DNA damage signal transduction
pathway in E7-expressing clones of the RKO colon car-
cinoma cell line. We found that p21°"®* was induced
rapidly in both parental and E7-expressing RKO cells and
that cyclin A- and cyclin E-associated kinases were in-
hibited in both normal and E7-expressing cells (Jones and
Munger 1997). This may seem to be at odds with the
model we propose here, namely that HPV E7 can bind to
p21<'P* and abrogate its inhibitory activity. However, it
has been noted that although E7 can bind to cyclin A,
cyclin E, and a histone H1 kinase activity, the antibodies
used for the kinase assays in this study did not detect
E7-containing kinase complexes (Mclntyre et al. 1996;
Jones and Munger 1997). Consequently, these analyses
failed to include E7-containing kinase complexes. In sup-
port of our current model we found, in agreement with a
recent study (Hickman et al. 1997), that HPV E7-associ-
ated kinase activity did not markedly change and re-
mained high after DNA damage (Jones and Mdunger
1997). These findings further support the current model
that the subpopulation of E7-containing kinases is less
susceptible to inhibition by p21<iP?,

The small DNA tumor viruses have evolved multiple
strategies for sustaining cellular proliferation in the pres-
ence of anti-proliferative signals, which reflects the re-
quirements of these viruses to stimulate cellular DNA
synthesis to replicate their own genomes. One common
mechanism used by these viruses is targeting the tumor
suppressor proteins pRB and p53. But while the SV40 and
adenovirus oncoproteins interact with and sequester the
p53 and pRB tumor suppressors, the high-risk HPV-16 E6
and E7 oncoproteins employ nonstoichiometric mecha-
nisms and can destabilize p53 and pRB, respectively
(Scheffner et al. 1990; Demers et al. 1994; Boyer et al.
1996; Jones and Munger 1997). Furthermore, each of
these viruses has also evolved additional, unique ways of
abrogating cellular negative growth regulatory pathways.
Most notably, both Ad E1A and SV40 TAg, but not the
HPV oncoproteins, can target p300 and CBP (Eckner et
al. 1994, 1996; Arany et al. 1995), a family of transcrip-
tional coactivators with histone acetyltransferase activi-
ties (Bannister and Kouzarides 1996; Ogryzko et al. 1996;
Yang et al. 1996), which has an important role in differ-
entiation (for review, see Eckner 1996). Because p300 has
a role in the transcriptional induction of p21<"?*, accu-
mulation of p21<*** during cellular differentiation is ab-
rogated by the Ad E1A protein (Missero et al. 1995; Bil-
lon et al. 1996). Similarly, the Ad E1A protein can block
transcriptional induction of the CKls p21°"%!* and
p15'"k4B in response to TGFB (Datto et al. 1997). This
activity also depends on the integrity of the p300-binding
site on Ad E1A (Missero et al. 1995). Therefore, whereas
earlier work highlighted the similarities in the mecha-
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nism of action of the oncoproteins of DNA tumor vi-
ruses, more recent studies have shown that these pro-
teins have evolved to employ distinct strategies to inter-
fere with the normal functions of their cellular targets.
These differences may provide insights as to why lesions
caused by high-risk HPVs have a much higher incidence
of malignant progression in comparison with those
caused by adenoviruses or polyomaviruses.

In conclusion, we believe that the ability of HPV E7 to
interact with and interfere with p21°**-mediated inhi-
bition of cdk complexes has a vital role in maintaining a
replication competent milieu in suprabasal keratino-
cytes that would have normally withdrawn from the cell
division cycle. As a recent study showed that multiple
domains of E7 are required for the induction of su-
prabasal DNA replication in keratinocytes (Demers et al.
1996), it is likely that targeting of p21<'** is not the only
mechanism that contributes to this activity of E7. In
addition, levels of cyclin E, cyclin A, and cdk2 are some-
what increased, and the steady-state levels of pRB are
dramatically reduced in E7-expressing cells. Future stud-
ies will be focused on delineating the contributions of
each of these molecular targets for viral replication and
HPV-associated carcinogenesis.

Materials and methods
Cell culture

Monolayer cultures of primary HFKs were prepared from a pool
of neonatal foreskins obtained from routine circumcisions
(Rheinwald and Beckett 1981). Keratinocytes were isolated us-
ing dispase incubation of foreskin tissue to allow for dermal-
epidermal separation. Epidermal specimens were trypsinized
and plated on standard tissue culture dishes. Cells were main-
tained in serum-free keratinocyte growth medium (keratino-
cyte-SFM, GIBCO BRL). Differentiation was induced by allow-
ing for keratinocyte growth in high-calcium-containing me-
dium (2.0 mm calcium) consisting of Dulbecco’s modified Eagle
medium (DMEM; GIBCO BRL) supplemented with 10% fetal
bovine serum as described previously (Schlegel et al. 1988). Con-
fluence of cultures under growth and differentiating conditions
was regulated strictly to ensure differentiation effects were at-
tributable to the supplemented media provided as opposed to
confluence of cells, as this has been observed previously (Pou-
may and Pittelkow 1995).

Packaging cell lines (PA317) producing recombinant retrovi-
ruses LXSN, HPV-16 E6, HPV-16 E7, and HPV-16 E6/E7 were
kindly provided by Dr. D. Galloway (Halbert et al. 1991). These
cell lines were maintained in DMEM supplemented with 10%
fetal bovine serum, 50 units/ml of penicillin, and 50 pg/ml of
streptomycin, and recombinant retroviruses were prepared us-
ing standard methods (Miller and Rosman 1989). Retroviral in-
fections of primary HFKs were performed as described previ-
ously (Halbert et al. 1991; Jones and Munger 1997)

The myeloid leukemia cell line, ML-1, was a kind gift of E.
Harlow (Massachusetts General Hospital Cancer Center,
Charlestown, MA). The cells were grown in DMEM containing
10% fetal calf serum.

Hi5 and Sf9 insect cells were grown at 25°C in Grace’s Insect
cell media (GIBCO BRL).
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Antibodies and immunological methods

Monoclonal antibodies against human p21<** (CP-36, CP-68)
were gifts from B. Dynlacht (Zhu et al. 1995), and involucrin
antibodies were kindly provided by J. Kvedar (Baden and Kvedar
1993). Cdk2 (sc-163), cyclin A (BF683; sc-239, sc-293-AC), cyc-
lin E (HE-12; HE-111, sc-248 AC), PCNA (sc-56), and p27 anti-
bodies (sc-528) were purchased from Santa Cruz Biotechnolo-
gies. Keratin 10 antibodies (DE-K13) were obtained from Neo-
markers. Monoclonal antibodies against p53 (Ab-6) and pRB
(Ab-5) were purchased from Oncogene Science. The E7 mono-
clonal antibody 7F3 was kindly provided by Ciba-Corning Di-
agnostics (7F3); the other E7 antibodies have been described
previously (Jones and Munger 1997) and were obtained from
Santa Cruz Biotechnologies. Horseradish peroxidase-linked sec-
ondary antibodies were purchased from Amersham.

Human Kkeratinocytes were lysed in 250 mm NaCl, 50 mm
Tris-HCI (pH 7.5), 5 mm EDTA, 0.1% NP-40 (pH 7.5), 1 mm
dithiothreitol (DTT), 0.5 mm PMSF, 1 pug/ml of aprotinin and
leupeptin, 2 mm NaF, 0.5 mm Na Vanadate for 30 min at 0°C.
Protein samples (100 pg) were analyzed by SDS-PAGE and im-
munoblot analyses using PVDF membranes (Immobilon P, Mil-
lipore). Antigen-antibody complexes were detected by en-
hanced chemiluminescence (ECL; Amersham).

For immunoprecipitation experiments, immunocomplexes
were isolated by adding protein A-Sepharose beads (GIBCO
BRL) at 4°C for 90 min. Immunocomplexes were washed three
times in lysis buffer then evaluated as above. Experiments were
repeated several times with independent sets of keratinocyte
populations.

ML-1 cells were lysed in a 0.1% NP-40 lysis buffer (100 mm
Tris at pH 7.4, 120 mm NacCl, 0.5 mm PMSF, 1 pug/ml of apro-
tinin and leupeptin) at 0°C for 30 min.

Kinase assays

cdk2 kinase assays were performed with 100 ug of keratinocyte
lysate. Immunocomplexes were bound to protein A-Sepharose
(Pharmacia), washed three times in lysis buffer and twice in
kinase buffer (50 mm HEPES, 5 mm MnCl,, 10 mm MgCl,,
1 mm DTT at pH 7.4). Samples were then resuspended in
10 pl of kinase buffer containing 10 puCi of [y-*?P]JATP and 1 um
ATP (Pharmacia) and incubated for 30 min at 37°C in the pres-
ence of 1 pg of histone H1 (Boehringer Mannheim). Samples
were subsequently analyzed by SDS-PAGE and autoradiogra-
phy.

Cyclin A and E kinase assays were performed using immuno-
complexes prepared from 1 mg of protein extract from ML-1
cells using monoclonal antibodies conjugated to agarose beads.
Immunoprecipitations were performed for 3 hr at 0°C. The im-
munocomplexes were washed three times in 0.1% NP-40 lysis
buffer and twice in 2x kinase buffer (50 mm Tris HCI at pH 7.4,
20 mm MgCI,) and then resuspended in 2x kinase buffer supple-
mented with 1 mm DTT and 100 pm ATP (Boehringer Man-
nheim). The beads were resuspended in a volume to yield 10
ul/sample. The exogenous proteins, GST—p21°'** and GST-E7,
were then added at the desired concentrations to the immuno-
complexes. The total volume of added exogenous proteins was
held constant at 10 pl. The mixtures were incubated at 0°C for
10 min. One microgram of histone H1 (Boehringer Mannheim)
and 10 uCi of [y-*2P]JATP were added to initiate the kinase assay.
Samples were incubated for 30 min at 37°C and analyzed by
SDS-PAGE and autoradiography. Quantitation was performed
using NIH image software (v. 1.56).
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Expression plasmids

GST-p21€iP* was obtained from S. Elledge (Harper et al. 1993)
and GST-16 E7 was described previously (Wu et al. 1993). GST-
HPV-6 E7 was constructed by PCR cloning an EcoRI-BamHI
fragment containing HPV-6 E7 into pGEX-2TK (Pharmacia).
Hisg-tagged versions of HPV-16 E7, HPV-16 E7 A6-10, HPV-16
E7 A21-24, and HPV-16 E7 A35-37 were cloned into pVL1393
(Invitrogen). HPV-16 E7 in vitro transcription/translation plas-
mids have been described previously (Munger et al. 1989). Plas-
mids for in vitro transcription/in vitro translation of cdk2 and
p21€P1 were obtained from P. Hinds (Harvard Medical School,
Boston, MA) and R. Metema (Whitehead Institute, Cambridge,
MA\), respectively.

Protein expression and purification

Recombinant baculoviruses were produced by transfecting Sf9
insect cells using a commercially available kit (Baculogold kit;
PharMingen). Virus was amplified in Hi5 cells, and viral stocks
were maintained by harvesting media from infected Hi5 cells.
Protein extracts were prepared by lysing infected cells in 0.1%
NP-40 lysis buffer as described above.

Bacterial expression of GST fusion proteins was performed in
Escherichia coli strain DH5a. Protein induction using IPTG
(GIBCO BRL), cell lysis, and purification of proteins using glu-
tathione-Sepharose beads (Pharmacia) were done according to
standard methods, described previously (Wu et al. 1993). Puri-
fied GST—fusion proteins were quantitated using the Bradford
assay (Bio-Rad) and were analyzed by SDS-PAGE before use.

Protein expression by coupled in vitro transcription/in vitro
translation was performed using the TNT-coupled rabbit reticu-
locyte lysate kit (Promega).

Interaction experiments

In vitro transcribed/in vitro translated, °S-labeled p21©'** (10
pl) was mixed with 1 mg of protein extract from Hi5 insect cells
that had been infected with recombinant baculoviruses express-
ing either wild-type HPV-16 E7 or various mutants. Mixings
were performed in 67.5 mm Tris HCI, 75 mm NacCl, 0.5% NP-40
at pH 7.8 at 4°C for 1 hr. After preclearing with normal rabbit
serum, the monoclonal E7 antibody 7F3 was added. After an
additional incubation of 1 hr at 4°C, immunocomplexes were
collected using a rabbit anti-mouse secondary antibody preab-
sorbed to protein A-Sepharose. The complexes were washed and
analyzed by SDS-PAGE and fluorography.

For GST-binding experiments, 1 mg of purified fusion protein
was incubated with 10 pl of in vitro transcribed/in vitro trans-
lated, 3°S-labeled protein. Mixings were performed in 150 mm
NaCl, 50 mm Tris HCI, 0.5% NP-40 at pH 7.4 for 2 hr at 4°C.
After the incubation, glutathione-Sepharose was added and the
mixture was incubated for an additional 30 min at 4°C. The
glutathione beads were washed with mixing buffer before being
analyzed by SDS-PAGE and fluorography.

For immunoprecipitation/immunoblot analyses, 1 mg of cell
extracts were used for immunoprecipitations with p21°®* or
E7-specific monoclonal antibodies followed by immunoblot
analyses with E7 or p21©P1-specific antibodies.
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