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The E6 proteins from cervical cancer-associated human papillomavirus (HPV) types such as HPV type 16
(HPV-16) induce proteolysis of the p53 tumor suppressor protein through interaction with E6-AP. We have
previously shown that human mammary epithelial cells (MECs) immortalized by HPV-16 E6 display low levels
of p53. HPV-16 E6 as well as other cancer-related papillomavirus E6 proteins also binds the cellular protein
E6BP (ERC-55). To explore the potential functional significance of these interactions, we created and analyzed
a series of E6 mutants for their ability to interact with E6-AP, p53, and E6BP in vitro. While there was a similar
pattern of binding among these E6 targets, a subset of mutants differentiated E6-AP binding, pS3 binding, and
p53 degradation activities. These results demonstrated that E6 binding to E6-AP is not sufficient for binding
to p53 and that E6 binding to p53 is not sufficient for inducing p53 degradation. The in vivo activity of these
HPV-16 E6 mutants was tested in MECs. In agreement with the in vitro results, most of these p53 degradation-
defective E6 mutants were unable to reduce the p53 level in early-passage MECs. Interestingly, several mutants
that showed severely reduced ability for interacting with E6-AP, p53, and E6BP in vitro efficiently immortalized
MECs. These immortalized cells exhibited low p53 levels at late passage. Furthermore, mutants defective for
p53 degradation but able to immortalize MECs were also identified, and the immortal cells retained normal
levels of p53 protein. These results imply that multiple functions of HPV-16 E6 contribute to MEC immor-

talization.

Papillomaviruses induce benign epithelial cell expansions
clinically referred to as warts or papillomas. There are >80
distinct human papillomavirus (HPV) types based on differ-
ences in their DNA sequences. These variations allow a diverse
spectrum of disease: some HPV types are more frequent in
skin, while others more commonly infect mucosa. These dis-
tinctions are particularly relevant in HPV infections of the
lower genital tract and uterine cervix, where distinct types such
as HPV type 16 (HPV-16) and HPV-18, referred to as high-
risk HPVs, are associated with high-grade squamous intraepi-
thelial lesions and invasive cervical carcinomas. In contrast to
these types, low-risk HPVs such as HPV-6 and -11 are more
often found in benign intraepithelial lesions (for a review, see
reference 57). The HPV E6 and E7 genes are uniformly and
selectively expressed in cervical carcinomas and derived cell
lines, indicating that their expression is necessary for mainte-
nance of the malignant state. E6 has multiple activities in tissue
culture models that are thought to be linked to its oncogenic
activities in vivo. These include malignant transformation of
established cell lines, immortalization of primary human and
rodent cells, resistance to calcium- or serum-induced terminal
differentiation, and sensitization to or protection against apo-
ptosis (for a review, see reference 41).

How does E6 alter the growth characteristics of the epithe-
lial cell? The finding that high-risk, but not low-risk E6 pro-
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teins bind and target the tumor suppressor protein p53 for
degradation suggested that this interaction accounts for its
oncogenic properties (55). Transfection of high-risk E6 into
cells results in enhanced turnover of p53 protein and inhibition
of its transcriptional activation function (2, 3, 15, 16, 20, 26, 35,
37, 38). The interaction of E6 with p53 is mediated by the
cellular factor E6-AP. E6 binds an 18-amino-acid peptide
(amino acids 391 to 408) found near the center of E6-AP
(27-29). The E6-E6-AP complex acts as a ubiquitin-protein
ligase that results in the specific ubiquitination and degrada-
tion of p53 (46). This complex associates with the core DNA
binding domain of p53, but stabilization of binding and degra-
dation of the complexed p53 require sequences within the N
terminus of p53 (37). Other investigators have reported that
the E6 proteins bind to both the core domain and the C
terminus of p53. However, the physiological relevance of the
interaction with the C terminus of p53 remains to be deter-
mined (36). Although an E6-p53 complex in the absence of
E6-AP has been reported (17, 34, 36), degradation of p53
occurs only when both E6 and E6-AP are expressed (17).
Low-risk and cutaneous HPV EG6 proteins bind p53 weakly if at
all and are incapable of inducing its degradation.

Several cell culture systems have been employed to charac-
terize the biological properties of E6. Keratinocytes are effi-
ciently immortalized by high-risk E6 and E7 (for a review, see
reference 57). We have previously reported that HPV-16 E6
alone can immortalize primary human mammary epithelial
cells (MECs) and that the levels of p53 protein are drastically
reduced in the immortal cells (2, 3). Mutational analysis of
HPV-16 E6 demonstrated a strong correlation between p53
level reduction and immortalization (16). In contrast, low-risk
HPV-6 E6 and bovine papillomavirus type 1 (BPV-1) E6 im-
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mortalized MECs with a much lower efficiency and only after
a crisis period (2). Because HPV-6 and BPV-1 E6 do not
induce p53 degradation in vitro or in early-passage MECs (2),
immortalization may be p53 independent. However, the half-
life of p53 in the postcrisis HPV-6 or BPV-1 E6-immortalized
cells, and in all HPV-16 E6-immortalized cells, was found to
be dramatically reduced (2). Spontaneous immortalization of
MECs that express low p53 protein levels has never been
observed in our experiments. Whether HPV-6 E6 binds p53
remains controversial. BPV-1 E6 does not bind or degrade
p53, although it binds E6-AP, implying that E6-AP association
is not sufficient for p53 binding and degradation. The reduced
p53 levels in low-risk and BPV-1 E6-immortalized MECs imply
that proteolysis of p53 may occur through more than one
pathway in vivo. Furthermore, the majority of p5S3 mutations
that are able to inhibit p53-activated transcription do not in-
duce immortalization of MECs, although several p53 muta-
tions do so with low efficiency (8, 21, 23). Therefore the ability
of HPV-16 E6 to reduce p53 levels is not functionally equiva-
lent to a frans-dominant p53 mutation.

Substantial evidence indicates that high-risk HPV E6 has
p53-independent activities. In a search for additional targets,
E6 proteins have been found to bind a variety of cellular
factors, such as paxillin, AP-1, hDLG, IRF-3, Myc, hMCM7,
Bak, and E6TP-1 (22, 24, 33, 43, 51); for a review, see refer-
ence 41). We have reported that E6 proteins from high-risk
HPVs and BPV-1 bind E6BP (ERC-55) in vitro and in the
yeast two-hybrid system. A strong correlation between in vitro
E6BP binding and transformation of murine cells by a set of
BPV-1 E6 mutants was observed (12). However, the biological
relevance of the interaction between HPV-16 E6 and E6BP
remains to be determined. Recently, we have mapped the
region of E6BP that is necessary and sufficient for complex
formation with HPV-16 E6 to a 25-amino-acid domain and
found that the synthesized peptide comprising these 25 amino
acids binds calcium and folds into a classical helix-loop-helix
EF hand conformation (11). Further studies showed that 13
amino acids within the second a-helix mediated E6 association.
Alignment of this a-helical E6-binding peptide with the E6-
binding regions of other proteins, such as the 18-amino-acid
E6-binding region of E6-AP and the first LD repeat of paxillin,
revealed a consensus sequence required for E6 binding (11,
19).

While the regions in E6BP, E6-AP, and p53 necessary for
association with HPV-16 E6 have been identified (11, 29, 36,
37), there is little information on the region of E6 necessary for
these interactions. The C-terminal 11 amino acids in HPV-16
E6 are not required for p53 binding or degradation (reference
20 and our unpublished data). However, conflicting results
regarding regions in E6 required for p53 binding and degra-
dation have been reported (15, 20). To define the regions and
amino acids in HPV-16 E6 required for interactions with E6-
AP, p53, and E6BP, and to address the biological relevance of
these interactions, we analyzed a series of HPV-16 E6 mutants
for their in vitro and in vivo functions.

MATERIALS AND METHODS

Mutagenesis and DNA constructs. The construction of several HPV-16 E6
mutants has been described previously (16). Site-directed mutations were gen-
erated by a PCR-based mutagenesis method (9) with modifications to optimize
PCR conditions. Mutations were subcloned into pSP65 (Promega) and the ret-
roviral vector pLXSN (39) as PCR products by using oligonucleotides primers
containing appropriate restriction enzyme sites. Plasmids were sequenced to
confirm the presence of directed mutations. The L119R, H126C, and H126S
mutations were also subcloned into pMSI - ref (14) by replacing the BsaBI-PinAl
fragment of the wild-type E6 gene. Plasmids pl6E6SP65 and pProp53SP65 (16),
GST-E6BP-211 (12), GST-E6BPdIM (11), and GST-E6-AP and GST-E6-
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APA391-408 (29) were described previously. GST-E6BPFS™, which encodes
glutathione S-transferase (GST) fused to E6BP lacking a signal sequence, was
constructed by using a pGEX2T-derived vector, pGEX2TS (7). GST-
E6BPFS dIM was constructed by using GST-E6BPFS™ as the backbone, in
which the HindIII-Spel fragment was replaced by that of GST-E6BPdIM.

In vitro p53 degradation and ubiquitination assays. The E6 and p53 proteins
were prepared in a rabbit reticulocyte lysate (RRL) transcription-translation
system (TNT; Promega) in the presence of [**S]cysteine for E6 and [**S]methi-
onine for p53. pSP65-based constructs were used as templates for the synthesis
of E6, most of the E6 mutants, and p53, and SP6 RNA polymerase was used in
these reactions. The L119R, H126C, and H126S E6 proteins were translated
from the pMSI-based constructs (14), and T7 RNA polymerase was used. For in
vitro p53 degradation assays, approximately equal amounts of each E6 protein
and 1 pl of human p53 made in RRL were mixed in a 30-pl reaction mixture
containing 9 pl of additional RRL in 25 mM Tris-HCI (pH 7.5)-100 mM NaCl-3
mM dithiothreitol (DTT). Samples were incubated at 25 or 37°C for 3 h, 1
volume of 2X sodium dodecyl sulfate (SDS) sample buffer was added, and the
samples were boiled for 5 min. The reaction products were resolved on SDS—
12% polyacrylamide gels, dried, and visualized with a phosphorimager (Bio-
Rad). For the ubiquitination assays, equal amounts of in vitro-translated 3°S-
labeled E6 and p53 proteins were incubated under the conditions described
above except that 4 mM ATPy-S (Sigma) was included in the reaction mixture
for 30 min. The reaction mixture was then incubated with the p53-specific
monoclonal antibody pAb421 and rocked at 4°C for 30 min. The proteins were
collected on protein A-Sepharose beads, washed with LSAB (100 mM NacCl, 100
mM Tris-HCI [pH 8.0], 1% Nonidet P-40 [NP-40], 2 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride), and released from the beads by boiling in 60 mM
Tris-HCl (pH 6.8)-2% SDS-10% glycerol-1% B-mercaptoethanol for 7 min.
The beads were pelleted, the supernatant was removed and diluted with LSAB,
and immunoprecipitations were performed with an antiubiquitin antiserum (Sig-
ma). Proteins were collected on protein A-Sepharose beads, resolved on an
SDS-15% polyacrylamide gel, and visualized by autoradiography.

In vitro binding assays. The p53 and E6 binding assays were performed as
described previously (16). Briefly, 275 ng of purified p53 protein expressed in
baculovirus was incubated at 4°C with comparable amounts of in vitro-translated
35S-labeled E6 proteins in LSAB for 1 h. The mixtures were then allowed to react
with the anti-p53 monoclonal antibody pAb421 and protein A-Sepharose beads
for 1 h at 4°C. The beads were washed four times with LSAB, boiled in SDS
sample buffer, and subjected to SDS-12% polyacrylamide gel electrophoresis.
GST-E6-AP and GST-E6-APA391-401 proteins were made as described previ-
ously (29). GST-E6BP-211, GST-E6BPdIM, GST-E6BPFS™, and GST-
E6BPFS " dIM fusion proteins were made in bacteria by standard procedures
(49). Small aliquots of the fusion proteins were run on SDS-polyacrylamide gels
and stained with Coomassie blue to confirm sizes and homogeneity. Protein
concentrations were determined by the bicinchoninic acid assay (Pierce) with
bovine serum albumin as a protein standard. For E6-AP and E6BP binding
experiments, comparable amounts of each [**S]cysteine-labeled E6 protein made
in RRL were incubated with 2 pg of the GST fusion protein coupled on gluta-
thione-Sepharose beads in 250 pl of binding buffer. Lysis buffer (250 mM NaCl,
20 mM Tris-HCI [pH 7.4], 0.5% NP 40, 1 mM EDTA) (56) was used for
GST-E6BP binding, and LSAB was used for GST-E6-AP binding. All binding
buffers contained 2 mM DTT and 1 mM PMSF. The mixtures were subjected to
rotary shaking at 4°C for 3 h, and the beads were washed four times with 1 ml of
the corresponding binding buffer for each wash. The proteins associated with the
beads were then released and subjected to SDS-12% polyacrylamide gel electro-
phoresis. The gels were dried and visualized with a phosphorimager.

Yeast two-hybrid assays. The plasmid constructs and the yeast strain used for
two-hybrid analysis have been described previously (12). A subset of the site-
directed mutants of E6 were constructed in the yeast vector for the purpose of
two-hybrid assays. For quantification of B-galactosidase activity in yeast, colonies
were inoculated into selective medium containing glucose and grown as master
cultures. A fraction of the master culture was used to inoculate a culture con-
taining glucose or galactose. The cells used to inoculate the galactose culture
were pelleted and then washed with medium lacking a carbon source to avoid
glucose repression. The cultures were grown to an optical density at 600 nm of
0.9 to 1.2. The cells were then harvested and permeabilized, and the B-galacto-
sidase activity was measured by using o-nitrophenyl-B-galactoside as described
previously (25). Induction of B-galactosidase activity was determined as the ratio
of B-galactosidase activity measured in galactose medium to that measured in
glucose medium. Each mutant was assayed in one to three independent exper-
iments. In each experiment, two representative transformants of each mutant
were assayed.

Analysis of p53 and E6 in MECs. The pLXSN-based constructs expressing E6
or mutants were introduced into the amphotrophic packaging cell line PA317
(kindly provided by D. Galloway and A. D. Miller) by calcium phosphate pre-
cipitation (10). The virus stocks were made in DFCI-1 medium, and titers were
determined on the radiation-immortalized MEC line 76R-30 (53). The deriva-
tion and culture of the normal epithelial cell strain 76N from reduction mam-
moplasty in DFCI-1 medium has been described previously (4). 76N cells (10° to
10°/100-mm-diameter dish) were plated in DFCI-1 medium 18 h before infec-
tion. Cells were infected with retroviral stocks, selected with G418, and expanded
in DFCI-1 medium. Early-passage cells (passage 2 or 3) were divided for p53
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protein analysis by Western blotting (53) with the anti-p53 monoclonal antibody
pAb1801 or for selection of immortal clones by propagation in D2 medium (4, 5).
Late-passage immortalized cells were also subjected to Western blot analysis as
described above. For immunoprecipitation of the E6 proteins, the radiation-
immortalized MEC line 76R-30 (53) was infected with retroviruses expressing
each E6 gene. After selection in G418, the cells were labeled with [*>S]cysteine,
immunoprecipitations were performed as described previously (1), and the gels
were analyzed with a phosphorimager.

For DNA sequencing, 1 pg of total cellular RNA from the HPV-16 E6
mutant-immortalized cell lines (F2V II or Y54H I) was used as a template to
synthesize cDNA by using SuperScript II reverse transcriptase and an oligo(dT)
primer (Gibco BRL). A pair of primers spanning the entire coding region of p53
and internal primers were used to generate p53-specific PCR products. The
reverse transcription-PCR products were subjected to automatic DNA sequenc-
ing. The E6-coding region was amplified by PCR with genomic DNA isolated
from E6 mutant-immortalized MECs as a template and primers spanning the
entire coding region of E6. The PCR products were then subjected to automatic
DNA sequencing.

Actinomycin D-induced resp in i talized MECs. For G, arrest,
late-passage MECs were seeded in D medium at 2.5 X 10° per well in a six-well
plate. The next day, cells were left untreated or were treated with 0.5 nM
actinomycin D. Twenty-four hours later, cells were harvested, fixed in 70%
ethanol, stained with propidium iodide, treated with RNase A, and analyzed on
a FACScan flow cytometer (Becton Dickinson). Cell cycle analysis was per-
formed by using ModFit software (Becton Dickinson), and the G;-to-S ratios
were calculated.

For the p53-specific response assay, late-passage MECs were seeded in D
medium at 2 X 10° per 35-mm-diameter culture dish on the day before trans-
fection. Duplicate cultures were transfected with 1 ug of p53-responsive lucif-
erase reporter pPG, a modified version of PG5-CAT (30), along with 0.3 ng
each of pGreenLantern (green fluorescence protein) and pcDNA3.1/His3/LacZ
(B-galactosidase) reporters by calcium phosphate precipitation (10). At 40 h
posttransfection, cells were left untreated or were treated with 0.5 nM actino-
mycin D for 24 h. Luciferase (Promega) and 3-galactosidase (Tropix) assays were
performed with cell extracts according to the manufacturer’s instructions, and
enzymatic activities were measured with a luminometer (MGM Instruments,
Inc.). B-Galactosidase activities were used to correct luciferase activities by
normalizing transfection efficiency.

RESULTS

Mutagenesis of HPV-16 E6. We have previously character-
ized a series of HPV-16 E6 mutants for p53 binding and deg-
radation and for the ability to immortalize MECs (16). In the
present study, 22 additional HPV-16 E6 mutants were gener-
ated and analyzed for E6-AP and E6BP binding. The majority
of E6 mutants were generated by site-directed mutagenesis.
Targeted amino acids were selected from those (i) conserved
among genital HPV types, such as Arg 124 and Gly 134; (ii)
conserved among genital HPV types and BPV-1, such as His
118; (iii) unique to high-risk HPV types, such as Phe 2, Tyr 54,
Gln 107, Leu 119, Asp 120, His 126, Asn 127, Ile 128, and Gly
130; and (iv) common to multiple papillomavirus types listed
by Cole and Danos (13), such as Glu 114 and Phe 125 (Table
1). In addition, a randomly mutagenized E6 library was
screened by the yeast two-hybrid system to identify E6BP-
binding-defective mutants. Two single missense mutations,
L37S and L110Q, were identified from this screen. In this
nomenclature, L.37S and L110Q represent changes of the nor-
mally found leucines at amino acids 37 and 110 to serine and
glutamine, respectively.

Association of E6 with E6-AP and E6BP. While the regions
in E6-AP, E6BP, and p53 necessary for association with
HPV-16 E6 have been identified (11, 29, 36, 37), little is known
about the region of E6 necessary for these interactions. To gain
this information, a large number of previously described and
newly generated E6 mutants were examined for the ability to
associate with E6-AP and E6BP in vitro. GST-E6-APA391-
408, which lacks the 18-amino-acid E6-binding region, was
used as the negative control for GST-E6-AP. Two versions of
E6BP were expressed as GST fusions. GST-E6BP-211 ex-
presses the C-terminal 211 amino acids, the original yeast
two-hybrid isolate of E6BP (11, 12). We have previously
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TABLE 1. Correlation of E6-AP and E6BP binding with HPV-16

E6 mutants
Papillomavirus types in Binding®
HPV-16 E6 protein which the mutated amino _
acid is conserved E6-AP  E6BP
Wild type +++ -+
F2v High risk +++ +++
F2L High risk +++ +++
H24L/127V" None/none +4++ 4+
K34E’ Genital +++ e+t
Q35R” None +++
L37S Multiple +/= +/—
Y54D High risk + +
Y54H High risk +++ +++
C63R/Y70C/K72R/T86S”  Multiple/none/genital/none  — -
Y84C? Genital +++
1101V? Multiple ++ ++
Q107R High risk +/— +/—
L110Q Multiple - -
H118D Genital and BPV-1 +/— +/—
HI118N Genital and BPV-1 ++ ++
A118-122° Genital and BPV-1 + +/—
L119R High risk +++ +++
D120A High risk +++ +++
D120T High risk +++ +++
R124T Genital +++ +++
F125V Multiple +/— +/-
F125L Multiple +++ +++
N127K High risk +++ +++
1128T High risk +/— +/—
G130V High risk - -
W132R" Multiple +/— +/—
G134V Genital +/— +/=

“ In vitro binding data from multiple experiments are summarized as follows:
(wild-type E6 activity = 100%): +++, 51 to 100%; + +, 21 to 50%; +, 6 to 20%;
+/=, 1to 5%; —, <1%.

® Previously generated mutations (16).

mapped the E6-binding region to the fourth EF hand of E6BP.
GST-E6BPdIM, in which the 24-amino-acid EF hand IV is
deleted and which does not bind E6 (11), was used as the
negative control for GST-E6BP-211. GST-E6BPFS™ ex-
presses E6BP beginning at amino acid 25 and lacks the N-
terminal signal sequence. Similarly, GST-E6BPFS dIM was
constructed as a negative control for GST-E6BPFS .

The results of the in vitro association experiments are sum-
marized in Table 1. Notably, the binding patterns of the E6
mutant proteins were very similar for E6-AP and E6BP. As
shown by representative mutants (Fig. 1), mutants K35E and
Y84C exhibited high-affinity binding to GST-E6-AP (Fig. 1A),
E6BP-211 (Fig. 1B), and E6BPFS™ (data not shown). In con-
trast, other E6 mutants showed very poor binding to these
proteins, barely distinguishable from that for the respective
negative controls (Fig. 1). The deletion mutant A118-122
showed undetectable binding in this experiment (Fig. 1), al-
though low-level binding was detected in other experiments.
H118D, F125V, 1128T, and G134V showed low-level binding
(<10%) to E6-AP under less stringent binding and washing
conditions (0.2 versus 1% NP-40) or with Sepharose bead-
coupled GST-16E6 mutant fusion proteins used to capture
radiolabeled, in vitro-translated E6-AP (data not shown).
Among the deletion mutants (15), only A143-147 retained sub-
stantial binding to E6-AP and E6BP; the others had greatly
reduced associations with a similar pattern (data not shown).
To confirm the abilities to bind to E6BP, a subset of E6 mu-
tants was also analyzed in vivo by yeast two-hybrid analysis with
E6BP-211 as the bait. H118D and I128T showed marginal
interaction with E6BP (5% of the wild-type E6 level). F125V
and G134V did not display significant interaction with E6BP
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FIG. 1. Mutational analysis of E6 association with E6-AP and E6BP. (A) E6-AP binding by E6 mutants. (B) E6BP-211 binding by E6 mutants. +, GST fusion

protein; i, 5% of E6 protein input.

(data not shown). In summary, a correlation between the as-
sociations of E6-AP and E6BP was observed for E6 mutants.
However, no cellular protein binding domains could be local-
ized in any short linear region of E6.

Binding to E6-AP and p53 is not sufficient for stimulation of
p53 degradation by E6. Next, we compared the E6-AP binding
and p53 binding abilities of the mutants. As summarized in
Table 2, mutants that were impaired for E6-AP binding had a
corresponding reduction in p53 association. However, E6-AP
binding could be separated from p53 association. For example,
E6 mutants F2V, F2L, and Y54H bound E6-AP at wild-type
levels (Fig. 2A) but were severely compromised for p53 asso-
ciation, showing 2, 10, and 7% of wild-type levels, respectively
(Fig. 2B, top panels; Table 2). Similarly, mutant Y84C bound
E6-AP at the wild-type level but showed very low binding to
p53 (Fig. 1A; Table 2).

These data imply that E6-AP binding is not sufficient for p53
association. Next we asked whether p53 binding by the E6-
E6-AP complex was sufficient for induction of p53 degrada-
tion. Many E6 mutants, such as E114A, H118D, HI118N,
F125V, H126C, H126S, and 1128T, which displayed reduced
p53 binding abilities (Fig. 2B; Table 2), were able to induce p53
degradation at 25°C in vitro (Fig. 2C, top panels) and in MECs
(see Fig. 4, top panel). The fact that low levels of p53 binding
were sufficient for inducing p53 degradation by these mutants
can be explained by the enzymatic nature of E6-E6-AP-medi-
ated p53 degradation. However, mutants such as F2V and
Y54H, which retained p53 binding ability at reduced efficiency
(Fig. 2B), failed to induce p53 degradation at 37°C in vitro
(Fig. 2C) and in MEC:s (see Fig. 4). This indicates that binding
to p53 is not sufficient for stimulation of p53 degradation and
that a function in addition to p53 binding may be required for
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TABLE 2. Summary of E6 mutant studies
Binding® p33 deg; t’c}dation" p53 levels in MECs
HPV-16 E6 protein Mutant __ MEC
class Late immortalization
E6-AP E6BP p53 25°C 37°C Early passage .
passage
Wild type +++ +++ +++ +++ +++ Low Low 6 (6)
H24L/127V* I +++ +++ +++ +++ +++ Low Low 3(3)
K34E° I +++ +++ +++ +++ +++ Low Low 3(3)
Q35R° I +++ +++ +++ +++ +++ Low Low 3(3)
Y84C* I +++ +++ +/— +++ +++ Low Low 3(3)
1101ve I ++ ++ +++ +++ +++ Low Low 33
E114A I + ND“ + +++ +4++ Low Low 2(2)
H118D I +/— +/— + +++ ++ Low Low 1(1)
HI118N I ++ ++ ++ +++ +++ Low Low 1(1)
A118-122°¢ I + +/= - - - Low Low 3(3)
F125V I +/— +/— ++ +++ - Low Low 2(2)
1128T I +/= +/= +/= +++ — Intermediate Low 3(3)
G134V I +/— +/— + +++ - Low Low 2(2)
L37S 11 +/— +/— - ++ - Normal Low 1(2)
Q107R II +/= +/= +/= +++ + Normal Low 3(3)
L110Q II - - - - - Normal Low 1(2)
WI132R¢ 11 +/— +/— - - - Normal Low 1(4)
F2v 111 +++ +++ +/— - - Normal Normal 3(4)
Y54H 11 +++ +++ + +++ - Normal Normal 4 (4)
C63R/YT0C/KT72R/T86S¢ - - - - - Normal NA* 0(5)

“1In vitro data from multiple experiments are summarized as follows (wild-type E6 activity = 100%): +++, 51 to 100%; ++, 21 to 50%; +, 6 to 20%; +/—, 1 to

5%; —, <1%.

® Number of experiments that yielded immortal cells. The number of experiments performed is in parentheses.
¢ Data for p53 binding, degradation, and MEC immortalization are from reference 16.

4 ND, not determined.
¢ NA, not applicable.

efficient p53 degradation stimulated by E6. This putative func-
tion may be more severely impaired in F2V than in other
mutants.

We have previously reported a temperature-sensitive (ts)
phenotype for induction of p53 degradation in vitro (16). Here
we observed more E6 mutants showing this ts phenotype, in-
cluding Y54H, F125V, and I128T (Fig. 2C) and G134V (Table
2). Some mutants, such as F2L and Q107R, showed an inter-
mediate ts phenotype (Fig. 2C). Since E6-AP and p53 binding
assays are routinely performed at 4°C, we suspected that these
E6 mutants might be unable to degrade p53 at 37°C because of
an inability to bind E6-AP and/or p53 at this temperature. We
thus carried out binding reactions for the representative mu-
tants F2L and Y54H at 0, 25, and 37°C simultaneously. Both
mutants bound E6-AP at all temperatures with an efficiency
similar to that for wild-type E6, although background binding
to GST-E6-APA391-408 increased in the case of Y54H (data
not shown). These E6 mutants also bound p53 at all temper-
atures with reduced efficiency compared to the wild type and
showed increased background binding, especially in the case of
F2L (data not shown). Therefore, these mutant E6 proteins
bind E6-AP and p53 at 37°C but are unable (Y54H) or have a
reduced ability (F2L) to induce p53 degradation at this tem-
perature (Fig. 2C).

These observations suggest that specific amino acids in
HPV-16 E6 may be necessary for a critical step in the targeted
proteolysis of p53 in vitro. It has been demonstrated that a
unique cysteine residue in the C terminus of E6-AP can be
covalently ligated to ubiquitin (46), which is subsequently
transferred to p53 in the presence of HPV-16 E6 (42). To

investigate whether these p53 degradation ts mutants were
impaired for the ubiquitination of p53 at 37°C, we performed
p53 ubiquitination assays at the permissive (25°C) and nonper-
missive (37°C) temperatures. As expected, wild-type HPV-16
E6 induced p53 ubiquitination at both temperatures compared
to the control water-primed lysate (Fig. 3). F2L induced p53
ubiquitination at 25°C with an efficiency similar to that for
wild-type E6 and at 37°C at lower levels than the wild type (Fig.
3). In contrast, Y54H failed to induce ubiquitination of p53 at
37°C but retained this activity at 25°C (Fig. 3). Clearly, ubiq-
uitination correlated well with degradation. The inability of
Y54H to induce p53 ubiquitination at 37°C indicates that bind-
ing to p53 is not sufficient for ubiquitination of p53. Taken
together, these results suggest that E6 has multiple roles in the
ubiquitin-mediated degradation of p53.

Correlation of in vitro and in vivo p53 degradation by E6
mutants. Normal human MECs in culture exhibit readily de-
tectable wild-type p53 protein. Infection of these cells with
retrovirus expressing wild-type HPV-16 E6 induced a rapid
decrease in the p53 half-life and resulted in low p53 levels (16).
This represents an in vivo model to analyze the HPV-16 E6
mutants independent of immortalization. MECs were infected
with recombinant E6-expressing retroviruses and analyzed for
pS3 protein by Western blotting. Parallel cultures were trans-
ferred to D2 medium to select for immortal cells. Consistent
with in vitro results, wild-type HPV-16 E6 and mutants E114A,
H118D, and H118N, which induced p53 degradation in vitro
(Fig. 2C), also showed low p53 levels at early passage (Fig. 4,
top panel). F2V, L37S, Y54H, Q107R, and L110Q, which were
unable to induce p53 degradation at 37°C in vitro (Fig. 2C and



7302 LIU ET AL. J. VIROL.
A L2 o O . ST .F
& S @ &° .@"‘ N & @ G gS
GST-E6-AP + + + + + + + o
GST-E6APA391-408 + + + + + * i 5% input of E6

PS8 4+ -+ -+ - 4 -+ -+ -+ - 10% input of E6
o o LI 6 © o & L L P D
D > IS & O P g8

PSS —B by T e Wi, .

37°C

FIG. 2. E6 interaction with E6-AP and p53. (A) E6-AP binding by E6 mutants (same as for Fig. 1A except that different E6 mutants were tested for binding). The
5% input levels for the indicated E6 mutants are shown in the right panels. (B) p53 binding by E6 mutants. Immunoprecipitations were performed in the absence (—)
or presence (+) of purified p53 protein as described in Materials and Methods. Input levels of E6 proteins are shown in the right panels. (C) p53 degradation by E6

mutants. The input levels of E6 are shown in the right panels in panel B.

Table 2), also failed to reduce p53 levels in early-passage
MECs (Fig. 4, top panel). Similarly, I128T was greatly im-
paired for inducing p53 degradation at 37°C in vitro (Fig. 2C)
and was slightly compromised for reducing p53 levels in early-
passage MECs (Fig. 4, top panel, lane 12). An exception to the
general correlation between in vitro and in vivo phenotypes
was observed with mutants F125V and G134V. Analogous to
A118-122 (16, 20), these mutants were severely compromised
for inducing p53 degradation in vitro at 37°C (Fig. 2C and
Table 2) yet were able to reduce p53 levels in vivo in early-
passage MECs (Fig. 4, top panel).

Immortalization of MECs by E6 mutants. We have reported
the correlation between the abilities of E6 mutants to promote
p53 degradation and to immortalize MECs (16). Those studies
analyzed a limited number of mutants. In the present study, we

extended the characterization to include additional E6 mu-
tants, with an emphasis on those mutants with defective or
greatly reduced interaction with E6-AP, E6BP, or p53. MECs
infected with the E6 mutant C63R/Y70C/K72R/T86S, which
was defective in interaction with all three cellular proteins,
senesced along with the control LXSN-infected cells after sev-
eral passages in the D2 selective medium (Table 2). Mutants
E114A (Fig. 2A), H118D (Fig. 1), and H118N are compro-
mised for binding with E6-AP and E6BP yet exhibited compe-
tence for inducing p53 degradation in vitro (Fig. 2C) and in
vivo (Fig. 4, top panel) and for immortalization of MECs
(Table 2). Another group of mutants (L37S, Q107R, F125V,
I128T, and G134V), which showed greatly reduced binding
ability with all three cellular proteins and a ts phenotype for
p53 degradation in vitro (Fig. 1 and 2 and Table 2), also
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FIG. 3. Ubiquitination of p53 by E6 and E6 mutants. In vitro-translated,
35S-labeled p53 was incubated with E6 proteins or water-primed lysate in the
presence of ATPy-S at 25 and 37°C. After incubation, the mixture was immu-
noprecipitated with a monoclonal antibody to p53 (pAb421), collected on pro-
tein A-Sepharose, and boiled, and then the supernatant was reimmunoprecipi-
tated with antiubiquitin antiserum, absorbed on protein A-Sepharose, and run on
an SDS-polyacrylamide gel (see Materials and Methods).

immortalized MECs (Table 2). While F125V, I128T, and
G134V immortalized MECs as efficiently as wild-type E6 did,
L37S and Q107R showed a lag period. Notably, mutants A118-
122, L110Q, and W132R, which are highly defective for E6-AP
and E6BP associations (Fig. 1 and Table 2) and completely
defective for p53 binding and degradation in vitro, also immor-
talized MECs (Table 2). The immortalization by L110Q or
W132R exhibited a slow period and yielded immortal cells in
only a subset of experiments. A118-122 induced immortaliza-
tion as efficiently as wild-type HPV-16 E6 (Table 2). Interest-
ingly, we identified a novel group of mutants that immortalized
MECs. Mutants F2V and Y54H were competent for associa-
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tion with E6-AP (Fig. 2A) and E6BP (Table 1) but had a
greatly reduced ability to bind p53 (Fig. 2B, top panels). While
F2V was defective in p53 degradation in vitro (Fig. 2C) and in
vivo (Fig. 4, top panel), Y54H was ts for p53 degradation in
vitro (Fig. 2C) and defective in vivo (Fig. 4, top panel). Nev-
ertheless, these mutants immortalized MECs without a lag
period. Immortal clones emerged in three of four experiments
from MEC:s infected with F2V-expressing retrovirus, while in-
fection with Y54H-expressing retrovirus yielded immortal cells
in all of the four experiments (Table 2).

p53 levels in early- and late-passage MECs. The comparison
of p53 levels in early- and late-passage MECs revealed three
distinct classes of E6 mutants (Fig. 4 and Table 2). Consistent
with our previous findings (16), the majority of E6 mutants
(classes I and II) showed low levels of p53 in late-passage
immortal cells (Table 2). Class I, represented by E114A,
H118D, H118N, F125V, and G134V, showed greatly reduced
p53 levels at both early and late passages (Fig. 4; Table 2).
Mutant I128T falls into this class by showing moderately re-
duced p53 levels at early passage (Fig. 4, top panel, lane 12)
and low p53 levels at late passage (Table 2 and data not
shown). Mutants of this class were able to immortalize MECs
as efficiently as wild-type HPV-16 EG6, except that I128T
showed a lag period in one experiment (see below). Class II
mutants (L37S, Q107R, L110Q, and W132R) failed to reduce
p53 levels at early passage but displayed low p53 levels in the
immortalized cells (Fig. 4 and Table 2). This class of mutants
immortalized MECs with a lower efficiency than wild-type E6.
For these mutants, immortal clones emerged in only a subset
of independent experiments with a lag period not observed
with the wild type or with class I mutants (Table 2). Mutants
F2V and Y54H represent a new phenotype (class III) that
showed normal p53 levels at both early and late passages (Fig.
4) yet immortalized MECs. These mutants yielded immortal
cells in multiple experiments (Table 2). We examined p53
levels in all individual cell lines. As shown in Fig. 4, bottom
panel, from the three F2V-derived lines (lanes 3, 8, and 9) and
three of the four Y54H-derived lines (lanes 4, 10, and 12)
normal p53 levels were detected at late passage, except for one
line (lane 11) that showed an intermediate level of p53. To
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FIG. 4. p53 degradation by the HPV-16 E6 mutants in vivo. Cell extracts of MECs infected with retroviruses expressing E6 or mutants as indicated were analyzed
by Western blotting. The p53-specific monoclonal antibody pAb1801 was used to probe p53 of MECs at either early (top panel) or later (bottom panel) passages after
infection in the immortal clones. 76N, normal MECs. The numbers following each E6 designation in the bottom panel indicate passage numbers; I, IL, III, and IV

indicate cell lines derived from separate experiments.
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FIG. 5. Characterization of p53 in E6 mutant-immortalized MECs. (A) G, arrest in response to DNA damage. Exponentially growing cells (16E6, F2V 1I, and Y54H
IV) were treated with 0.5 nM actinomycin D (Act.D) for 24 h or left untreated. DNA content was analyzed by propidium iodide staining followed by flow cytometric
analysis. The G,/S ratios determined with ModFit software (Becton Dickinson) from a representative experiment are shown. (B) Activation of a p53-responsive reporter
in response to DNA damage. Immortal MECs (16E6, F2V II, and Y54H IV), normal 76N cells, and p53-null 76R-30 cells were transfected with a p53-responsive
luciferase reporter construct, pPG, along with B-galactosidase and green fluorescence protein reporter constructs. At 40 h posttransfection, the cells were changed to
medium containing or lacking 0.5 nM actinomycin D. Twenty-four hours later, cell extracts were made and luciferase and B-galactosidase activities were measured.
Luciferase activities were corrected by normalizing 3-galactosidase activities. Values shown are the means and standard deviations from three independent experiments,

each performed in duplicate.

carefully evaluate the efficiency of immortalization by various
mutants, viruses with a relatively low titer (2 X 10* PFU) were
used to infect MECs in one of the experiments. In this exper-
iment, class III mutants F2V and Y54H immortalized MECs as
efficiently as wild-type HPV-16 E6, while class II mutants
L37S, L110Q, and W132R failed to immortalize and Q107R
and I128T underwent a lag period before yielding immortal
cells.

p53 is wild type in E6 mutant-immortalized MECs. One
possibility was that the normal p53 levels observed in F2V- and
Y54H-derived late-passage cells were due to selection of a pS3
mutation(s) during the immortalization process. To evaluate
this, the immortalized cells F2V II and Y54H I (Fig. 4, bottom
panel) were subjected to reverse transcription-PCR. Sequenc-
ing of the PCR products across the entire coding region re-
vealed a normal p53 sequence in both cell lines. To verify that
pS3 is functionally competent, late-passage cells immortalized
by wild-type HPV-16 E6, mutant F2V, or mutant Y54H were
exposed to the DNA-damaging agent actinomycin D, and cell
cycle profiles were assessed by flow cytometric analysis of DNA
content. Consistent with previous findings, wild-type E6-im-
mortalized cells exhibited analogous cell cycle profiles in the

presence or absence of actinomycin D (Fig. SA). This indicated
abrogation of the DNA damage-induced G, arrest by E6. In
contrast, F2V- and Y54H-derived cells (F2V II and Y54H 1V)
displayed a G, arrest in response to actinomycin D treatment
(Fig. 5A) that was similar to that for the normal 76N cells (data
not shown). This result indicates that the p53-mediated DNA
damage response is retained in these cells. The same experi-
ment was also performed with F2V III and Y54H I cells, and
similar G, arrest cell cycle profiles were observed (data not
shown). To further test the function of the p53 protein, cells
were transfected with a p53-responsive luciferase reporter, and
luciferase activities in response to actinomycin D treatment
were measured. As shown in Fig. 5B, the normal 76N cells and
the 76N cells immortalized by F2V or Y54H displayed nearly
twofold activation of the reporter when exposed to actinomy-
cin D. By contrast, the MECs immortalized by wild-type E6
showed a twofold reduction, and the radiation-immortalized,
p53-null 76R-30 (53) MECs showed virtually no change in
luciferase activity. These results argue that MECs can prolif-
erate with an unlimited life span yet maintain normal levels of
functional p53 protein in the presence of E6.
Immortalization of MECs by E6 mutants that were compro-
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mised for p53 binding and/or degradation might have resulted
from contamination by wild-type or other mutant E6 during
retroviral infection. To exclude this possibility, we PCR ampli-
fied the E6-coding sequences from the cellular DNAs isolated
from MECs immortalized by F2V, L37S, Y54H, QI107R,
L110Q, E114A, F125V, A118-122, 1128T, W132R, and G134V.
DNA sequencing of these PCR products confirmed the pres-
ence of the expected mutations and the absence of wild-type or
other mutant E6 sequences. Furthermore, we examined rep-
resentative mutants for E6 expression levels by immunopre-
cipitation. Wild-type and mutant E6 proteins were confirmed
to be expressed at similar low levels in immortal 76R-30 cells
(data not shown).

DISCUSSION

The E6-E6-AP complex specifically binds p53 and induces
its proteolysis by using components of the ubiquitin system
present in RRL (27-29, 44-47). The molecular mechanisms
underlying E6-mediated p53 degradation in vivo have not been
characterized. Recent experiments using antisense inhibition
of E6-AP expression have supported its involvement in E6-
mediated, but not E6-independent, p5S3 degradation in vivo
(6). One aim of our investigations was to identify and discrim-
inate the potential roles of HPV-16 E6 in p53 degradation. In
addition to the in vitro system with RRL, we employed cul-
tured human MECs as an in vivo system to examine the ability
of a series of E6 mutants to induce p53 degradation (this study
and reference 16). In addition, we addressed the importance of
interactions of E6 with cellular proteins E6-AP, p53, and E6BP
in the immortalization of MECs.

A systematic evaluation of E6 mutants for E6-AP binding
has not been reported. A limited peptide domain within E6
could not be identified, nor did the E6-AP binding-defective
mutations cluster in a specific region. Consistent with previous
observations (20), we found that small deletions in the central
region and the second zinc finger of the E6 protein, such as
A73-77, A78-82, A101-105, A106-110, A118-122, A123-127,
A128-132, A133-137, and A138-142, resulted in a dramatic re-
duction in the ability of HPV-16 E6 to bind E6-AP, E6BP, and
p53 and to target p53 degradation in vitro (data not shown).
We also identified mutations in the N terminus (F2V) or the
first zinc finger of E6 (L37S and Y54D) that greatly reduced
binding to E6-AP, E6BP, and/or p53. This suggests that the
N-terminal region and the first zinc finger are also important
for E6 function, consistent with previous observations (15, 20,
40). The strong correlation between E6-AP and E6BP binding
in this series of small deletion and point mutations of E6 was
not surprising given that E6-AP and E6BP share an a-helical
motif (11, 19). It is highly conceivable that these a-helical
motifs make similar contacts with E6.

It is controversial whether E6-AP is absolutely required for
the association of E6 with p53. Some investigators (27, 28) but
not others (17, 18, 34, 36) have found that E6-AP is necessary
for the complex formation between E6 and p53. However, it
has recently been demonstrated that the presence of E6-AP is
required for E6-mediated degradation of p53 (17, 50). Our
genetic and biochemical studies extend these observations by
implying that E6-AP association is necessary but not sufficient
for p53 binding and degradation. We identified two point mu-
tants of HPV-16 E6, F2V and Y54H, which bound E6-AP at
wild-type levels but had greatly reduced binding to p53. An-
other interesting mutant, Y54D, bound E6-AP at reduced lev-
els but did not bind p53. These results suggest a direct contri-
bution of E6 to the coordination of p53. One likely scenario is
that binding to E6-AP exposes the p53 interaction region of
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E6. This conformational change may be facilitated in GST-E6
fusions, which were reported to bind p53 in the absence of
E6-AP (17, 34, 36). The Phe 2 and Tyr 54 mutants may be
unable to respond to E6-AP binding or may affect amino acids
in E6 that are involved in p53 contact. Another possibility is
that HPV-16 E6 may induce a conformational change in
E6-AP that reveals its p53 binding domain. This appears to be
unlikely, since E6-AP is not thought to be normally involved in
p53 catabolism (6, 50).

The separation of p53 binding and degradation properties of
HPV-16 E6 has not been clearly established (15, 20). In this
study, we demonstrated that binding to p53 is necessary but not
sufficient for inducing p53 degradation, in agreement with the
conclusions of others (15). Specifically, F2L and Y54H bound
pS3 at all temperatures tested yet exhibited diminished or
defective stimulation of p53 degradation at 37°C. F2V and
I128T showed similar p53 binding properties, although F2V
was defective while I128T was competent for p53 degradation
at 25°C. Furthermore, mutant F125V retained substantial p53
binding ability but was less efficient in promoting p53 degra-
dation at 37°C in vitro than other mutants that bound less p53.
Mutants Y84C and E114A, which exhibited low levels of p53
binding, retained the ability to efficiently direct p53 degrada-
tion in vitro and in vivo. These observations document that p53
binding is not directly proportional to p53 degradation and can
in part be rationalized as a series reactions that mediate the
enzymatic degradation of p53 by the E6-E6-AP complex. Our
mutational analyses imply that HPV-16 E6 participates in at
least one of these steps in addition to p53 binding. This puta-
tive function(s) is impaired by mutations of Phe 2 and Tyr 54.

With these mutants and an earlier series of E6 mutants (16),
we have observed a correlation between E6-induced p53 deg-
radation in vitro and reduced p53 levels in MECs (Table 2).
The general concordance between the in vitro and in vivo p53
degradation assays suggests that the latter is also an E6-AP-
dependent process. However, we have also observed a few
exceptions. In addition to mutant A118-122 (16, 20), mutants
F125V, 1128T, and G134V showed reduced levels of p53 in
MECs at early passage although they were defective for p53
degradation at 37°C in vitro (Table 2). These exceptions imply
that additional functions may be involved in E6-enhanced p53
turnover in MECs. Alternatively, the in vivo assay may be more
sensitive than the in vitro assay. It is conceivable that mutant
E6 proteins may be partially misfolded when synthesized in
RRL but assume their proper conformation in vivo. In contrast
to these mutants, Y54H and F2L showed an absent or reduced
ability to induce p53 degradation at 37°C in vitro, and Y54H
failed to reduce p53 levels in early-passage MECs, although
both mutants bound E6-AP and p53. Consistent with the re-
duced ability to induce p53 degradation, F2L and Y54H are
impaired in their ability to stimulate p53 ubiquitination. In the
process of ubiquitination, the C terminus of E6-AP is modified
by an activated ubiquitin peptide that is transferred to p53 in
the presence of HPV-16 E6 (42). Phe 2 and Tyr 54 may be
necessary to catalyze the ubiquitination of p53 by the E6-
E6-AP complex or the presentation of the ubiquitinated p53 to
the proteasome pathway.

Based on the comparison of p53 levels in early- and late-
passage MECs, we have observed three classes of E6 mutants
that are able to immortalize MECs (Table 2). Class I mutants
resemble wild-type HPV-16 E6 in causing low p53 levels at
both early and late passage and efficient immortalization of
MEQGs. Class II mutants include L37S, Q107R, L110Q, and
WI132R and show low p53 levels at late passage but do not
reduce p53 levels at early passage. This class of mutants im-
mortalizes MECs with lower efficiency, resembling the pheno-
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type observed with low-risk and BPV-1 E6 (2). The reduced
p53 half-life observed in the immortal cells that eventually
grew out with this class of E6 mutants may occur through
selection for loss of p53. Another intriguing possibility is that
all E6 proteins may be capable of inducing enhanced p53
turnover, perhaps through activation of a normal cellular path-
way. The third possibility is that the E6 proteins of class II
mutants are completely misfolded in vitro, but a fraction is
properly folded in vivo. This may explain why some mutants of
this class are impaired in p53 degradation in vitro and in
early-passage MECs but eventually diminish p53 in the immor-
talized MECs. Class III is the new phenotype observed in the
present study. Mutants of this class, i.e., F2V and Y54H, do not
reduce p53 levels at early or late passage yet efficiently immor-
talize MECs. We confirmed the presence of the E6 mutations
and wild-type p53 in the immortal cells by DNA sequencing.
The p53 protein retained the ability to activate G, checkpoint
arrest and a p53-responsive reporter in response to DNA dam-
age. Given that these two class III mutants bind to p53, al-
though with reduced affinity, it is possible that they alter p53
function through binding in a way leading to MEC immortal-
ization without reducing p53 levels. Interestingly, in contrast to
class II mutants, which do not or barely bind E6-AP yet lead to
reduced p53 levels in late-passage MECs, class III mutants
retain binding to E6-AP but fail to target pS3 for degradation
in the immortalized MECs. This phenomenon points to the
possible existence of a potential cellular target(s) of E6 other
than p53; E6-E6-AP-mediated targeting of this cellular fac-
tor(s) may be critical for MEC immortalization independent of
p53 inactivation. It has recently been reported that HPV-16 E6
induces degradation of Myc proteins through the ubiquitin
pathway (24), suggesting that Myc may be a relevant target of
E6 in MEC immortalization. However, opposing effects of E6
on Myc through both transcription (31) and posttranscription
(24, 52) mechanisms have been reported. Recently a mutant of
E6 analogous to class IIT mutants was reported by other inves-
tigators. This mutant, 8S9A10T, efficiently immortalized hu-
man MECs that retained normal p53 levels. Interestingly, this
mutant retained the ability to activate telomerase, leading to
the model that telomerase activation is required for the im-
mortalization of MECs by E6 (32). Paradoxically, another mu-
tant, A118-122, was reported to have lost the ability to activate
telomerase and immortalize MECs (32). A118-122 displayed
full immortalization of MECs in our experiments (16) (Table
2). Sequencing of the E6-coding region from the immortalized
MEC:s revealed the expected deletion and the absence of wild-
type contamination. Expression of the A118-122 protein in the
immortalized MECs was also confirmed (data not shown). We
have not tested telomerase activity and telomere length with
this mutant in our MECs. Experiments to evaluate the class II
and class III E6 mutants described here for telomerase activa-
tion will be of interest. In addition to A118-122, Kiyono and
colleagues (32) described an E6 mutant with a C-terminal
truncation, A140-151, which was competent for promoting p53
degradation yet failed to immortalize MECs and was defective
in telomerase activation.

Based on our data (this study and reference 16) and the data
from others (32), HPV-16 E6 appears to utilize multiple func-
tions to immortalize MECs. These include a putative function
of growth stimulation in addition to p53 inactivation and te-
lomerase activation. E6 either inactivates p53 or utilizes an-
other function to immortalize MECs when the p53 inactivation
function is impaired. The function that bypasses p53 inactiva-
tion may be telomerase activation or growth stimulation or
both. From the panel of E6 mutants presented here, we have
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not identified any mutant that binds and degrades p53 but is
unable to immortalize MECs.

We also investigated the potential contribution of E6-E6BP
association in the immortalization of MECs. The abilities of
the E6 mutants to bind E6BP in vitro and in the yeast two-
hybrid system were compared with the ability to induce MEC
immortalization. We observed a good correlation between
E6BP binding and MEC immortalization for the majority of
E6 mutants examined. However, several mutants, such as
A118-122, F125V, 1128T, and G134V, showed marginal bind-
ing to E6BP yet immortalized MECs with high efficiency.
These data argue against the importance of E6BP association
in the immortalization of MECs induced by E6. However, we
cannot completely rule out the E6BP-binding function of E6 in
MEC immortalization, for the following reasons. First, these
mutants also showed greatly reduced E6-AP as well as p53
binding ability. The E6-E6-AP complex has an identified cel-
lular target, p53, whereas the target of the E6-E6BP complex,
if any, has not been identified. Mutants such as Q107R and
H118D, which retained very low levels of binding to E6-AP
and E6BP (Fig. 1 and 2A), induced p53 degradation with high
efficiency at 25°C and modest efficiency at 37°C in vitro (Fig.
2C). Both mutants efficiently immortalized MECs (Table 2).
Analogous to the situation for E6-AP-p53, E6 mutants show-
ing marginal E6BP binding may still retain substantial function
of a putative target of E6-E6BP that results in immortalization
of MECs. Second, none of the mutants, e.g., F125V, 1128T,
and G134V, which efficiently immortalized MECs showed an
absolute loss of the ability to bind to E6BP. However, mutants
L37S and L110Q showed no binding to E6BP in all of the
assays employed, yet they immortalized MECs with low effi-
ciency (Table 2). MECs may not be a suitable system to assess
E6BP function. Given that it is a calcium-binding protein (11,
12, 54), E6BP may play a role in HPV-16 E6-mediated resis-
tance to calcium- and serum-induced differentiation of kera-
tinocytes. Previous studies have implied the importance of p53
in this cellular process (14), but MDM-2 and a frans-dominant
p53 mutant cannot substitute for E6 for this calcium resistance
function, suggesting that activities other than p53 inactivation
are also involved (48). Finally, in addition to E6-AP, p53, and
E6BP, it should be interesting to address the biological rele-
vance of other E6-binding proteins (22, 24, 33, 43, 51; for a
review, see reference 41) by using MECs as a model system. In
summary, our results demonstrate that HPV-16 E6 is a multi-
functional protein. Interactions with E6-AP, E6BP, or pS3 do
not account for all of the abilities of E6 to immortalize MECs;
other pathways may exist.
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