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Bypass of two arrest points is essential in the process of cellular immortalization, one of the components of
the transformation process. Expression of human papillomavirus type 16 E6 and E7 together can escape both
senescence and crisis, processes which normally limit the proliferative capacity of primary human keratino-
cytes. Crisis is thought to be mediated by telomere shortening. Because E6 stimulates telomerase activity and
exogenous expression of the TERT gene with E7 can immortalize keratinocytes, this function is thought to be
important for E6 to cooperate with E7 to bypass crisis. However, it has also been reported that E6 dissociates
increased telomerase activity from maintenance of telomere length and that a dominant-negative p53 molecule
can substitute for E6 in cooperative immortalization of keratinocytes with E7. Thus, to determine which
functions of E6 are required to allow bypass of crisis and immortalization of keratinocytes with E7, immor-
talization assays were performed using specific mutants of E6, in tandem with E7. In these experiments, every
clone expressing an E6 mutant capable of degrading p53 was able to bypass crisis and immortalize, regardless
of telomerase induction. All clones containing E6 mutants incapable of degrading p53 died at crisis. These
results suggest that the ability of E6 to induce degradation of p53 compensates for continued telomere
shortening in E6/E7 cells and demonstrate that degradation of p53 is required for immortalization by E6/E7,

while increased telomerase activity is dispensable.

Cellular immortalization is considered to be one of the ma-
jor steps on the road to transformation (36). Many epithelial
cell types, including keratinocytes, require bypass of two arrest
signals in order to become immortal (17, 55, 80, 82). The first,
senescence, is a p16™%**.dependent arrest that is activated in
epithelial cells in culture (8). As cells are passaged, they accu-
mulate pl16™¥* a cyclin-dependent kinase inhibitor which
blocks cell cycle progression by inhibiting the ability of cyclin
D/cdk4/6 to phosphorylate and inactivate the repression by Rb
on the E2F transcription factors, inducing a G, arrest (20). The
accumulation of p16"™%** may depend on telomere shortening
for activation (61), or it may be a reflection of inadequate
growth conditions in culture (80, 81) but, regardless, cells must
bypass this arrest in order to become immortal in vitro (55, 82,
102).

When senescence is overcome, cells continue to grow until
telomeres reach some critically short length, generally 5 to 7 kb
for human cells, at which point chromosomal instability will
occur if the cells continue to divide (5). Telomeres, repeat
sequences at the ends of linear chromosomes, normally cap
these ends and protect the cell from chromosomal fusion
events and loss of upstream genetic material (13, 14). Telo-
mere capping proteins can specifically suppress the DNA dam-
age response, and loss of telomeric DNA as cells divide causes
loss of the capped structure (50, 94). At this point, the cells
come to crisis, an apoptotic process induced by the DNA
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damage response to these exposed telomere ends (50, 76).
Crisis can be overcome by telomere length stabilization, either
through telomerase activation (82), which restores telomere
length and directly suppresses the DNA damage response (90),
or activation of the alternative lengthening of telomeres (ALT)
pathway for telomere maintenance, a recombination-based
mechanism for telomere lengthening (19). Alternatively, crisis
may be bypassed by loss of a normal apoptotic response to the
short telomeres, such as through loss of p53 or ATM, an
upstream regulator of the DNA damage response (24, 52). If
both senescence and crisis are bypassed, the cells are immor-
talized. Depending on the specific mutations involved, these
cells may stabilize their genomes and maintain a normal ge-
netic complement, or they may display genomic instability,
which may play a role in further carcinogenic changes (36).

The human papillomaviruses (HPVs) are the causative
agent of cervical cancer, as well as other anogenital cancers
and a subset of oral squamous cell carcinomas (64, 112). HPV
infects basal keratinocytes, and the viral life cycle is tied to the
differentiation program of the squamous epithelium (reviewed
in reference 101). Carcinogenic progression is associated with
an aberrant integration event of the viral genome into the host
cell DNA, which causes loss of normal viral transcriptional
regulation and overexpression of the E6 and E7 gene products
of the virus (69). As such, it is worthwhile to consider the
function of E6 and E7 independent of the whole viral genome,
to understand what role these oncoproteins play in the absence
of normal regulation by viral factors, such as the HPV E2
protein.

E6 and E7 have specific oncogenic potential, through inter-
action with major tumor suppressor pathways in the cell. E7 is
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known to bind and inactivate the Rb family of tumor suppres-
sors (21, 72), which normally inhibit the E2F transcription
factors (reviewed in reference 20), regulators of G,-to-S-phase
cell cycle progression. This capability plays a major role in
immortalization by the viral oncoproteins, as aging-dependent
p16™ 4 accumulation would normally lead to inactivation of
E2F-mediated transcription (55). In the presence of E7, Rb
repression is inhibited, which allows E2F factors to function,
bypassing the p16™%** arrest and thus senescence.

The E6 protein has many functions that may contribute to its
oncogenic potential. Specifically relevant to immortalization,
the classical function of E6 is binding to and inducing the
degradation of the p53 tumor suppressor protein (87). This
happens through the formation of a trimeric complex with the
E6-AP, a cellular ubiquitin ligase which ubiquitinates p53 in
the presence of E6 (44-46, 86, 109). The p53 protein is a
convergence point for multiple signals that induce cell cycle
arrest and apoptosis, including DNA damage (62, 91). As a
transcription factor, p53 up-regulates target genes involved in
coordinating these responses, such as p21<'*', a CDK inhibitor
acting on cyclin E/cdk2 complexes, and Bax, a proapoptotic
member of the Bcl-2 family (9, 22, 67). Additionally, p53 may
play a separate role in apoptosis at the mitochondria (65).

More recently, E6 has been shown to induce telomerase
activity in keratinocytes (56, 100). This has been shown to be
an E-box- and c-Myc-dependent phenotype (30, 63, 73, 107,
108). E6 increases transcription of the TERT gene, which
encodes the catalytic subunit of the telomerase holoenzyme, a
reverse transcriptase. The telomerase enzyme utilizes an RNA
template, called TERC, to add telomere repeats to chromo-
somes (reviewed in reference 92). The TERT subunit of the
enzyme is the limiting factor in telomerase activity, as the
TERC molecule is ubiquitously expressed (11, 25), and over-
expression of the TERT gene alone is sufficient to engender
high levels of telomerase activity in all cell types examined (10,
55). In addition to its enzymatic activity, telomerase has been
shown to directly interact with double-strand break-sensing
proteins, the human homologues of the yeast Ku protein, Ku70
and Ku80, suppressing the potential DNA damage responses
to telomere ends (4). Telomerase activity is present in ~85%
of human tumors, the rest utilizing the ALT pathway (34).
Thus, telomere maintenance and telomerase would seem im-
portant for bypass of crisis and in many systems may play a
major role in immortalization of cells.

Although it is clear that E6 does increase TERT expression
and telomerase activity in cells, the activity levels engendered
by E6 are substantially lower than those observed upon TERT
overexpression in cells (55, 100). Corollary to that observation,
telomeres continue to shorten over extended passage of EO6,
E7, or E6/E7 keratinocytes (100), rather than being extended
or maintained as seen in TERT-expressing cells (41, 106).
Thus, experiments were carried out to identify the required
functions of E6 for bypass of crisis and immortalization of
keratinocytes by E6/E7. Using a panel of previously character-
ized mutants of E6 in tandem constructs with E7, we per-
formed clonal analysis of immortalization, which demonstrated
that loss of p53 was required for bypass of crisis and immor-
talization, while activation of telomerase by E6 was insufficient
to overcome crisis. These results suggest that there may be
multiple mechanisms for cells to bypass crisis, through onco-
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genic lesions impinging on different points in the same path-
way, not all of which require telomerase to be activated.

MATERIALS AND METHODS

Cell culture and infections. Primary human foreskin keratinocytes (HFK)
were isolated from neonatal foreskins and cultured in EpiLife medium supple-
mented with human keratinocyte growth supplement (Cascade Biologics). To
generate stable cells expressing HPV type 16 (HPV-16) E6 mutants in conjunc-
tion with E7, the pBabe retroviral system was employed (57, 68). Using the ®NX
packaging cell line (American Type Culture Collection), vesicular stomatitis
virus-pseudotyped amphotropic retrovirus was generated. Retrovirus encoding
E6 and E7 in tandem or empty vector was used to infect second-passage HFK
(counted from initial isolation from tissue samples) in 8 pg of Polybrene per ml
of medium. Following selection for 4 days with 1.25 pg of puromycin per ml of
medium, cells were expanded and clones were obtained by ring cloning one
passage after selection (third passage). Cell populations, both mass and clones,
were serially passaged, counting cells at each split and seeding a specified num-
ber of cells for continued passage as follows: 5 X 10° cells for lines A and C mass
cultures on 10-cm dishes, 7.5 X 10* cells for line B mass cultures on 10-cm dishes,
and 1 X 10* cells for the A, B, and C clonal lines on 12-well dishes. Cell counts
were used to calculate population doublings (PDs) over time for both clones and
mass cultures, using the formula {[log,y(ending cell number) — log,y(starting
cell number)]/log;,2}. No correction was made for replating efficiency.

Generation of E6 mutant panel. Mutagenesis of E6 was performed using the
QuikChange kit (Stratagene) to alter E6 sequences to match previously de-
scribed mutants (R8S/P9A/R10T and A123-127 [55, 56] and F125L and G134V
[12, 60]). Wild-type HPV-16 E6/E7 in tandem in pGEM7Zf was mutagenized,
and the resulting mutants were sequenced and then subcloned into the pBabe
retroviral vector.

RT-PCR analysis. RNA was prepared using the RNeasy kit (Qiagen). Reverse
transcriptase (RT) reaction mixtures contained 5 pg of RNA, 8 mM dithiothre-
itol, 500 WM deoxynucleoside triphosphate (ANTP), 16.7 uM random hexamer
primer, RNase inhibitor, 5 U of avian myeloblastosis virus RT, and buffer
(Promega) and were incubated at 42°C for 60 min. PCRs were run with Promega
buffer, 1.5 mM MgCl,, 200 pM dNTP, 10 pM primers, and 2.5 U of Taq
polymerase (Promega). Primers for HPV-16 E6 were forward, 5'-GAG AGG
ATC CAT GTT TCA GGA CCC ACA GG-3', and reverse, 5'-CAT GAA TCC
TTA CAG CTG GGT TTC TCT AC-3'. Primers for HPV-16 E7 were forward,
5'-CGG GAT CCA TCA TGC ATG GAG ATA C-3', and reverse, 5'-GTG
GAT CCG GTT TCT GAG AAC AGA TGG-3'. Primers for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were forward, 5'-CCC CTC TGC TGA
TGC CCC CAT GTT-3’, and reverse, 5'-GAG CTT CCC GTC TAG CTC AGG
GAT-3'. PCRs were run for 30 cycles of 94°C for 15 s, 54°C for 15 s, and 68°C
for 45 s.

TRAP assay. Telomeric repeat amplification protocol (TRAP) assays were
done as previously described (63), after the protocol of Kim et al. (54). Cells were
lysed in whole-cell lysis buffer (250 mM NaCl, 50 mM Tris [pH 7.5], 0.5% NP-40,
20% glycerol, protease inhibitor cocktail [Sigma]). TRAP PCR mixtures con-
tained PCR buffer (Fermentas), 1.5 mM MgCl,, 1 mM EGTA, 0.1 pg of TS
primer with a 5’-covalently linked biotin molecule (5'-biotin-AATCCGTCGAG
CAGAGTT-3’) (Invitrogen), 5 ng of bovine serum albumin, 100 uM dNTP, 1 pg
of T4 g32 single-strand binding protein (Roche Diagnostics Corporation), and 5
wg of cell extract. Reaction mixtures were incubated at room temperature for 30
min, and then 0.1 pg of CX primer (5'-(CCCTTA);CCCTAA-3") and 5 U of Tag
DNA polymerase (Fermentas) were added. The reactions were subjected to 30
cycles of PCR (94°C for 40 s, 50°C for 40 s, and 72°C for 90 s), run on a 10%
nondenaturing polyacrylamide gel, and transferred to Gene Screen Plus nylon
membranes (NEN) in Tris-borate-EDTA. The membrane was washed with
blocking buffer (5% sodium dodecyl sulfate [SDS], 17 mM Na,HPO,, 8 mM
NaH,PO,), and streptavidin-horseradish peroxidase (Chemicon) was applied in
blocking buffer at a 1:1,000 dilution. The membrane was washed with wash buffer
I (1:10 dilution of blocking buffer) followed by wash buffer II (100 mM Tris [pH
9.5], 100 mM NaCl, 10 mM MgCl,), developed with the ECL Plus reagent
(NEN), and detected using the ChemiImager 5500 (Alpha Innotech).

Western blot analysis. Whole-cell lysates were prepared as described above.
Fifty micrograms of whole-cell extract was run on SDS-10% polyacrylamide gel
electrophoresis gels, transferred to nitrocellulose, and probed with the following
antibodies: p16INK4a (clone G175-1239), p53 (clone DO-1), and p21 (clone
6B6) (BD PharMingen); and actin (C-2; Santa Cruz Biotechnology). Blots were
imaged on the Chemilmager 5500 (Alpha Innotech), and images were quanti-
tated with the FluorImager software package (version 2.1), using a local back-
ground method of calculation.



5700 McMURRAY AND McCANCE

TABLE 1. Function and behavior of E6 mutants in E6/E7
keratinocyte immortalization

Degrades  Induces Mass lones Average
Mutant ps3  tclomerase eultures () clonal PD
Vector - - 0/3 0/15  28(8)
E6 WT/E7 + + 33 1515 >80 (imm)”
E6 RSS/P9A/RIOT/ET  — + 0/3 015 53(+11)
E6 A123-127/E7 - - 0/3 0/15 33 (x6)
E6 F125L/E7 + + 33 1515 >80 (imm)
E6 G134V/E7 + - 33 1515 >80 (imm)

“ +, wild-type activity; —, no activity.
 imm, immortalized.

Southern blotting. Genomic DNA was isolated from cells at specified passage
using the Genomic-tip 20/G and the genomic DNA buffer set (Qiagen) following
the manufacturer’s protocol. DNA was quantitated, and 2.5 pg of DNA was
digested with HinfI and Rsal restriction enzymes (NEB). Digestion reactions
were run on 0.8% agarose gels, depurinated in 0.25 M HCI, denatured in 0.4 M
NaOH, and transferred to Gene Screen Plus nylon membrane by passive trans-
fer, using 0.4 M NaOH as transfer buffer (alkaline transfer). Membranes were
dried, prehybridized in aqueous prehybridization solution (5X SSC [1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate], 5X Denhardt’s solution, 1% SDS, and
100 pg of sonicated salmon sperm DNA/ml), and probed with 10° cpm of
aqueous prehybridization solution of a 51-nucleotide probe (5'-(CCCTAA)zCC
C-3') /ml end labeled to a specific activity of >10% dpm/p.g. Blots were washed
with high-stringency buffer (0.2X SSC, 0.1% SDS), and imaged on a Phospho-
rImager (Molecular Dynamics).

J. VIROL.

RESULTS

Ability of E6 to degrade p53 correlates with immortaliza-
tion. Because some studies suggested that loss of p53 alone
(88), or in combination with gain of telomerase activity (82),
was involved in keratinocyte immortalization, the requirement
for p53 loss in E6/E7 immortalization was examined in parallel
with the requirement for telomerase activation. A panel of E6
mutants was chosen, based on published determinations of the
behavior of these mutants (12, 60), to clarify the roles of p53
degradation and telomerase up-regulation by E6 in E6/E7-
mediated keratinocyte immortalization. As shown in Table 1,
the E6 R8S/P9A/R10T mutant lacked the ability to induce p53
degradation in cells but could increase levels of telomerase
activity comparable to wild-type E6. The E6 G134V protein
induced the destruction of p53 but did not increase telomerase
activity above baseline levels. E6 F125L could both degrade
p53 and increase telomerase activity, while E6 A123-127 had
neither function. Primary HFK stably expressing these E6 mu-
tants with wild-type E7, in tandem, were generated using the
pBabe retroviral vector system (68). The empty retroviral vec-
tor and wild-type E6 with E7 were included as controls. Fifteen
clonal cell populations were isolated by ring cloning, five per
experiment for each of three experiments, and both the mass
cultures and clones were serially passaged, counted, and
seeded at each split to calculate PD over time.
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FIG. 1. p53 degradation by E6 mutants is necessary and sufficient for immortalization with E7. Primary HFK were infected with retrovirus
expressing the indicated E6 mutants, in tandem with E7, at the second absolute passage. Empty vector (pBabe) and wild-type E6/E7 cells were
included as controls. Cells were counted after trypsinization and seeded at defined density for each passage. (A) Cumulative PDs are graphed as
a function of time in culture, shown as passage number. For cell lines that did not immortalize, icons matching the legend were used to indicate
the point at which these cells ceased to grow. The graph represents the averages of three independent experiments. (B) RT-PCR was performed
to check for similar E6 and E7 expression in the mutant cell lines. As previously described (18, 93), multiple splice variants of E6 can be detected.
Data shown are from line A. Similar results were obtained with lines B and C.
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FIG. 2. Telomerase activity is induced as expected in E6 mutant/E7 keratinocytes over time. TRAP assays were performed to measure
telomerase activity for each mutant, over time, indicated as passage number. Immediately following selection, the behavior of each mutant was as

expected (Table 1), although levels varied somewhat over the lifetime
to line A.

The control cells ceased to grow at an average PD level of 28
doublings (*8) for the clones (Table 1 and Fig. 1A). The
wild-type E6/E7-expressing keratinocytes were able to grow far
beyond the limits of the control cells, with clones achieving an
average of more than 80 PD and mass cultures averaging
greater than 100 PD before these experiments were stopped.
Similarly, both the E6 F125L/E7- and E6 G134V/E7-express-
ing cells were able to grow for more than 80 PD for clones and
greater than 100 PD for mass cultures, despite the fact that
only the E6 F125L mutant increased telomerase activity in
keratinocytes. In addition, although the E6 R8S/P9A/R10T/E7
cells showed an extended life span, with clonal PD averaging
53 (£11), this mutant was unable to sustain continued growth
in culture, and all clones and mass cultures of these cells
ultimately died. As expected, the E6 A123-127/E7-expressing
cells were also not immortal, with an average clonal life span of
33 PD (%6). To confirm that all cultures were expressing both
E6 and E7 as appropriate, RNA was purified from third-pas-
sage cells and RT-PCR was performed for E6, E7, and
GAPDH as a control. As shown in Fig. 1B, all cell lines had
similar levels of E6 and E7 expression, although the splicing
pattern of the E6 mutants varied somewhat. To avoid the
problem of being outside the linear range for quantitation of

of each culture. Results from lines A and B are shown. Line C was similar

the PCRs, we carried out dilutions and observed the same
relative levels of E6 mRNA in each sample (data not shown).
Thus, the lack of immortalization by certain mutants cannot be
attributed to differences in E6 or E7 expression levels. Taken
together, these results demonstrate that the ability of E6 to
degrade p53 is both necessary and sufficient for bypass of crisis
and immortalization of keratinocytes with E7.

Acquisition of telomerase activity is not required for E6/E7
immortalization. One possible explanation for the results de-
scribed above is that the E6 mutants that degrade p53 acquire
secondary mutations that induce telomerase activity over pas-
sage and, thus, these cells may require both loss of p53 and
gain of telomerase activity for full immortality. To examine
whether this indeed took place, telomerase activity was assayed
over time in the various E6 mutant/E7 keratinocyte lines. As
shown in Fig. 2, immediately following introduction of E6 and
E7 into cells, telomerase levels in the E6 A123-127/E7 and E6
G134V/ET7 cells were similar to those of vector controls. In
contrast, cells expressing E6 R§S/PIA/R10T/E7, E6 F125L/E7,
or wild-type E6/E7 had similar, increased levels of telomerase
activity. Over their life span, there was some variation in the
levels of telomerase activity in each of the cell lines, especially
in the wild-type E6/E7 line A. However, it is clear that of the
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FIG. 3. p53 accumulation and activation accompany cell death at
performed with 50 pg of total protein from the indicated cell lines,

crisis in nonimmortalizing E6 mutant/E7 lines. Western blot assays were
at the indicated passage numbers. Blots were probed for total p21<'*1 or

phospho-p53, modified on serine-15, and then stripped and reprobed for total p53 and p16™%* followed by actin, as a loading control. Data shown

are from line B. Similar results were obtained with lines A and C.

mutants, both the E6 R8S/P9A/R10T/E7 and E6 F125L/E7
cells had elevated telomerase activity throughout their life
span, as expected. In contrast, the E6 A123-127/E7 cells
showed no telomerase activation over their life span, similar to
vector controls. Finally, the E6 G134V/E7 cells showed no
telomerase activity at early passage in all lines examined. How-
ever, while lines A and C showed no reactivation of telomerase
at later time points (passages 18, 22, and 26), line B keratino-
cytes did acquire telomerase activity upon extended passage (a
low level at passage 15 and increasing at passages 18 and 21).
This E6 mutant was sequenced using cDNA from early and
late passages and was shown to maintain the G134V sequence.
This suggests that while telomerase reactivation may accom-
pany immortalization, it is not necessarily required for bypass
of crisis. The E6 G134V/E7 cells can bypass crisis and go on to
immortalization without reacquiring telomerase activity, as ev-
idenced by the line A and C keratinocytes. This was also
supported by the fact that all clones of the E6 G134V/E7 cells
progressed to immortalization, rather than just a proportion of
clones, suggesting that secondary genetic events are not re-
quired for unlimited growth, although they may take place in
some of these populations.

Mutants that do not permit immortalization die at crisis. To
clarify the relative contributions of senescence and crisis to
growth suppression of the various mutant E6/E7-expressing
cells, markers of these processes were examined. Senescence is
associated with, and may depend on, the characteristic accu-
mulation of p16™ 4 (8, 55, 80, 81). Crisis shows features of
apoptosis, including the accumulation and activation of p53
protein by phosphorylation on specific residues, including
serine 15, a target site of ATM/ATR kinases (50, 78). In ad-
dition, p21°"™" levels generally increase in concert with p53
activation at crisis. Thus, the status of these proteins was ex-
amined.

All cell lines containing an E6/E7 combination accumulated
high levels of p16™%** over time (Fig. 3). These cells contin-
ued to proliferate, however, because the expression of E7 by-

passes the p16™ * arrest (53, 55). The vector control cells,
with no means to bypass this arrest signal, ceased to prolifer-
ate. The control cells had reduced levels of p16™%4* compared
to the E6 wild-type and mutant plus E7 cells, but this was likely
because the control cells are sensitive to these lower amounts
of p16™ 4 and cease to proliferate with less of this cell cycle
inhibitor present. It is clear that all of the mutant E6/E7 cell
lines accumulated p16™%4* with kinetics similar to wild-type
E6/E7 cells. Thus, it is unlikely that this arrest signal is respon-
sible for the growth cessation seen in the E6 R8S/PY9A/
R10T/E7 and E6 A123-127/E7 mutant cell lines.

The alternative explanation is that the cell populations that
do not immortalize are lost at crisis. As a measure of this, three
markers of crisis were examined: activated p53, as measured by
the amount of p53 phosphorylated at residue serine-15; total
p53; and p21<™*, a secondary marker of p53 activation and a
potential mediator of growth arrest in these cells. The vector
control cells again had relatively low levels of these proteins.
E6 A123-127/E7 cells, which can survive past senescence,
showed an induction of p53 protein, as well as increases in
activated p53 and p21°™'. Cells expressing E6 R8S/P9A/
R10T/E7 showed induction of these crisis markers with differ-
ent kinetics, with p53 and phospho-p53 levels increasing later
in this mutant than in E6 A123-127/E7 cells. However, at pas-
sages 18 and 21, both mutant lines had similar levels of phos-
pho-p53 and total p53. In contrast, because the E6 F125L/E7
and E6 G134V/E7 mutants retain the ability to degrade p53,
cells that express these mutants with E7 showed little or no p53
protein, and hence little phosphorylated p53. There was a
modest accumulation of p21<™"! over time in the E6 F125L/E7
and E6 G134V/E7 mutant lines, compared to wild type, most
likely by a p53-independent mechanism. However, p21<™*! lev-
els reached only ~25% of those seen in the E6 R8S/P9A/
RI10T/E7 and E6 A123-127/E7 cells. Clearly, the distinction
between those cell lines that survive and those that do not is
the ability to bypass activation of crisis at later passages, de-
pendent on the presence of p53.
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FIG. 4. Telomere lengths shorten over the life span of wild-type and mutant E6/E7 cells. Southern blot analysis was performed for telomere
restriction fragment (TRF) length on the pBabe vector control, mutant E6/E7, and wild-type E6/E7 keratinocyte lines. Passage number is indicated
at the top of each lane. Average TRF length, indicated at the bottom of each lane, was determined using standard calculation methods (1),

employing the formula [%(length) - (intensity)]/2(intensity) for each lane.

Telomere lengths shorten in E6/E7 keratinocytes. A possible
alternative explanation for the ability of the E6 G134V/E7
cells to grow indefinitely without increased telomerase ac-
tivity is that these cells may have, directly or indirectly,
activation of the ALT pathway for telomere maintenance.
Previous studies have shown that although E6 increased
telomerase activity in keratinocytes, telomeres in E6 or
E6/E7 cells were not increased in length (100), in contrast to
the elongation of telomeres seen in TERT-expressing cells
(41, 106). Over extended passage, it has been shown that
telomeres shorten progressively in cells expressing E6 or
E6/E7, in a manner similar to controls (100). However, it
was possible that in the E6 G134V/E7 cells telomeres were
elongated in some way, which might have allowed immor-
talization without telomerase activity. The hallmark of ALT
activation is significantly elongated telomeres, from a nor-
mal range of 10 to 12 kb in early-passage cells to lengths
greater than 23 kb in ALT cells (38). To determine if E6
G134V/E7 cells showed an extended telomere length,
Southern blot analysis was performed to examine telomere
restriction fragment lengths in the mutant cell lines. In
agreement with published results, both the control cells and
the wild-type E6/E7 cells showed progressive shortening of
telomeres (Fig. 4). In addition, all of the mutant cell lines
showed similar progressive shortening of telomeres, suggest-
ing that the ALT pathway is not active in these cells. This
argues that the E6/E7 wild-type and mutant cell lines are
immortal not because of telomere elongation by telomerase
activity but by a p53-dependent mechanism of bypassing the
arrest associated with critical shortening of telomeres.

DISCUSSION

This study is the first to examine the role of E6 in keratin-
ocyte (HFK) immortalization, the natural host cell of HPV
infection. Mutational analysis of E6 has been performed in
human mammary epithelial cells, which E6 can immortalize on
its own, to understand the role of E6 in extending cellular life
span (12, 55, 60). However, these studies are not directly com-
parable to the situation here, because human mammary epi-
thelial and HFK cells are known to have differences in the
mortality stages that block their proliferation (47, 55) and,
importantly, they are not the host cell of HPV. It has been
previously demonstrated that overexpression of the TERT
gene engenders high levels of telomerase activity in cells, and
telomeres are stabilized or lengthened in the presence of this
high activity (41, 106). In contrast, E6/E7-expressing cells,
while possessing elevated levels of telomerase activity relative
to control cells, have substantially less activity than matched
TERT-expressing cells (55, 100) and, consequently, do not
maintain long telomeres as they age in culture (26, 100) (Fig.
4). Over time, E6/E7 cells come to have telomeres that are
critically short and should induce crisis, but unlike control cells,
wild-type E6/E7-expressing keratinocytes do not die at this
point. With 100% efficiency, as measured by clonal survival
(35, 43, 71) (Table 1), these cells bypass crisis and become
immortal. Bypass of this arrest and apoptosis seems to depend
on the presence of E6, because expression of E7 alone is
incapable of immortalizing cells in the absence of feeder cells
(35, 81).

The mutational analysis described herein suggests that the
relevant contribution of E6 to E6/E7-mediated immortaliza-
tion is the degradation of p53. Regardless of the telomerase
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activation by various mutants of E6, the ability of E6 to induce
loss of the p53 protein was necessary and sufficient for kera-
tinocyte immortalization with E7. These results are in concert
with some previous studies examining which alterations were
sufficient to supplement E7 expression and allow keratinocyte
immortalization (88). The combination of a dominant-negative
pS3 (DN p53) mutant with E7 was sufficient for high-efficiency
immortalization of keratinocytes, as measured by clonal im-
mortalization. In these experiments, 100% of clones expressing
the DN p53 with E7 grew indefinitely. In the context of the
full-length HPV 16 genome, telomerase activation by the viral
E6 protein is not required for immortalization (98). More
recently, Rheinwald et al. examined the ability of DN p53 to
supplement p16™% 4 Joss in keratinocyte immortalization (82).
Although loss of both p53 and p16™%** were required, in their
system an additional alteration, the gain of high-level telom-
erase activity through the introduction of the TERT gene, was
necessary to allow continuous growth of keratinocytes. These
results, taken together with the work presented here, suggest
that introduction of E7 affects cellular immortalization in ways
other than just bypass of p16™ %+ arrest. It is well established
that E7 affects the cell cycle in multiple ways (28, 49, 70) and
can allow bypass of a variety of arrest signals (7, 16, 27, 39, 48,
79, 83, 97), and so it is not surprising that it alters cell growth
and immortalization differently than loss of p16"™%** alone.
However, our results are seemingly contrary to those of others
who showed that overexpression of telomerase plus E7 could
immortalize keratinocytes (17, 55). The difference in the re-
sults may be solely due to the high levels of telomerase activity
observed when the TERT gene is introduced into cells, with
levels of activity 10-fold above that seen when E6 is introduced
(55, 100) (data not shown).

Gain of telomerase and loss of p53 likely impinge on the
same pathway at different points. It has been shown that loss of
telomeric DNA induces a DNA damage-like response (14, 15,
29, 51, 75-77, 90, 94, 96, 99) and that downstream of this are
cellular factors involved in response to many DNA damage
response signals, the ATM kinase and its targets, including
p53, which is directly phosphorylated by ATM (2, 59, 103, 104).
In response to other DNA damage signals, such as UV irradi-
ation or chemotherapeutic agents, cells arrest upon damage to
attempt to repair it (31, 40, 66, 84, 103, 104, 110, 111). In the
context of telomere shortening, because this is not repairable
damage, cells with critically short telomeres are destroyed at
crisis by apoptosis. This is postulated to control the genetic
instability of cells with telomeres that are too short to function
properly. It has been shown that cells with critically short
telomeres have increased levels of end-to-end chromosomal
fusions, as well as ring chromosomes, leading to aneuploidy
and possibly potentiating cancer development (3, 37, 58, 74, 85,
95, 105).

TERT expression and consequent increases in telomerase
activity in cells may bypass crisis in an indirect manner, by
protecting telomeres so that crisis is never induced. In the case
of HPV E6 and E7, telomerase activity levels may be too low
to maintain telomere length, and thus these cells should un-
dergo crisis. However, because crisis depends on activation of
p53, E6/E7 keratinocytes avoid death at crisis because of the
complete loss of p53 in these cells. The potential for alternative
mechanisms to bypass cellular life span control pathways is not
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limited to HPV. Recent work by Seger et al. demonstrates that
this is possible with cellular oncogenes as well (89). Seger et al.
reported the generation of transformed human cells without
addition of telomerase, through overexpression of MDM2, a
normal regulator of p53 function that induces ubiquitylation
and degradation of p53. This is in contrast to previous reports
of transformation requiring simian virus 40 large and small T
antigens, constitutive Ras activity, and gain of telomerase ac-
tivity (23, 33) or loss of Rb function, gain of Ras, telomerase,
and phosphatidylinositol 3-kinase activities (34). In these ear-
lier models, telomerase activation was a necessary component,
while Seger et al. demonstrated that there are alternative
mechanisms to the same end.

Although telomerase activation may not be required for
immortalization of keratinocytes, this function of E6 may be
involved in the process of transformation in a manner unre-
lated to cellular immortalization. The fact that ~90% of hu-
man tumors show telomerase activation suggests that this gene
plays some role in cancer progression (34, 42). However, some
data suggest that the role of telomerase activation is stabiliza-
tion of what would otherwise be an overwhelmingly unstable
genome (32, 62). Thus, telomerase activity may not be required
for immortalization, but it may play a role in the transforma-
tion process. It has been demonstrated in models of cellular
oncogenic transformation that even in cells with long telo-
meres, gained by activation of the ALT pathway for telomere
maintenance, TERT expression confers greater oncogenic po-
tential to these cells (6). Alternatively, telomerase activation by
the HPV E6 protein may be a by-product of the necessary
alteration of regulation of some other process, such as c-Myc
transcriptional up-regulation (63, 108), which is known to in-
crease telomerase levels but may also serve a function in the
viral life cycle. Considering this, the role for telomerase acti-
vation by E6 in other phenotypes related to transformation
remains to be examined.
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