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High-risk human papillomaviruses (HPVs) immortalize keratinocytes by disrupting the retinoblastoma
protein (Rb)/p16 pathway and activating telomerase. The E7 oncoprotein targets Rb, while the E6 oncoprotein
induces telomerase activity in human keratinocytes. This study has examined the mechanism by which E6
activates telomerase. Expression of human telomerase reverse transcriptase (hTERT), the catalytic subunit of
telomerase, was found to be increased in keratinocytes stably expressing HPV type 16 E6, suggesting that E6
acts to increase hTERT transcription. h"TERT expression and telomerase activity were activated to significantly
higher levels in cells expressing both E6 and E7 than in cells expressing E6 alone. This indicates that E7 may
augment E6-mediated activation of hTERT transcription. In transient-transfection assays using hTERT
reporters, the induction of hTERT expression by E6 was found to be mediated by a 258-bp fragment of the
hTERT promoter, proximal to the ATG initiation codon. Previous studies have demonstrated that overexpres-
sion of Myc can activate hTERT expression, suggesting that Myc may be a mediator of E6-mediated hTERT
induction. However, in cells stably expressing E6, no strict correlation between the level of Myc and the
activation of hTERT was found. Consistent with this observation, mutation of the two Myc binding sites in the
hTERT promoter only modestly reduced responsiveness to E6 in transient reporter assays. This indicates that
activation of Myc-dependent transcription is not essential for E6-mediated upregulation of hTERT expression.
The hTERT promoter also contains five GC-rich elements that can bind Sp1. Mutation of these sites within the
258-bp fragment partially reduced hTERT induction by E6. However, when mutations in the Spl sites were
combined with the mutated Myc binding sites, all activation by E6 was lost. This indicates that it is the
combinatorial binding of factors to Myc and Sp1 cis elements that is responsible for hTERT induction by E6.

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses that induce hyperproliferative lesions in epithe-
lial tissues (13). More than 85 distinct types of HPV have been
identified and fully sequenced (5, 39). These types include
some that infect cutaneous tissues and induce warts on the
hands or feet, as well as others that infect the oral mucosa.
Among the most well-characterized HPV types are those that
infect genital epithelia, and these can be grouped on the basis
of their association with cervical and other anogenital cancers.
“High-risk” HPV types, such as HPV type 16 (HPV-16), HPV-
18, HPV-31, and HPV-54, induce lesions which can lead to
cancer, while “low-risk” types, such as HPV-6 and HPV-11,
induce benign lesions that rarely progress to malignancy (2, 13,
21, 39).

The major transforming proteins of high-risk HPV types are
the E6 and E7 proteins, and numerous modulatory functions
have been attributed to them. Two key targets of E6 and E7
are the tumor suppressors p53 and the retinoblastoma protein
(Rb) (13, 25, 39). Inactivation of the p53 and Rb pathways is
thought to be a critical step in the progression to malignancy.
For example, E7 can bind to Rb and alleviate repression of
E2F-dependent target genes, thereby allowing rapid progres-
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sion into S phase (8, 16, 29). Similarly, E6 facilitates the deg-
radation of p53 through the actions of E6-associated protein
(E6-AP), which results in the abrogation of the G,/S and G,/M
checkpoints (15, 32, 33, 37). Each of these functions has been
shown to be specific to the high-risk HPV types.

In addition to targeting p53 for degradation, E6 from high-
risk HPV types activates telomerase (19). Telomerase is a
multisubunit complex that is responsible for synthesizing the
hexamer repeats which comprise the telomeres at the ends of
chromosomes (3, 30). Telomerase is generally not active in
adult cells, and this results in a gradual loss of telomeres
through successive cell divisions. Such a process has been sug-
gested to be a natural mechanism of aging (23). Tumors often
exhibit uncontrolled proliferative capacity, so it is not surpris-
ing that telomerase activity is detected in virtually all tumors
(23). Recent studies have shown that expression of human
telomerase reverse transcriptase (hTERT), the catalytic sub-
unit of telomerase, is sufficient to induce immortalization in a
number of primary cell lines (1, 23). However, immortalization
of human foreskin keratinocytes (HFKSs) requires the inactiva-
tion of Rb via E7 or loss of expression of the cyclin-dependent
kinase inhibitor p16, in addition to hTERT expression (18).

While telomerase activation is required for immortalization,
recent studies suggest that immortalization of HFKs does not
require p53 inactivation (7, 18). Earlier work in several labo-
ratories demonstrated that expression of E6 and E7 is sufficient
to induce cellular immortalization (12, 14, 28). Several E6
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mutants that cannot degrade p53 are also unable to induce
immortalization, suggesting that p53 is the key target of E6
(18). However, the finding that h\TERT can substitute for E6 in
immortalization of HFKSs indicates that the critical function of
E6 may be the activation of telomerase (18). It is more likely
that both functions are relevant, with telomerase activation
being important for the extension of life span and p53 degra-
dation being critical for the progression to malignancy through
the development of secondary mutations.

The mechanism by which E6 activates telomerase has not yet
been elucidated. Through mutational analysis of E6, it has
been determined that pS3 degradation is not required for ac-
tivation of telomerase (18). In addition, it has been demon-
strated that overexpression of Myc can induce telomerase ac-
tivity by directly activating the hTERT promoter (9, 20, 36, 38).
Thus, it is possible that E6 activates telomerase via induction
of Myc, although the exact mechanism by which this might
occur is unclear. It has been reported that E6 activates the Myc
promoter in transient assays and that overexpression of E6 in
human mammary epithelial cells leads to increased Myc pro-
tein levels (17, 36). However, Myc mRNA levels are not up-
regulated in E6-expressing human mammary epithelial cells,
suggesting that E6 induces Myc through a posttranscriptional
mechanism. In an apparently contradictory study, E6 has been
shown to induce the degradation of Myc (10). Thus, the true
relationship between E6 and Myc remains to be resolved.

In the present study, we observed in long-term assays that E6
upregulates the expression of hTERT but that this does not
strictly correlate with increased levels of Myc. Using transient-
transfection assays with hTERT reporters, we found that acti-
vation by E6 was mediated by a combination of Myc and
GC-rich Spl cis elements. Thus, E6 may activate or recruit
factors that bind to these sites to induce hTERT transcription.

MATERIALS AND METHODS

Cell culture. HFKs were derived from neonatal human foreskin epithelium
and maintained in serum-free keratinocyte growth medium supplemented with
bovine pituitary extract (Clonetics, San Diego, Calif.). C33A cells were main-
tained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine
serum (Gibco BRL, Grand Island, N.Y.). Retrovirus-packaging cell lines ex-
pressing Myc were created by transfection of pLXSN-Myc into the ecotropic
Bosc23 packaging cell line and subsequent infection of the amphotropic PA317
packaging cell line. PA317 cell lines expressing HPV-16 E6, E7, and E6/E7 were
obtained from D. Galloway (University of Washington, Seattle). 3T3 J2 fibro-
blast feeders were maintained in Dulbecco modified Eagle medium supple-
mented with 10% calf serum. Retroviral infection of HFKs has been previously
described (11, 35). Subsequent to infection, HFKs were maintained in E medium
with mitomycin-treated J2 3T3 fibroblast feeders (26). Cells were selected for
neomycin resistance by incubation with G418 for 4 days at 200 pwg/ml and then for
4 days at 100 pwg/ml. Prior to harvest, feeders were detached by treatment with
EDTA (0.5 mM).

Plasmids. TL 800 and TL DM hTERT promoter-reporter constructs and the
PXP, luciferase vector were obtained from R. Dalla-Favera (Columbia Univer-
sity, New York, N.Y.). Deletion mutants were generated by recombinant PCR.
WT 181 contains 260 bp of the hTERT promoter upstream of the ATG initiation
codon. Spl MT1, Spl MT2, Spl MT3, Spl MT4, Spl MT5, and Spl MT1-5 have
been described elsewhere (20). Spl MT1-5/Myc MT was generated by PCR-
based mutagenesis. Fos-luc was generated by insertion of 100 bp of the Fos
promoter into the HindIII and Kpnl sites of PXP,. pLXSN-Myc was created by
insertion of the Myc coding region into the EcoRI and Xhol sites of pLXSN.
pSG5-Myc was generated by insertion of the EcoRI-BamHI fragment from
pLXSN-Myc into pSG5 (Stratagene, La Jolla, Calif.). pSG5-16E6 and pSGS5-
11E6 have been described previously (22). pSG5-16E6A9-13 was generated by
insertion of the EcoRI-BamHI fragment from LXSN-16E6A9-13 into the EcoRI
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and BamHI sites of pSGS. pSG5-16E7 was obtained from D. McCance (Univer-
sity of Rochester, Rochester, N.Y.).

Telomeric repeat amplification protocol (TRAP) assays. Telomerase activity
was analyzed via the TRAPeze telomerase detection kit (Intergen, Purchase,
N.Y.). Cell extracts were incubated with a [y->>P]JATP-end-labeled telomere
substrate (TS primer) for 45 min at 30°C and then subjected to a two-step PCR
amplification. The products were electrophoresed on a nondenaturing polyacryl-
amide gel, and the gel was subsequently dried and subjected to autoradiography.

Reverse transcription (RT)-PCR. Total RNA was harvested using Trizol re-
agent (Gibco BRL). Total RNA (200 ng) was reverse transcribed for 45 min at
60°C, after which a two-step PCR amplification was performed. hTERT primer
pairs LT5 (5'-CGG AAG AGT GTC TGG AGC AA-3', sense) and LT6 (5'-
GGA TGA AGC GGA GTC TGG A-3', antisense) amplified a 142-bp product.
Glyceraldehyde-6-phosphate dehydrogenase (GAPDH) primer pairs K136 (5'-
CTC AGA CAC CAT GGG GAA GGT GA-3', sense) and K137 (5'-ATG ATC
TTG AGG CTG TTG TCA TA-3', antisense) amplified a 440-bp product.

Western analysis. Whole-cell extracts were prepared using 3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate (CHAPS) lysis buffer (10 mM
Tris-HCI [pH 7.5], 1 mM MgCl,, 1 mM EGTA, 0.1 mM benzamidine, 5 mM
B-mercaptoethanol, 0.5% CHAPS, 10% glycerol) and quantitated with the Brad-
ford assay (Bio-Rad, Hercules, Calif.). Equal amounts of protein were electro-
phoresed on a sodium dodecyl sulfate-polyacrylamide gel and subsequently
transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore,
Bedford, Mass.). The membrane was blocked in wash solution (0.1% Tween 20
in phosphate-buffered saline) containing 5% nonfat dry milk. Rabbit polyclonal
anti-Myc (sc-764; Santa Cruz Biotechnology) was used as the primary antibody.
Proteins were visualized via enhanced chemiluminescence (ECL; Amersham,
Arlington Heights, II.)

Luciferase assays. Cells were transfected with Fugene 6 transfection reagent
(Roche, Indianapolis, Ind.) and harvested 48 h posttransfection. Total DNA was
equalized in all transfections by adding pSG5 DNA. Luciferase activity was
quantitated by using a luciferase assay kit (Tropix, Bedford, Mass.) and normal-
ized to the protein concentration. Values, expressed as relative level of activa-
tion, are averages of data from at least three experiments.

RESULTS

Analysis of telomerase activity, h\TERT expression, and Myc
levels in cells expressing E6 and/or E7. To investigate the
mechanism of telomerase induction by E6, we first examined
telomerase enzymatic activity in primary HFKs stably express-
ing HPV-16 E6 and/or E7. These cells were isolated after
infection with LXSN-based retroviruses and selection for neo-
mycin resistance. In addition, keratinocytes expressing high
levels of Myc were generated after infection with recombinant
LXSN-based retroviruses expressing Myc. HFKSs infected with
the empty pLXSN vector were used as a control cell line.
Following retroviral infection and selection, cells were har-
vested at identical passage numbers and telomerase activity
was determined using the TRAP assay. Consistent with previ-
ous reports, cells expressing E6 exhibited high but variable
levels of telomerase activity, while normal cells had virtually no
detectable activity (Fig. 1). We observed increased levels of
telomerase activity in four independent experiments involving
infections with retroviruses expressing E6 alone (Fig. 1). While
there was variation in the average level of activation, we always
observed an increase. In cells expressing E7 alone, we consis-
tently detected a low level of telomerase activity that was
approximately 10% of that seen in Myc-expressing cells. In
cells expressing both E6 and E7, the telomerase activity was
consistently found to be approximately three- to fivefold higher
than that in keratinocytes expressing either oncoprotein alone.
This suggests that although E6 is a primary activator of telo-
merase, E7 may augment this activity.

We next determined whether the increase in telomerase
activity induced by E6 correlated with an upregulation of
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FIG. 1. Analysis of telomerase activity, "TERT mRNA levels, and Myc protein levels in HFKSs stably expressing HPV-16 E6, E7, E6/E7, or Myc.
Panels represent four independently infected sets of HFKs. Telomerase activity in whole-cell extracts was measured with the TRAP assay. RT-PCR
was performed on total RNA to determine hTERT and GAPDH mRNA levels. Myc protein levels in whole-cell extracts were determined via

Western analysis.

hTERT transcription. For these studies, RT-PCR was per-
formed on total RNA isolated from cells expressing E6 and/or
E7. RT-PCR for GAPDH was used as an internal control. As
expected, h\TERT mRNA was detected in cells expressing E6
or E6/E7 but not in normal cells (Fig. 1). In addition, hTERT
expression correlated well with overall telomerase enzymatic
activity. This suggests that E6 activates telomerase by upregu-
lating hTERT transcription.

Because Myc has been implicated as an activator of hTERT
expression, we next examined whether Myc levels correlated
with increased transcription of hTERT. For these studies,
Western analysis of Myc protein levels in cells stably expressing
E6 and/or E7 was performed. Analysis of multiple sets of
infected cells indicated that the levels of Myc were variable and
were not reproducibly enhanced by E6 expression (Fig. 1).
Indeed, Myc levels were more consistently increased in cells
expressing E7 alone or both E6 and E7. Interestingly, despite
the presence of high levels of Myc in most E7-expressing cells,
telomerase activity was only moderately induced. Mad family
proteins are known to bind to the same DNA binding sites as
Myc but repress transcription, so it is possible that E7 expres-
sion leads to higher levels of a Mad protein, thus offsetting the
increased Myc levels. Overall, the levels of Myc did not corre-
late with telomerase activity, suggesting that although it may
play a role, Myc may not be the sole mediator by which E6
upregulates hTERT expression.

E6-mediated activation of the hTERT promoter is partially
dependent on Myc binding sites. To investigate how E6 in-
duces hTERT expression, we utilized two reporter plasmids,

TL 800 and TL DM, which contain approximately 800 bp of the
hTERT promoter fused to the firefly luciferase gene (Fig. 2A).
TL DM contains point mutations (CACGTG—CACCTG) in
each of the two Myc binding sites, located at —242 and —34
relative to the ATG initiation codon. These mutations have
previously been shown to abrogate Myc binding and activation
of the hTERT promoter (38). Cells from the HPV-negative
cervical carcinoma cell line C33A were transfected with TL 800
and expression vectors for E6, E7, or E6/E7. In addition, we
cotransfected an expression vector for Myc as a positive con-
trol for TL 800 activation. Transfection of expression vectors
for either E6 or Myc resulted in approximately a threefold
activation of the h"TERT promoter (Fig. 2B). In contrast, trans-
fection of an expression vector for E7 activated the reporter
approximately 1.5-fold, while cotransfection of both E6 and E7
expression vectors resulted in a 3- to 4-fold activation. This
enhancement of reporter activity by coexpression of E6 and E7
correlated with our TRAP analysis data and further supports
the idea that E7 can enhance E6-mediated telomerase activa-
tion. We also conclude that E6 can activate hTERT transcrip-
tion in transient reporter assays.

Next, we investigated the dependence of E6-mediated acti-
vation on the two Myc binding sites in the hTERT promoter.
For these experiments, TL 800 or TL DM reporter was trans-
fected into C33A cells and the activation mediated by Myc or
E6 was examined. As expected, transfection of a Myc expres-
sion vector did not significantly activate the mutant reporter
(Fig. 2C). In contrast, E6-mediated activation of TL DM was
only slightly reduced from that of the wild-type reporter con-
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FIG. 2. Activation of hTERT promoter-reporter plasmids by E6.
(A) Structure of TL 800 and TL DM. Each reporter contains approx-
imately 800 bp of the hTERT promoter fused to the firefly luciferase
gene. TL DM contains a point mutation (CACGTG—CACCTG) in
each of the two Myc binding sites, located at —242 and —34 relative to
the ATG initiation codon. (B) C33A cells were transfected with TL 800
and either pSG5-Myc (Myc), pSG5-16E6 (E6), pSG5-16E7 (E7), or
both pSG5-16E6 and pSG5-16E7 (E6/E7) (P < 0.05 for Myc, E6, E7,
and E6/E7 when compared to control). (C) C33A cells were trans-
fected with TL 800 or TL DM and either pSG5-Myc or pSG5-16E6
(P < 0.05 for Myc and E6 with TL 800 when compared to control; P <
0.05 for E6 with TL DM when compared to control). (D) HFKs were
transfected with TL 800 or TL DM and either pSG5-Myc, pSG5-16E6,
or both pSG5-16E6 and pSG5-16E7 (P < 0.05 for Myc, E6, and E6/E7
with TL 800 when compared to control; P < 0.05 for E6-E7 with TL
DM when compared to control). Total DNA was equalized with pSG5
in each transfection. Cells were harvested 48 h posttransfection, and
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struct, indicating that E6 could still activate the hTERT pro-
moter in the absence of functional Myc binding sites.

We next sought to confirm these observations in normal
human keratinocytes. As shown in Fig. 2D, Myc-mediated ac-
tivation of TL 800 in HFKs was entirely dependent on the
presence of two functional Myc binding sites, while E6-medi-
ated activation was at best slightly reduced by mutation of the
two Myc binding sites. In addition, in the presence of both E6
and E7, a high degree of hTERT activation was retained even
with TL DM. These findings were similar to the results for
transfections in C33A cells and indicate that activation of the
hTERT promoter via E6 can occur by a Myc-independent
mechanism.

To ensure that E6-mediated activation of hTERT transcrip-
tion was not due to a nonspecific effect, we examined the ability
of a telomerase-defective E6 mutant (HPV-16 E6A9-13) and
low-risk HPV-11 E6 to activate the hTERT promoter. Both
HPV-16 E6A9-13 and low-risk HPV-6 E6 have been shown to
be unable to activate telomerase enzymatic function in stable
long-term assays (19). While wild-type HPV-16 E6 significantly
activated the hTERT promoter, the telomerase-defective E6
mutant and HPV-11 E6 were significantly impaired in this
ability (Fig. 3A). Thus, the activation of the hTERT promoter
correlates with telomerase induction by E6 and is specific to
high-risk E6. To confirm that E6-mediated activation was in-
deed specific to the hTERT promoter, we examined the ability
of E6 to activate the PXP, luciferase vector nonspecifically.
Neither Myc nor E6 was capable of activating this reporter
(Fig. 3B). In addition, we investigated the effects of E6 on a
reporter containing the minimal Fos promoter. Similar frag-
ments of the Fos promoter have previously been shown to be
unresponsive to E6 (6, 27). Transfection of an expression vec-
tor for E6 did not significantly activate this reporter (Fig. 3C).
These findings suggest that E6-mediated activation of the
hTERT promoter in transient assays is specific and correlates
with effects seen in stable cell lines.

E6-responsive sequences in the hTERT promoter can be
localized to a region containing 258 bp upstream of the ATG
initiation codon. To localize the cis elements responsible for
hTERT induction by E6, we generated a series of hTERT
promoter deletions (Fig. 4A). These four derivative plasmids
were generated by progressive deletions from the 5’ end of the
hTERT promoter. Each of these constructs was transfected
into HFKSs, and their responsiveness to both Myc and E6 was
determined. The basal activities of the reporters differed, sug-
gesting that cis elements that positively or negatively regulate
basal transcriptional activity may have been deleted. However,
transfection of expression vectors for either Myc or E6 acti-
vated each reporter significantly relative to the negative con-
trol (Fig. 4B). One plasmid, TL 275 DM, which consists of 258
bp upstream of the ATG initiation codon, also contains point
mutations in the two Myc binding sites. In transient assays, this
reporter was no longer responsive to Myc but was still activated
by E6. This suggests that hTERT induction by E6 can be

luciferase activity was normalized to total cellular protein concentra-
tion. Results are the means * standard deviations of data from at least
three experiments.
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FIG. 3. Specificity of h\TERT promoter activation by E6. (A) HFKs
were transfected with TL 800 and either pSGS5 (control), pSG5-16E6
(E6), pSG5-16E6A9-13 (E6 A9-13), or pSG5-11E6 (11-E6) (P < 0.05
for E6, E6 A9-13, and 11 E6 when compared to control; P < 0.05 for
E6 A9-13 and 11 E6 when compared to E6). (B) HFKs were trans-
fected with PXP, and either pSGS5 (control), pSG5-Myc (Myc), or
pSG5-16E6. (C) HFKs were transfected with Fos-luc and either pSG5
or pSG5-16E6. Total DNA was equalized with pSGS5 in each transfec-
tion. Cells were harvested 48 h posttransfection, and luciferase activity
was normalized to total cellular protein concentration. Results are the
means * standard deviations of data from at least three experiments.
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FIG. 4. Deletion analysis of " TERT promoter activation by E6. (A)
Schematic of hTERT promoter deletion mutants. Deletions were cre-
ated by recombinant PCR. (B) HFKs were transfected with hTERT
promoter-reporter plasmids and either pSG5 (control), pSG5-Myc
(Myc), or pSG5-16E6 (E6). Cells were harvested 48 h posttransfection,
and luciferase activity was normalized to total cellular protein concen-
tration. Results are the means * standard deviations of data from at
least three experiments. P < 0.05 for Myc with TL 800, TL 684, TL 624,
TL 439, and TL 275 when compared to control; P < 0.05 for E6 with
each reporter when compared to control.

localized to a small region containing 258 bp of the hTERT
promoter and that this activation can occur by a Myc-indepen-
dent pathway.

Loss of Sp1 binding sites partially impairs activation of the
hTERT promoter by E6. Five GC-rich Spl sites have previ-
ously been shown to be important for hTERT promoter activ-
ity (Fig. 5A). Each of these sites has previously been shown by
gel shift analysis to bind Sp1(20). We next investigated whether
mutation of these GC-rich sites would impair the responsive-
ness of this reporter to E6. For these studies, we utilized five
different reporters in which each of the individual Sp1 sites has
been mutated individually. These mutant reporters were pre-
viously constructed using the plasmid WT 181, which contains
260 bp of the hTERT promoter upstream of the luciferase
gene (Fig. 5A). WT 181 and TL 275 were activated by E6 to
similar levels (Fig. 5B). While mutation of any of the individual
Spl sites resulted in a slight variation in luciferase activity,
responsiveness to E6 was only modestly altered. This suggests
that the five sites may act in a redundant fashion to activate
hTERT expression in the absence or presence of E6.

Mutation of Myc binding sites and Sp1 binding sites results
in a loss of hTERT promoter activation by E6. Given that the
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FIG. 5. Mutational analysis of individual Spl binding sites in the
hTERT promoter. (A) Schematic of hTERT promoter region contain-
ing Sp1 binding sites. (B) HFKs were transfected with hTERT pro-
moter-reporters and either pSG5 (control) or pSG5-16E6 (E6). Cells
were harvested 48 h posttransfection, and luciferase activity was nor-
malized to total cellular protein concentration. Results are means *=
standard deviations of data from five experiments. P < 0.05 for E6 with
each reporter when compared to control.

loss of any individual Spl site did not significantly alter the
response of the hTERT promoter to E6, we next examined the
effect of mutation of all five of the Sp1 sites. As shown in Fig.
6A, mutation of all of the Spl1 sites (Spl MT1-5) significantly
reduced the basal activity of the reporter. However, while the
fold induction was reduced from that seen with the wild-type
construct, this reporter could still be activated approximately
twofold by E6. We reasoned that a possible explanation for this
residual activation might be the presence of the Myc binding
sites in the hTERT promoter. We therefore constructed an
additional reporter, Sp1/Myc MT, in which all five of the Spl
sites as well as the Myc sites were mutated. When this reporter
was tested in transient assays in C33a cells, it was found to be
unresponsive to E6 (Fig. 6A) or E6/E7 (data not shown). We
confirmed these findings in HFKs with E6/E7, and similar
effects were seen (Fig. 6B). Thus, we conclude that activation
of the hTERT promoter by E6 is mediated by both Myc and
Sp1 cis elements. Loss of either of these elements only partially
impairs activation, but when both sets of mutations are com-
bined, all activation is lost.

DISCUSSION

We have investigated the mechanism by which the high-risk
HPV-16 EG6 protein activates telomerase. Previous studies have
shown that expression of hTERT, the catalytic subunit of te-
lomerase, is the rate-limiting determinant of telomerase activ-
ity (23). In our studies, activation of telomerase enzymatic
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FIG. 6. Effects of mutations in Sp1 binding sites and Myc binding
sites. (A) C33A cells were transfected with hTERT promoter-reporter
plasmids and either pSG5 (control) or pSG5-16E6 (E6) (P < 0.05 for
E6 with WT 181 and Spl MTI1-5 when compared to control). (B)
HFKs were transfected with hTERT promoter-reporter plasmids and
either pSG5 or pSG5-16E6 and pSG5-16E7 (E6/E7) (P < 0.05 for
E6-E7 with WT 181 and Sp1 MT1-5 when compared to control). Cells
were harvested 48 h posttransfection, and luciferase activity was nor-
malized to total cellular protein concentration. Results are means *=
standard deviations of data from three experiments.

function by E6 correlated strongly with the induction of
hTERT expression. In addition, we observed that E6 could
activate the hTERT promoter in transient assays. This induc-
tion was significantly impaired with a telomerase-defective E6
mutant or the low-risk HPV-11 E6 protein. We conclude that
HPV-16 E6 activates telomerase, at least in part, by increasing
transcription from the hTERT promoter.

The levels of telomerase activity and hTERT expression in
our studies varied in keratinocytes stably expressing E6 alone.
In contrast, a consistently high level of telomerase activity was
observed in all cell lines examined expressing both E6 and E7.
These observations are similar to previous reports on E6-me-
diated telomerase activation (18, 19). Interestingly, we also
observed a consistently low level of telomerase activity in cells
expressing E7 alone. This is in contrast to previous reports and
may be due to differences in culture conditions. Our observa-
tions in stable cell lines are in agreement with our transient
assays in which we have observed moderate hTERT promoter
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activation by E7. In addition, E7 has been shown to immortal-
ize primary keratinocytes at a low frequency, suggesting that
E7 alone may also be capable of low-level activation of telom-
erase (11, 14). The consistently high levels of telomerase ac-
tivity seen in cells expressing both E6 and E7 may be due to the
synergistic action of these two proteins. This is in accord with
the observation that E6 and E7 function cooperatively to im-
mortalize human keratinocytes (12, 14, 28).

In our studies, both the telomerase-defective HPV-16
E6A9-13 mutant and the low-risk HPV-11 E6 protein were
significantly impaired in their ability to activate the hTERT
promoter. This indicates that the induction by E6 in our tran-
sient assays reflects effects seen in stable cell lines. We also
found that the degree of induction by E6 in HFKs varied with
the amount of DNA transfected as well as the donor from
which the keratinocytes were derived. E6 has been reported to
activate several heterologous promoters in a nonspecific man-
ner in NIH 3T3 cells (4). In our studies, we did not observe
activation of a control reporter lacking defined promoter se-
quences or a reporter containing a minimal Fos promoter.
Therefore, we believe that the effects we observed with the
hTERT promoter are indeed a specific activity of the high-risk
HPV-16 E6 protein.

Although E6 has been shown to exhibit nonspecific DNA
binding activities, no specific DNA binding sequences have
been identified (24). Therefore, it is likely that the induction of
hTERT transcription by E6 occurs via an intermediary protein.
An obvious candidate is Myc, which has previously been shown
to bind and activate the hTERT promoter (9, 20, 36, 38).
Previous studies have shown that mutation of the two Myc
binding sites in the hTERT promoter abrogates activation by
Myc (9, 20, 38). In our studies, activation of the hTERT pro-
moter by E6 was only partially reduced by mutations in the two
Myc binding sites. Similar effects were seen in both C33A cells
and HFKs, as well as with both the full-length (TL DM) and
truncated (TL 275 DM) hTERT promoters. These findings
suggest that activation of Myc is not sufficient for E6-mediated
induction of hTERT transcription and are consistent with our
observations that Myc levels in keratinocytes stably expressing
E6 did not directly correlate with hTERT mRNA levels.

We also investigated the significance of five GC-rich Spl
binding sites in the hTERT promoter. Mutation of these five
sites reduced E6-mediated activation from approximately
threefold to twofold. However, when both the Myc binding
sites and the Sp1 binding sites were mutated, all activation was
lost. Thus, we conclude that it is the cooperative action of the
Myc and Spl cis elements that is responsible for E6-mediated
hTERT induction. It is possible that E6 acts through Spl to
activate hTERT transcription, but since numerous factors
other than Sp1 are known to bind to these GC-rich sequences,
it is possible that other cellular transcription factors may be
involved (31, 34). In preliminary studies, we did not observe
any alteration in Spl levels in E6-expressing cell lines (S. Oh,
unpublished data), but we cannot exclude the possibility that
Sp1 was posttranslationally activated by E6. To better under-
stand the role of E6 in the activation of telomerase during the
progression to malignancy, a more detailed analysis of the
factors activated by E6 to induce hTERT transcription will be
required.
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