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Human papillomavirus type 16 (HPV-16) E6 activates telomerase specifically in epithelial cells. The onco-
gene c-myc has also been shown to activate telomerase in several cell types. Here we show that while both
HPV-16 E6 and c-myc require intact E boxes to transactivate the hTERT promoter, E6 does not induce hTERT
transcription simply by inducing expression of c-myc. Moreover, hTERT transactivation by HPV-16 E6 cor-
relates with its ability to bind the cellular E6-associated protein (E6AP), suggesting that E6 and E6AP may
target a regulator of hTERT expression.

Activation of telomerase is a critical step in cellular trans-
formation (7, 12). Telomerase activity is primarily regulated at
the level of expression of the hTERT gene, encoding the cat-
alytic subunit of telomerase (4, 24, 26, 33). Ectopic expression
of hTERT in a number of different telomerase-negative cell
types has been shown to confer immortality (2, 4, 18, 30).
Therefore, much research is now focused on determining the
transcriptional regulators of hTERT.

The hTERT promoter contains a number of putative tran-
scription factor binding sites. Several studies have defined the
minimal core promoter as the proximal 200 bp upstream of the
transcription start site (15, 29). This core promoter contains
numerous SP1 binding sites and two canonical E boxes (Myc-
Max binding sites) (3, 15, 29, 34). Previous in vitro studies have
shown that Myc-Max heterodimers can bind these E boxes in
the context of the hTERT promoter and can activate hTERT
reporter constructs (15, 29, 35). Myc expression has also been
shown to induce telomerase activity in post M0 human mam-
mary epithelial cells (HMECs), the fibroblast lines IMR90 and
WI38 (32), and Epstein-Barr virus-immortalized B cells (35).
These studies implicate c-Myc as an important transactivator
of hTERT.

The human papillomavirus type 16 (HPV-16) E6 oncopro-
tein can also induce telomerase expression, specifically in ep-
ithelial cell types (20). Expression of HPV-16 E6 in either
human foreskin keratinocytes (HFKs) or HMECs induces te-
lomerase activity. Another well-established function of
HPV-16 E6 is its association with the cellular E6-associated
protein (E6AP) to form a ubiquitin protein ligase that specif-
ically targets p53 for degradation (16, 17, 28). The HPV-16
E6-8S/9A/10T mutant is defective in p53 degradation yet re-
tains the ability to activate telomerase, demonstrating that
these two functions of E6 are separate and distinct(20). Ex-
pression of HPV-16 E6 does not induce telomerase in human

foreskin fibroblasts (20) or in IMR90 cells (32). It has been
suggested that a cell-type-specific ability of HPV-16 E6 to
induce c-myc expression is responsible for this differential te-
lomerase activation (35). In this study, we show that upregu-
lation of c-myc does not directly correlate with telomerase
activation, indicating that other regulators of hTERT expres-
sion are also involved. We also demonstrate that activation of
telomerase by HPV-16 E6 does not require upregulation of
c-myc, yet intact E boxes in the hTERT promoter are required
for HPV-16 E6-mediated transactivation. In addition, the abil-
ity of E6 to bind its cellular partner E6AP appears to be
important for the induction of hTERT.

Expression levels of c-myc do not correlate with telomerase
activity. To address the mechanism by which HPV-16 E6 ac-
tivates telomerase in HFKs, we transduced HFKs with retro-
viruses encoding HPV-16 E6, E6-8S/9A/10T, and E6-D9-13 (5,
8, 25). In addition, the HPV-16 oncogene E7, E6-E7 (13),
c-myc (provided by R. Eisenman), and vector controls (LXSN
and LXSH) were transduced into HFKs. After selection in 50
mg of G418 (GIBCO BRL)/ml or 8 mg of hygromycin B
(Roche)/ml, cells were harvested in parallel for telomeric re-
peat amplification protocol (TRAP) assay as previously de-
scribed (18), reverse transcription (RT)-PCR, and Western
blotting of nuclear extracts. Nuclear extracts were made as
previously described (27), except that the homogenization step
was omitted. The transformed cell lines C33A, HeLa, and
293T were also harvested in parallel to serve as positive con-
trols for telomerase activity.

Expression of HPV-16 E6, E6-8S/9A/10T, c-myc, or E6 and
E7 activated telomerase, as seen in Fig. 1B. As recently pub-
lished, E6 activates telomerase by inducing transcription of the
telomerase hTERT gene (31) (Fig. 1C). In each case, induction
of telomerase activity was directly correlated with expression of
hTERT RNA (Fig. 1C). Overexpression of c-myc was sufficient
to activate telomerase in HFKs and may be necessary for
hTERT induction, as c-Myc protein was detected in all cells
with active telomerase. Interestingly, the steady-state levels of
c-Myc protein in each of these cell lines did not correlate with
expression of hTERT (Fig. 1). Telomerase was activated both
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with high (lanes 6, 7, 9, 10, and 11) and with low (lanes 2 and
3) levels of c-Myc nuclear protein (Fig. 1A and B). Conversely,
no telomerase activation was detected in the HPV-16 E7-
expressing cells, which contain high levels of c-Myc (lane 5).
Therefore, activation of telomerase by HPV-16 E6 in HFKs is
independent of c-Myc induction. It should be noted that c-myc
expression is elevated in cells actively proliferating and de-
creased in cells with lower proliferation rates (14). We have
observed slightly elevated levels of c-Myc in HFKs expressing
HPV-16 E6 and E6 mutants in some experiments (data not
shown). However, in those experiments, LXSN-HFKs had un-
detectable c-Myc expression. Therefore, we attribute the dif-

ferences in expression of c-Myc to variation in the proliferation
rate rather than to specific induction of c-myc by HPV-16 E6.

The induction of c-myc by HPV-16 E7 was not sufficient to
activate telomerase. Presumably, E7 induces c-myc by binding
retinoblastoma protein, thereby releasing E2F to activate c-
myc in a manner similar to that demonstrated for simian virus
40 large T antigen (1, 6). Given the comparable c-Myc expres-
sion levels in lanes 5 and 6 of Fig. 1A, it is perplexing that
HPV-16 E7 does not induce hTERT. Perhaps E7 inhibits c-
myc-mediated telomerase activation. However, as shown with
the cells expressing both E6 and E7, E7 did not inhibit E6-
mediated telomerase activation. Interestingly, in a previous
study, Garbe et al. found that E7 expression promoted telom-
erase activation (11). Benzo[a]pyrene treatment of HMECs
generated mortal extended-life cultures. Subsequent E7 trans-
duction did not immediately activate telomerase, but after 2 to
4 months of culture, these cells had detectable telomerase
activity that gradually increased with further passaging (11).
This finding suggests an epigenetic mechanism of telomerase
activation facilitated by E7 (11). Activation of telomerase by
HPV-16 E6, on the other hand, is detectable within the first
passage after selection, arguing that E6 directly affects another
regulator of hTERT transcription (11, 20).

Both HPV-16 E6 and c-myc require intact E boxes to activate
the hTERT promoter. The in vivo expression data suggested
that activation of hTERT by HPV-16 E6 was independent of
c-Myc protein levels. To address which transcription factor
binding sites are required for activation by E6 and c-myc, we
performed hTERT reporter luciferase assays in HFKs. First,
two pGL3 luciferase reporter constructs were generated. An
approximately 800-bp region of the hTERT promoter (from
2710 to 176, the translation start site) was cloned into pGL3-
Basic (Promega) from pXP2 constructs provided by K.-J. Wu
(35). An identical clone was made, with mutations at both
proximal E boxes (CACGTG mutated to CACCTG). The con-
structs were cotransfected with retrovirus expression vectors
LXSN, LXSN-E6, and LXSN-c-myc into HFKs using Fu-
GENE6 (Roche). Cells were harvested 24 h after transfection,
and lysates were assayed for luciferase activity (Promega) and
total protein concentration (Bio-Rad). As previously pub-
lished, c-myc activated the hTERT promoter approximately
threefold and activation is dependent on intact E boxes (29,
35) (Fig. 2). Coexpression of HPV-16 E6 activated the hTERT
promoter twofold. In comparison to the in vivo induction of
hTERT by E6 seen in Fig. 1, the rather modest transactivation
of this fragment of the hTERT promoter by E6 may indicate
that the reporter assays do not accurately reflect the endoge-
nous promoter. Nevertheless, E6-mediated activation of the
hTERT promoter was completely abolished by point muta-
tions within the E box, indicating that E6-mediated induction
of hTERT is also E box dependent.

Activation of telomerase by HPV-16 E6 is therefore inde-
pendent of c-Myc expression levels but dependent on intact E
boxes within the hTERT promoter. This finding suggests a few
possible mechanisms of hTERT activation by HPV-16 E6.
First, E6 may allow c-Myc to have access to the E boxes either
by removing a repressor or by altering the local chromatin
structure. Second, E6 may alter the expression of cofactor that
preferentially targets c-Myc to the hTERT promoter. Both of
these mechanisms may be unnecessary when high levels of

FIG. 1. c-Myc expression levels do not correlate with telomerase
activity in HFKs. Cells were transduced with retroviruses to express the
indicated genes. (A) Western blots. Nuclear extracts were made and 20
mg of total protein was loaded per lane on an SDS–8% polyacrylamide
gel and subsequently transferred to a polyvinylidene difluoride mem-
brane. Blots were probed with c-Myc mouse monoclonal antibody
(C-33; Santa Cruz), p53 mouse monoclonal antibody (Ab-6; Calbio-
chem), and actin goat polyclonal antibody (Santa Cruz). (B) Telom-
erase activity. TRAP assays were performed using 5 mg of whole-cell
extract per lane (17). Lysis buffer was used as a negative control. TSR8
is a synthetic oligonucleotide of eight telomeric repeats (Intergen). (C)
hTERT RNA expression. RT-PCR was carried out with RNA isolated
from the transduced HFKs. The RT reaction was done using random
hexamers (GIBCO) and the Superscript II System (GIBCO) and fol-
lowed by RNase H treatment. Specific amplification of hTERT and the
positive control 36B4 was done using forward primer 59CGAGCTGC
TCAGGTCTTTCTTTTATG39 and reverse primer 59CCACGACGT
AGTCCATGTTCACAATC39 for hTERT and forward primer 59TG
CCAGTGTCTGTCTGCAGA39 and reverse primer 59ACAAAGGC
AGATGGATCAGC39 for 36B4. The negative control (2) contained
no RNA. M, marker lanes.
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c-myc are present, as suggested by the c-myc transductions. A
third possible mechanism involves another unidentified tran-
scription factor that, in the presence of E6, may transactivate
the hTERT promoter independently of c-Myc.

Ability of E6 to activate telomerase correlates with ability to
bind E6AP. Though it has been shown that E6-mediated te-
lomerase activation is clearly independent of p53 degradation
(20) (Fig. 1), some studies have suggested that p53 is an in-
hibitor of telomerase activity (21, 22). We observed no corre-
lation between p53 expression levels and hTERT expression
(Fig. 1). Both the c-myc-transduced and the E6-8S/9A/10T-
transduced HFKs induced hTERT despite the presence of p53.
The E6-8S/9A/10T mutant does not target p53 for degradation
yet retains its ability to activate telomerase. Interestingly, a
deletion mutant in the same region, E6-D9-13, cannot activate
telomerase or target p53 for degradation. While the ability to
bind and target p53 for degradation strongly correlates with
ability to bind E6AP (8, 23), other targets of E6- and E6AP-
mediated ubiquitination appear to exist. Other researchers
have proposed that the human homolog of the Drosophila discs
large tumor suppressor protein (hDLG) (19) and a novel pu-
tative GAP protein, E6 (E6-targeted protein 1) (9, 10), are
targets of E6 and E6AP.

We hypothesize that the ability of E6 to bind E6AP may
correlate with its ability to activate telomerase, irrespective of
its ability to target p53 for degradation. To address this hy-
pothesis, binding assays were performed to determine whether
the E6-8S/9A/10T and E6-D9-13 mutants, both having lost the
ability to target p53 for degradation, can bind to E6AP. Glu-
tathione S-tranferase (GST)-tagged E6AP proteins were pro-
duced and purified as previously described (17). These pro-
teins were incubated with 35S-radiolabeled E6 proteins (TNT
kit; Promega) for 2 h in binding buffer (phosphate-buffered
saline, 1% NP-40, 2mM dithiothreitol, protease inhibitors) at
4°C. Complexes were precipitated with glutathione-Sepharose
(Amersham Pharmacia) and analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and au-

toradiography. Figure 3A shows that while both wild-type (wt)
E6 and E6-8S/9A/10T bind to E6AP, E6-D9-13 does not. This
interaction was further confirmed by incubating GST-E6 pro-
teins with lysates from HFKs transiently transfected with an
LXSN–hemagglutinin (HA)-E6AP construct. Again, both wt
E6 and E6-8S/9A/10T interact strongly with HA-E6AP, while
E6-D9-13 does not (Fig. 3B). This experiment also confirms
that though both wt E6 and E6-8S/9A/10T bind E6AP, only wt
E6 interacts with p53. Therefore, E6-mediated telomerase ac-
tivation correlates well with the ability of E6 to bind E6AP.
Other investigators have also found that E6 mutants with de-
creased binding to E6AP inefficiently immortalize epithelial
cells (23). In addition, all E6 mutants that bind E6AP and
target p53 for degradation can activate telomerase, further

FIG. 2. Intact E boxes are required for activation of hTERT by
either c-myc or HPV-16 E6. Cells were cotransfected with pGL3-
hTERT(2710) WT or DM and the indicated retrovirus construct.
Luciferase values were normalized for protein concentration and are
graphed relative to the vector control value for each promoter con-
struct. The graph represents four experiments done either in duplicate
or in triplicate. DM, double mutant E boxes.

FIG. 3. Ability of E6 to activate telomerase correlates with ability
to bind E6AP. (A) E6 binding assay. 35S-radiolabeled E6 proteins were
incubated with purified GST proteins and precipitated with glutathio-
ne-Sepharose. E6APD is a mutant with the E6-binding region (amino
acids 391 to 408) deleted. Protein complexes were analyzed by SDS-
PAGE and autoradiography (upper panel). Binding was subsequently
quantitated by phosphorimaging using ImageQuant. Percent binding
indicates the average percent binding of three independent experi-
ments. Lower panel is a Coomassie blue-stained gel to show loading of
GST proteins. Arrows indicate GST-E6AP proteins and GST. (B)
E6AP binding assay. HFKs were transiently transfected with HA-
E6AP. Cells were lysed in binding buffer (phosphate-buffered saline,
1% NP-40, 2 mM dithiothreitol, 10% glycerol). Lysates were incubated
with purified GST proteins and precipitated with glutathione-Sepha-
rose. Protein complexes were separated by SDS-PAGE, transferred to
polyvinylidene difluoride membrane, and Western blotted for HA-
E6AP (mouse monoclonal antibody 16B12; Babco) and p53 (mouse
monoclonal antibody Ab-6; Calbiochem). Results represent four inde-
pendent experiments.
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suggesting that E6AP binding is an important component of
E6-mediated telomerase activation (20). We propose that E6
and E6AP may target a regulator of hTERT transcription.

Given these data with HFKs, we suggest that while c-Myc is
sufficient to activate telomerase, the mechanism by which
HPV-16 E6 activates telomerase is not dependent on increas-
ing c-Myc protein levels, either by protein stabilization or by
upregulation. Induction of hTERT by E6 is, however, depen-
dent on the presence of intact E boxes in the hTERT proximal
promoter. Since the ability of E6 to bind E6AP correlates
strongly with the ability to induce hTERT, we are currently
examining possible targets of E6 and E6AP for roles in hTERT
transcriptional regulation.
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