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The high-risk human papillomaviruses (HPVs) are the causative agents of nearly all cervical cancers and are
etiologically linked to additional human cancers, including those of anal, oral, and laryngeal origin. The main
transforming genes of the high-risk HPVs are E6 and E7. E6, in addition to its role in p53 degradation, induces
hTERT mRNA transcription in genital keratinocytes via interactions with Myc protein, thereby increasing
cellular telomerase activity. While the HPV type 16 E6 and E7 genes efficiently immortalize human keratino-
cytes, they appear to only prolong the life span of human fibroblasts. To examine the molecular basis for this
cell-type dependency, we examined the correlation between the ability of E6 to transactivate endogenous and
exogenous hTERT promoters and to immortalize genital keratinocytes and fibroblasts. Confirming earlier
studies, the E6 and E7 genes were incapable of immortalizing human fibroblasts but did delay senescence.
Despite the lack of immortalization, E6 was functional in the fibroblasts, mediating p53 degradation and
strongly transactivating an exogenous hTERT promoter. However, E6 failed to transactivate the endogenous
hTERT promoter. Coordinately with this failure, we observed that Myc protein was not associated with the
endogenous hTERT promoter, most likely due to the extremely low level of Myc expression in these cells and/or
to differences in chromatin structure, in contrast with hTERT promoters that we found to be activated by E6
(i.e., the endogenous hTERT promoter in primary keratinoctyes and the exogenous hTERT core promoter in
fibroblasts), where Myc is associated with the promoter in either a quiescent or an E6-induced state. These
findings are consistent with those of our previous studies on mutagenesis and the knockdown of small
interfering RNA, which demonstrated a requirement for Myc in the induction of the hTERT promoter by E6
and suggested that occupancy of the promoter by Myc determines the responsiveness of E6 and the downstream
induction of telomerase and cell immortalization.

The high-risk papillomaviruses (HPVs; e.g., HPV type 16
[HPV-16] and HPV-18) are associated with anogenital carci-
nomas (65, 66), laryngeal carcinomas, and head and neck car-
cinomas (15). These HPVs carry two oncogenes, E6 and E7,
which are retained and expressed in HPV-positive cervical
cancers (1, 2, 50) and are required for maintenance of the
tumorigenic phenotype (35, 36). The E6 and E7 proteins were
first identified as targeting the p53 and Rb tumor suppressor
pathways in host cells (8, 9, 35, 36, 47, 48), thereby disrupting
cell cycle controls.

Telomerase is a specialized reverse transcriptase that syn-
thesizes repeat DNA sequences at the ends of chromosomes
termed telomeres (17). The absence of telomerase activity
in most normal human cells results in the progressive short-
ening of telomeres with each cell division (19, 56, 60), even-
tuating in growth arrest or replicative senescence (6, 19). In
contrast to most human somatic cells, immortalized and
cancer cells contain detectable telomerase activity and con-
sequently maintain their telomere length and proliferative
potential (18, 25, 52, 63).

Our previous studies and those of other laboratories have
shown that E6-mediated hTERT transactivation is indepen-
dent of p53 degradation and interactions with PDZ proteins
(12, 14, 22, 26, 30). However, as demonstrated in studies of
small interfering RNA (siRNA) knockdown, hTERT transac-
tivation by E6 requires the cellular ubiquitin ligase E6AP as
well as Myc (12, 14, 30, 58). We have also shown that E6 and
Myc associate in vivo and bind coordinately with promoter
activation to the hTERT promoter in primary human foreskin
keratinocytes (HFKs) (58).

The HPV-16 E6 oncoprotein increases cellular telomerase
activity (27, 54), predominantly by inducing transcription of the
hTERT gene (13, 32, 42, 57). The hTERT protein is the cat-
alytic, rate-limiting subunit of the telomerase enzyme complex
and is selectively expressed in a small subset of normal cells
(stem cells), tumor tissues, and tumor-derived cell lines (33, 40,
45, 55). Interestingly, overexpression of hTERT protein or an
hTERT promoter transactivator (Myc) can substitute for E6 in
the immortalization of primary HFKs (26, 28), indicating that
telomerase activation constitutes a major immortalizing activ-
ity of E6.

To further explore the relationship between E6, Myc, telo-
merase, and cell immortalization, we transduced primary
HFKs and human foreskin fibroblasts (HFFs) with E6, E7, or
both E6 and E7. Although the E6 and E7 genes can immor-
talize human foreskin keratinocytes (20, 37), they (HPV-16
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DNA) fail to immortalize HFFs (43). The intent of this study
was to determine whether genital keratinoctyes and fibroblasts
differ in their regulation of telomerase and their response to
E6 expression. We found that E6 and E7 were expressed in
both keratinocytes and fibroblasts and induced the degradation
of p53 and pRb, respectively. In addition, the E6 protein ef-
fectively induced an exogenous hTERT promoter in fibro-
blasts, and both E6 and Myc associated with this promoter.
However, E6 could not induce the endogenous hTERT pro-
moter or increase cellular telomerase activity in fibroblasts.
This failure to induce the hTERT promoter correlated with a
lack of promoter-bound Myc protein, an observation that is
compatible with recent findings showing that overexpression of
Myc can induce the fibroblast hTERT promoter, activate telo-
merase, and facilitate immortalization (4). Overall, our data
demonstrate that E6 induces the hTERT promoter and acti-
vates telomerase, but only in cells in which Myc resides on the
hTERT promoter.

MATERIALS AND METHODS

Plasmids and retroviruses. We used the following previously described (57,
58) vectors and plasmids: the pJS55 vector, pJS55-16E6, pJS55-16E6-AU1,
pJSS55-16E7, the pLXSN vector and pLXSN-16E6, pLXSN-16E7, pLXSN-
16E6E7, pGL3-basic (pGL3B), and the pGL3B-hTERT core promoter (previ-
ously defined as pGL3B-255). Retrovirus-packaging cells (SD3443 cells) were
transfected with a pLXSN vector containing either E6 or E7 or both E6 and E7,
as described above, using Lipofectamine 2000 (Invitrogen) as instructed by the
manufacturer (54). Culture supernatants containing retroviruses were collected
24 h after transfection.

Cell cultures and generation of stable cell lines. Primary HFKs and HFFs were
cultured from neonatal foreskins as described previously (49) and were main-
tained in keratinocyte growth media (Invitrogen) supplemented with gentamicin
(50 �g/ml) and complete Dulbecco’s modified Eagle’s medium, respectively.
Primary HFKs (passage 2) and HFFs (passage 5) were transduced with ampho-
tropic LXSN retroviruses expressing HPV-16 E6, E7, or both E6 and E7 (see
above). Retrovirus-transduced cells were selected in G418 (100 �g/ml) for 5
days. Resistant colonies were pooled and passaged every 3 to 4 days (at a 1:4
ratio for HFKs and a 1:8 ratio for HFFs). HeLa cells were maintained in
complete Dulbecco’s modified Eagle’s medium. All cells were cultured on plastic
tissue culture dishes or in flasks.

RT-PCR. Total cellular RNA was isolated with TRIzol reagent (Invitrogen)
and treated with a DNA-free kit (Ambion) according to the manufacturer’s
instructions. cDNA synthesis and PCR were performed as described previously
(28–30). The primers used for reverse transcription-PCR (RT-PCR) were 5�-C
AACAAACCGTTGTGTGAT-3� and 5�-CGTGTTCTTGATGATCTGC-3� for
unspliced E6 (29); 5�-ATGCATGGAGATACACCTAC-3� and 5�-CATTAACA
GGTCTTCCAAAG-3� for E7; 5�-ATGCCCCTCAACGTTAGCTTC-3� and 5�-
AAGCCGCTCCACATACAGTC-3� for Myc mRNA; 5�-TGAGCGATAACGA
TGACATC-3� and 5�-CATCGAAGGCAGAGATGGTG-3� for Max; 5�-CGGC
GGTTCGGATGAACATC-3� and 5�-GGTCGATTTGGTGAACGGCT-3� for
Mad1; and 5�-CTCAGACACCATGGGGAAGGTGA-3� and 5�-ATGATCTTG
AGGCTGTTGTCATA-3� for GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) mRNA.

Real-time qRT-PCR. TaqMan real-time quantitative RT-PCR (qRT-PCR)
was performed on a Bio-Rad iCycler MyiQ, using previously reported (10, 29, 30)
primers and probes for the quantitation of hTERT mRNA (sense primer, 5�-T
GACACCTCACCTCACCCAC-3�; anti-sense primer, 5-CACTGTCTTCCGCA
AGTTCAC-3�; and TaqMan probe, 5�-ACCCTGGTCCGAGGTGTCCCTGA
G-3�) and Myc mRNA (sense primer, 5�-ACCACCAGCAGCGACTCTGA-3�;
anti-sense primer, 5�-TCCAGCAGAAGGTGATCCAGACT-3�; and probe, 5�-
GAGGCAGGCTCCTGGCAAAAGGTC-3�). To detect Mad and Max, qRT-
PCR was performed, using Bio-Rad Sybr green iQ mixture and the primer
described above for RT-PCR. GAPDH was used as an internal control, and
expression levels were analyzed using iQ5 software with the normalized expres-
sion (��CT) method according to the manufacturer’s (Bio-Rad’s) guidelines.

Western blots. Cells from stable cell lines and cells treated with siRNA du-
plexes were washed once with phosphate-buffered saline and lysed in 2� sodium
dodecyl sulfate (SDS) gel electrophoresis sample buffer. Proteins were separated

on a 4% to 20% Tris–glycine gradient gel (Invitrogen) and were electrophoreti-
cally transferred to Immobilon-P polyvinylidene difluoride (PVDF) membranes
(Millipore). The membranes were blocked in 5% dry milk–phosphate-buffered
saline–Tween 20 or 5% bovine serum albumin–phosphate-buffered saline–
Tween 20 and incubated with one of the following primary antibodies: anti-p53,
anti-Myc, anti-Max, anti-Mad (all from Santa Cruz Biotechnology), pRb (Cell
Signaling Technology), or �-actin (Sigma). The secondary antibody was horse-
radish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) (Santa
Cruz Biotechnology), used at a dilution of 1:10,000. The membranes were visu-
alized by using a Western blotting chemiluminescence luminol reagent (Santa
Cruz Biotechnology).

Luciferase assay. Primary HFKs or HFFs (1 � 105) were seeded onto 24-well
plates and grown overnight. Transient transfections were performed, using
Lipofectamine 2000 reagent (Invitrogen) according to the protocol provided by
the manufacturer. Cotransfections were performed, using 0.5 �g of a core
hTERT reporter plasmid (pGL3B-hTERT) and 20 ng of each expression vector
(pJS55-16E6, pJS55-16E7, or both), or empty vectors as controls for basal pro-
moter activity. Cells were also cotransfected with 2 ng of plasmid pRL-CMV
(Promega), which contains the Renilla reniformis luciferase gene, and used as
transfection controls. Firefly and Renilla luciferase activities were measured 24 h
after transfection, using the Dual-Luciferase Reporter assay system (Promega).

Real-time q-TRAP. Human keratinocytes and fibroblasts were lysed and then
analyzed by real-time quantitative telomeric repeat amplification protocol (q-
TRAP) assays as described previously (10, 29, 30).

ChIP assays. HFKs, HFFs, or HeLa cells were grown to 80 to 90% confluence
in 100-mm dishes. Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (58). Normal rabbit IgG (Santa Cruz Biotech-
nology), rabbit anti-Myc polyclonal antibody (N-262; Santa Cruz Biotechnology),
and monoclonal anti-AU1 (Covance) were used for immunoprecipitation assays
for HFKs, HFFs, and HeLa cells, respectively. PCR products were separated on
a 1.8% agarose gel and visualized by ethidium bromide staining.

RESULTS

E6 and E7 disrupt the p53 and pRb pathways in both HFK
and HFF cells. The HPV-16 E6 and E7 genes are necessary
and sufficient to immortalize primary HFKs and ectocervical
keratinocytes (20, 38). While E6 directs the ubiquitin-depen-
dent degradation of p53, it also has functions that are p53
independent, including telomerase activation and cell transfor-
mation (12, 35, 36). To determine whether the immortalizing
activity of E6 and E7 correlated with tumor suppressor
inactivation or telomerase induction, we used retroviruses to
generate cell strains expressing an empty retroviral vector
(pLXSN), E6 (pLXSN-16E6), E7 (pLXSN-16E7), or E6 and
E7 (pLXSN-16E6E7), as described in Materials and Methods.
The above cell lines were then passed serially in vitro to assay
for immortalization. When cells reached 80% confluence, they
were split at a 1:4 ratio for HFKs and a 1:8 ratio for HFFs.
Therefore, one split would correspond to two or three cell
population doublings (PDs) for HFKs and HFFs, respectively.

As shown in Fig. 1, HFKs and HFFs transduced with LXSN
ceased proliferating at 22 to 24 PDs and 61 to 64 PDs, respec-
tively. E6 alone extended the life span of HFKs to 32 to 34 PDs
and HFFs to 82 to 85 PDs, and E7 alone extended cell divisions
to 36 to 38 PDs and 67 to 70 PDs, respectively. Neither E6 nor
E7 could independently immortalize HFKs or HFFs. As antic-
ipated, the combined activity of E6 and E7 allowed HFKs, but
not HFFs, to bypass senescence and become immortalized. We
explored the possibility that the E6 and E7 proteins might be
differentially targeting the p53 and pRb pathways in these two
different human cell types or differentially inducing the
hTERT promoter and thereby activating telomerase.

First, we confirmed that E6 and E7 were expressed in both
HFK and HFF cells. RT-PCR was performed with E6- or
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E7-specific primers. As anticipated, E6 mRNA was expressed
in HFKs and HFFs transduced with the E6 and E6E7 retrovi-
ruses, while E7 mRNA was expressed in the E7- and E6E7-
transduced cells. HFKs and HFFs transduced with the pLXSN
vector served as the control, and GAPDH was used to nor-
malize gene expression (Fig. 2A). We also performed reactions
without reverse transcriptase to confirm that PCR products
came from mRNA, not DNA (data not shown).

To determine whether the E6 and E7 proteins were func-
tional in both cell types, we assayed the levels of tumor sup-
pressors p53 and pRb by Western blotting, using �-actin as a
loading control (Fig. 2B). Regardless of cell type, the p53 levels
were decreased in E6-transduced cells, and the pRb protein
levels were reduced in E7-expressing cells, indicating that the
HPV oncoproteins were functional in both cell types and also
that inactivation of p53 and pRb is insufficient for immortal-
ization of HFFs.

E6 is sufficient to induce the exogenous hTERT promoter in
both HFKs and HFFs. To determine whether the failure of
E6E7 to immortalize HFF cells might be due to the inability of
E6 to activate the hTERT promoter, we first analyzed the
effect of E6 and E7 on an exogenous hTERT promoter lucif-
erase construct. HFKs and HFFs were transfected with the
control vector, pJS55-E6, pJS55-E7, or both, at the same time
that they were transfected with the hTERT promoter reporter.
In HFKs, E6 induced the hTERT promoter three- to fivefold
compared to the control vector (Fig. 3, left side), and E7
increased promoter activity twofold. Together, E6 and E7 en-
hanced the hTERT promoter activity 7- to 10-fold. Surpris-
ingly, we found that the exogenous hTERT promoter was
induced to even greater levels in HFF cells, despite the fact
that these cells cannot be immortalized by the E6 and E7 genes
(Fig. 3, right side). The level of hTERT promoter activity in
the HFF cells was proportionately higher, 9- to 12-, 3- to 5-,
and 14- to 18-fold, for E6, E7, and E6E7, respectively.

E6 cannot induce endogenous hTERT transcription or telo-
merase activity in HFFs. To validate the studies with the ex-

ogenous promoter, we performed qRT-PCR with endogenous
hTERT mRNA in HFK and HFF cells. Unexpectedly, we
found that neither the E6 nor E6E7 genes could induce the
hTERT promoter (Fig. 4A). This finding contrasted with the
ability of these genes to effectively induce both the endogenous
(Fig. 4A) and exogenous hTERT promoters in HFKs (Fig. 3).
To further confirm that this mRNA analysis reflected the
downstream activation of telomerase, we prepared lysates
from the cells and quantified the telomerase activity by using a
q-TRAP assay (see Materials and Methods). As anticipated,
E6 increased telomerase activity in HFKs (Fig. 4A). However,

FIG. 1. HPV E6 and E7 oncoproteins are sufficient to immortalize
primary HFKs but not primary HFFs. Primary HFKs and HFFs were
transduced with the indicated pLXSN-based retroviruses with E6, E7,
E6E7 or an empty vector and selected as previously described. Cul-
tures were passed continuously in vitro as described in the text, and the
number of cell doublings was calculated and plotted versus the time in
culture. Cultures that did not proliferate and expand in 20 days for
HFKs and 30 days for HFFs were considered senescent and were
terminated at the indicated times. This experiment was repeated a
second time with similar results.

FIG. 2. Characterization of HFK and HFF strains expressing HPV
E6 and E7 proteins. (A) Diagram of HPV-16 E6 and E7 mRNA
expression and locations of primers used in this study. The E6 and E7
open reading frames are shown as open boxes. The dotted lines flank-
ing the open boxes represent vector sequences. The alternative splicing
sites in E6 are depicted as dotted lines. The numbers above the E6E7
transcripts are the nucleotide positions of the first nucleotide of the
start codon and the last nucleotide of the stop codon of both E6 and
E7 or the first nucleotide of the 5� splicing site (5� ss) or the last
nucleotide of the 3� splicing sites (3� ss) in the HPV-16 genome. The
primers used in this study are depicted below the transcript lines as
arrows and numbers showing the locations (as nucleotide [nt] posi-
tions) of primers in the genome. (B) Confirmation of E6 and E7
mRNA expression. Primary HFKs and HFFs were transduced with
pLXSN expressing 16E6, E7, E6E7, or an empty vector as previously
described. Following antibiotic selection, the cell strains were analyzed
for E6 and E7 mRNAs. Total cellular RNA was isolated from the
transduced cell strains and treated with a DNA-free kit (Ambion), and
RT-PCR was performed with the sets of HPV-16 unspliced E6- and
E7-specific primers described in Materials and Methods. GAPDH
mRNA was detected as an internal control. PCR products were ana-
lyzed on 2% agarose gels. (C) Expression of p53 and pRb proteins. The
stable cell lines described above were lysed in electrophoresis sample
buffer. The proteins were separated on 4- to 20%-gradient gels, trans-
ferred to a PVDF membrane, and reacted with mouse anti-p53 mono-
clonal antibody or rabbit anti-pRb. Anti-�-actin antibody was used to
verify equal loading of samples. Low amounts of p53 protein were
observed in E6- and E6E7-expressing cells, and a decreased level of
pRb protein was noted in E7-expressing cells.
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consistent with the levels of endogenous hTERT mRNA, we
did not detect any increase in telomerase activity in HFF cells.
These data indicate not only that E6 and E6E7 are insufficient
to induce the endogenous hTERT promoter and telomerase in
HFF cells but also that the activity of the transfected hTERT
promoter constructs does not reliably reflect the activity of the
endogenous promoter when compared between two different
cell types.

Myc resides on the endogenous HFK hTERT promoter but
not the HFF promoter. Myc is known to be a direct activator of
telomerase in both human keratinocytes and fibroblasts (4, 5,
28, 61), and our previous studies have shown that E6 and Myc
physically interact and bind to the hTERT promoter (30, 51,
58). Indeed, the presence of Myc is required for E6-mediated
induction of the hTERT promoter. Thus, it was possible that
E6 was unable to activate the hTERT promoter because Myc
was not present on the hTERT promoter in HFF cells, as it is
in noninduced HFK cells.

To test this hypothesis, we performed ChIP assays on both
cell types with a Myc antibody. In primary HFKs expressing
either the vector or E6, Myc was bound to the endogenous
hTERT promoter (Fig. 5A), as reported previously (30, 58).
However, we did not observe a signal for Myc binding to the
endogenous hTERT promoter in HFFs, even when they ex-
pressed E6 (Fig. 5A). Myc was bound to the endogenous
hTERT promoter in telomerase-positive HeLa cells (used as a
positive control). Therefore, these experiments indicate that
Myc is present on the hTERT promoter of telomerase-quies-
cent HFK cells but not on the promoter of telomerase-quies-
cent HFF cells. The inaccessibility of Myc to the hTERT pro-
moter in HFF cells could derive from either differences in
cellular Myc expression or differences in chromatin structure,
which prevent Myc from accessing the promoter. We evaluated
Myc expression levels, as discussed in the next section.

Myc protein is expressed at very low levels in HFF cells. Our
initial experiments employed RT-PCR to detect Myc mRNA
expression in the two cell types, using both qualitative and
qRT-PCR (Fig. 5B and C). In addition, we assayed the abun-

dance of mRNA for two other transcription factors that mod-
ulate Myc activity, Max and Mad (11, 16, 21, 31, 39, 44, 46). In
Fig. 5B and C, it is apparent that Myc is expressed at the
mRNA level in both HFK and HFF cells. It is also apparent
that there are similar levels of Mad and Max mRNA in these
cells. It is also important to note that E6, E7, and E6E7 do not
alter the expression of Myc or the Myc-related proteins.

However, the critical question is whether the Myc protein
levels were different between HFK and HFF cells, which we
explored by using Western blotting with a Myc antibody. As
shown in Fig. 5C, Myc protein was detectable in HFKs express-
ing vector, E6, E7, or E6E7, and the viral oncoproteins did not
alter the expression of Myc or its partners, Max and Mad.
Unlike the Myc mRNA studies, we found gross differences in
the levels of Myc protein between HFK and HFF cells. That is,
there were very low levels of Myc protein in HFF cells com-
pared to that in HFK cells, and it was extremely difficult to
detect Myc protein in fibroblasts without the use of MG-132
proteasome inhibitor to prevent Myc degradation. p53 protein
was blotted as a control, since it is degraded by E6, and as
expected, MG-132 led to an increased level of p53 protein in
E6-expressing cells. Thus, our data suggest that the low levels
of Myc protein in HFFs might be due to rapid protein turn-
over. Interestingly, there is a coordinately low level of the
Myc-associated Max protein in HFFs, and we could visualize
Max reproducibly only when using a proteasome inhibitor.
Unlike Myc and Max, however, the Mad protein is expressed at
similar levels in both HFK and HFF cells, and there is little or

FIG. 4. E6 is sufficient to induce endogenous hTERT transcription
and telomerase activity in primary HFKs but not in HFFs. (A) hTERT
mRNA expression in stable keratinocyte and fibroblast cell lines.
RNAs were used for detection of hTERT mRNA by qRT-PCR as de-
scribed in Materials and Methods. A considerable amount of hTERT
mRNA was detected in HFKs expressing E6 or both E6 and E7, but
there was no detectable mRNA in HFFs expressing either the control
vector (LXSN), E6, E7, or both E6 and E7. (B) Telomerase activity. A
q-TRAP assay was done as described in Materials and Methods. Tel-
omerase activity was observed in HFKs expressing E6 or both E6 and
E7. There was no detectable telomerase activity in HFFs expressing
either the control vector, E6, E7, or both E6 and E7.

FIG. 3. E6 and E7 induce an exogenous core hTERT promoter in
both HFKs and HFFs. Primary HFKs and HFFs were cotransfected
with wild-type hTERT core promoter (pGL3B-hTERT) and either E6,
E7, or E6E7. The pRL-CMV R. reniformis reporter plasmid was also
transfected into the cells to standardize for transfection efficiency.
Luciferase activity was measured 24 h after transfection, using the
Dual-Luciferase Reporter assay system (Promega). Relative n-fold
activation reflects normalized luciferase activity induced by E6 and E7
compared to the normalized activity of the control vector. The value of
pGL3B-hTERT activity with the empty vector was set to 1. Error bars
show standard deviations for at least three independent experiments.
E6 is sufficient to induce the hTERT promoter in both HFK and HFF
cells.
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no change in the level of this protein with either E6, E7, or
E6E7 or in the presence of a proteasome inhibitor. In sum-
mary, the low levels of Myc protein detected in HFF cells
might be the etiologic basis for its absence on the endogenous
hTERT promoter and the nonresponsiveness of this promoter
to E6.

Myc protein expression increases the ability of E6 to engage
the endogenous hTERT promoter. One possibility for the lack

of E6’s ability to induce the HFF hTERT promoter is that it
cannot associate stably with the promoter without Myc bind-
ing, which is clearly lacking in HFF cells. To determine if Myc
protein might modulate the association of E6 with the hTERT
promoter, we transfected both HFF and HFK cells with
epitope-tagged E6 (E6-AU1), which is known to retain its
ability to induce the hTERT promoter. ChIP experiments with
monoclonal anti-AU1 antibody or an IgG control demon-

FIG. 5. Myc expression and occupancy on the hTERT promoter differ in HFKs and HFFs. (A) Myc binds to endogenous hTERT promoter in
primary HFKs but not in primary HFFs. Myc binding to the endogenous hTERT promoter was assayed by ChIP. Myc binding to the hTERT promoter
was evaluated in the absence and presence of E6. HeLa cells were used as positive controls for Myc binding to the endogenous hTERT promoter. Myc
binds to the endogenous hTERT promoter in HFKs with or without E6, but it does not bind to the promoter in primary HFFs. (B) Quantitation of Myc,
Mad, and Max mRNAs. RNAs were subjected to Sybr green-based real-time RT-PCR on a Bio-Rad iQ5 system according to the manufacturer’s
instructions. GAPDH was used as an internal control, and data were analyzed using the normalized expression (��CT) method according to the
manufacturer’s (Bio-Rad’s) guidelines. (C) Expression of Myc, Max, Mad, and p53 proteins. HFKs and HFFs expressing either the control vector, E6,
E7, or both E6 and E7 were plated into 100-mm dishes in duplicate. After cells reached 80 to 90% confluence, a set of cells was treated with MG-132
for 4 h. All cell extracts were harvested with 2� SDS sample buffer. The same amounts of cell extracts were loaded onto SDS–4 to 20% polyacrylamide
gels for electrophoresis, and protein was transferred to a PVDF membrane and blotted with anti-Myc, anti-Max, anti-Mad, and �-actin. Expression of
both Myc and Max was lower in HFFs than in HFKs. There was no significant difference in the levels of Mad in HFKs and HFFs.
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strated that E6-AU1 bound to the hTERT promoter in both
types of cells (Fig. 6A), suggesting that E6 might associate with
other promoter-associated proteins (e.g., NFX1-91), without
the activation of telomerase. However, when the PCR signal
was normalized to input, it appeared that E6 binding to the
HFK promoter was stronger than that to the HFF promoter
(Fig. 6A). This moderate, quantitative difference in E6 binding
to the HFK and HFK promoters, however, does not seem to
explain the complete absence of hTERT induction by E6 in
HFF cells. More likely, it is the absence of Myc on the HFF
promoter that is responsible for its lack of responsiveness to
E6. Most important, while Myc was sufficient to induce telo-
merase in both HFKs and HFFs by itself (Fig. 6B), the forced
expression of Myc in HFFs significantly increased E6 associa-
tion with the endogenous hTERT promoter (Fig. 6A, right).

The E6-activated, exogenous hTERT promoter in HFF cells
is associated with Myc. The above data strongly suggest that
Myc occupancy on the hTERT promoter correlates with the
ability of E6 to induce hTERT transcription. However, as
shown in Fig. 3, E6 is sufficient to induce an exogenous hTERT
core promoter in HFFs, despite their very low level of Myc

protein. This observation provides a unique system to define
whether Myc protein levels or the chromatin structure might
be the principal determinants of Myc/promoter binding. If Myc
is associated with the exogenous hTERT promoter in HFF
cells, the “open” chromatin conformation of transfected plas-
mid DNA may be more accessible to low levels of Myc than the
endogenous promoter. If Myc is not associated with the exog-
enous promoter, it indicates not only that Myc levels regulate
hTERT promoter association but also that E6 can induce the
hTERT promoter without Myc. To test these possibilities, we
transfected the hTERT core promoter and E6 into HFFs and
performed a ChIP assay with a Myc antibody. Our data showed
that Myc could be detected on the exogenous hTERT core
promoter (Fig. 6C), although it was not detectable on the
endogenous hTERT promoter (Fig. 5A). Thus, it appears that
only hTERT promoters associated with Myc protein are induc-
ible by E6. This conclusion, however, is qualified by the pos-
sibility that our ChIP assay conditions may not have been
sufficiently sensitive to detect very low levels of Myc on the
endogenous promoter.

FIG. 6. Myc and E6 associate with the hTERT promoter in HFFs. (A) Myc-mediated E6 binding to hTERT promoter. HFKs or HFFs
transfected with E6-AU1 or both Myc and E6-AU1 were subjected to ChIP assays as described above, using rabbit anti-Myc antibody (N262; Santa
Cruz Biotechnology) and monoclonal anti-AU1 antibody (Covance). (B) Myc induces telomerase activity in both HFKs and HFFs. HFKs and
HFFs were transduced with pLXSN-Myc retrovirus, and cell lysates were analyzed with q-TRAP assays. Myc alone induces a similar level of
telomerase activity in both HFKs and HFFs. (C) Endogenous Myc binds to exogenous hTERT promoter in HFFs. The plasmid pGL3B-hTERT
was transfected to HFFs, and a Myc antibody or rabbit IgG was used for IP.
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DISCUSSION

The activation of telomerase in epithelial cells by HPV E6 is
believed to be critical for cell immortalization (26). Although
this function of E6 is independent of p53 degradation and PDZ
binding ability, it appears to require E6AP (3, 12, 22, 24, 30).
In contrast to the above studies, a single recent report suggests
that E6AP is not required for hTERT promoter induction (51).
The etiology of these experimental differences is currently un-
clear. However, independent studies have shown that the spe-
cific knockdown of E6AP interferes with hTERT promoter
induction by E6 (3, 12, 22, 24, 30).

We, as well as other researchers, have shown that E6 acti-
vates hTERT transcription through Myc binding sites in the
hTERT promoter (13, 32, 42, 57). However, E6 neither in-
duces Myc expression (Fig. 5C) (12, 13, 42, 51, 57, 58) nor
changes Myc binding to the hTERT promoter (12, 51, 58). Myc
protein binds to the promoter in the presence or absence of E6
protein in keratinocytes (12, 51, 58). Interestingly, E6 associ-
ates with Myc in vivo and in vitro, and both bind to the core
hTERT promoter (58), suggesting that there is a functional,
cooperative interaction between these proteins on the hTERT
promoter. The importance of Myc/hTERT promoter binding
has been verified not only by promoter mutagenesis (13, 32, 42,
57, 59, 61) but also by siRNA knockdown of Myc expression
and the expression of Mad and Mnt (Myc antagonists), all of
which significantly inhibit E6-induced telomerase activity (29,
58; our unpublished data). E6 also increases the acetylation of
histones resident on the promoter (12, 22; our unpublished

data), suggesting that it might alter local chromatin structure
and enhance promoter activity.

In this study, we examined the correlation between the abil-
ity of E6 to induce the hTERT promoter and to immortalize
two very different cell types, HFKs and HFFs. It is well docu-
mented that the efficient immortalization of HFK cells requires
the E6 and E7 genes and that these same two genes are inca-
pable of immortalizing HFF cells (7, 26). Our current study
provides a potential model to explain this differential cellular
immortalization (Fig. 7).

First, our data indicate that the E6 and E7 genes are ex-
pressed in both HFK and HFF cells and that two tumor-
suppressor proteins, p53 and pRb, are similarly inactivated.
When considered in the context of previous publications, our
study suggests that p53 inactivation is neither necessary nor
sufficient for cell immortalization. In this study, p53 inactiva-
tion (along with E7 expression) was not sufficient to induce the
immortalization of HFF cells, and in previous studies of HFK
cells, E6-mediated degradation of p53 was not required for cell
immortalization (26, 28). The critical conclusion, however, is
that the differential abilities of E6 and E7 to immortalize HFK
and HFF cells do not reside in the differential expression
levels/activities of these genes in the corresponding cells.

Second, the difference between HFK and HFF cells actually
appears to derive from variations in the association of Myc
protein with the hTERT promoter. HFK cells have Myc asso-
ciated with the endogenous hTERT promoter, whereas HFF
cells do not. The etiology of this difference might derive from
the low level of Myc protein that we observed in the HFF cells

FIG. 7. A proposed model for E6 regulation of the hTERT promoter and cell immortalization. Using information from this and previous
studies (12, 14, 30, 57, 58, 62, 64), we propose a model to explain how HPV E6 might regulate the hTERT promoter in a cell-type-specific manner.
The ability of E6 and E7 to target p53 and Rb in HFF and HFK cells does not differ. However, the low levels of Myc protein in fibroblasts (HFF)
relative to keratinoctyes (HFK) is probably a major determinant for the lack of Myc on the endogenous HFF hTERT promoter. Contributions of
chromatin structure, however, might also contribute to the limited access of Myc and other regulatory proteins to the HFF hTERT promoter. Since
E6 can bind to the HFF hTERT promoter in the absence of detectable Myc, it appears that other proteins resident on this site might mediate its
binding. In separate studies, for example, it has been documented that E6 interacts with Myc, BRCA1, and NFX-1.
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(Fig. 5C) and that others have observed in normal human
WI-38 fibroblasts (34). Compatible with the proposal that Myc
protein levels might regulate hTERT responsiveness is the
observation by several laboratories that Myc overexpression is
sufficient to induce telomerase in these cells (Fig. 6B) (4, 5).
More importantly, transduction of Myc into such fibroblasts is
sufficient for cell immortalization (4, 23, 34, 41).

Interestingly, our study indicates that the low level of Myc
protein in foreskin fibroblasts derives from posttranscriptional
controls. The Myc gene is expressed similarly at the mRNA
level in HFF and HFK cells, but the level of Myc protein is
dramatically different. The ability to restore higher Myc pro-
tein levels in HFF cells with proteasome inhibitors suggests
that proteolysis might contribute to the very low levels of Myc
protein in HFF cells.

However, the level of Myc protein cannot be the complete
explanation for the difference between HFF and HFK re-
sponses to E6. While HFF cells have nearly undetectable Myc
protein levels, they provide a very suitable environment for the
transactivation of an exogenous hTERT promoter by E6. In-
deed, the exogenous hTERT promoter is activated to an even
greater extent in HFF cells than in HFK cells, which suggests
that there might be an additional mechanism regulating Myc
access to the endogenous hTERT promoter, such as chromatin
structure. In general, transfected plasmids are not highly dec-
orated with chromatin proteins and exhibit a more “open”
conformation than endogenous genes (53). It is therefore pos-
sible that the “open” nature of the exogenous hTERT pro-
moter permits access to the lower levels of Myc protein in
HFFs and thereby allows the transfected promoter to respond
to E6 activation.

It is interesting that we found E6 protein associated with the
endogenous hTERT promoter in both HFK and HFF cells,
although there may be some quantitative differences (Fig. 6A).
If Myc were the sole binding site on the hTERT promoter for
E6, we should have found little E6 bound to the endogenous
hTERT promoter. While forced expression of Myc does sig-
nificantly enhance E6 binding, we speculate that E6 might
interact with additional proteins (e.g., NFX1-91 or BRCA1)
that have been reported to be found on the hTERT promoter
and which repress gene transcription (12, 14, 62, 64). Activa-
tion of the hTERT promoter is clearly complex, and there is
even a telomerase-defective E6 mutant that binds to the
hTERT promoter without the activation of telomerase (51).
Examining such mutants should provide insight into E6 trans-
activation.

In summary, the differential abilities of the HPV E6 and E7
genes to immortalize HFK and HFF cells correlates with Myc
binding to the hTERT promoter, which provides the appropri-
ate promoter environment for E6 responsiveness.

ACKNOWLEDGMENTS

This work was supported by NIH grants R01CA106440 and
R01CA53371 to R.S.

We thank Hang Yuan and Frank Suprynowicz for their advice and
suggestions during this study.

REFERENCES

1. Androphy, E. J., N. L. Hubbert, J. T. Schiller, and D. R. Lowy. 1987.
Identification of the HPV-16 E6 protein from transformed mouse cells and
human cervical carcinoma cell lines. EMBO J. 6:989–992.

2. Banks, L., P. Spence, E. Androphy, N. Hubbert, G. Matlashewski, A. Mur-
ray, and L. Crawford. 1987. Identification of human papillomavirus type 18
E6 polypeptide in cells derived from human cervical carcinomas. J. Gen.
Virol. 68:1351–1359.

3. Bedard, K. M., M. P. Underbrink, H. L. Howie, and D. A. Galloway. 2008.
The E6 oncoproteins from human betapapillomaviruses differentially acti-
vate telomerase through an E6AP-dependent mechanism and prolong the
lifespan of primary keratinocytes. J. Virol. 82:3894–3902.

4. Benanti, J. A., M. L. Wang, H. E. Myers, K. L. Robinson, C. Grandori, and
D. A. Galloway. 2007. Epigenetic down-regulation of ARF expression is a
selection step in immortalization of human fibroblasts by c-Myc. Mol. Cancer
Res. 5:1181–1189.

5. Casillas, M. A., S. L. Brotherton, L. G. Andrews, J. M. Ruppert, and T. O.
Tollefsbol. 2003. Induction of endogenous telomerase (hTERT) by c-Myc
in WI-38 fibroblasts transformed with specific genetic elements. Gene
316:57–65.

6. Counter, C. M., A. A. Avilion, C. E. LeFeuvre, N. G. Stewart, C. W. Greider,
C. B. Harley, and S. Bacchetti. 1992. Telomere shortening associated with
chromosome instability is arrested in immortal cells which express telome-
rase activity. EMBO J. 11:1921–1929.

7. DiPaolo, J. A., C. D. Woodworth, N. C. Popescu, V. Notario, and J. Doniger.
1989. Induction of human cervical squamous cell carcinoma by sequential
transfection with human papillomavirus 16 DNA and viral Harvey ras. On-
cogene 4:395–399.

8. Dyson, N., P. Guida, K. Munger, and E. Harlow. 1992. Homologous se-
quences in adenovirus E1A and human papillomavirus E7 proteins mediate
interaction with the same set of cellular proteins. J. Virol. 66:6893–6902.

9. Dyson, N., P. M. Howley, K. Munger, and E. Harlow. 1989. The human
papilloma virus-16 E7 oncoprotein is able to bind to the retinoblastoma gene
product. Science 243:934–937.

10. Fu, B., J. Quintero, and C. C. Baker. 2003. Keratinocyte growth conditions
modulate telomerase expression, senescence, and immortalization by human
papillomavirus type 16 E6 and E7 oncogenes. Cancer Res. 63:7815–7824.

11. Gallant, P. 2006. Myc/Max/Mad in invertebrates: the evolution of the Max
network. Curr. Top. Microbiol. Immunol. 302:235–253.

12. Galloway, D. A., L. C. Gewin, H. Myers, W. Luo, C. Grandori, R. A. Kat-
zenellenbogen, and J. K. McDougall. 2005. Regulation of telomerase by
human papillomaviruses. Cold Spring Harbor Symp. Quant. Biol. 70:209–
215.

13. Gewin, L., and D. A. Galloway. 2001. E box-dependent activation of telo-
merase by human papillomavirus type 16 E6 does not require induction of
c-myc. J. Virol. 75:7198–7201.

14. Gewin, L., H. Myers, T. Kiyono, and D. A. Galloway. 2004. Identification of
a novel telomerase repressor that interacts with the human papillomavirus
type-16 E6/E6-AP complex. Genes Dev. 18:2269–2282.

15. Gillison, M. L., W. M. Koch, R. B. Capone, M. Spafford, W. H. Westra, L.
Wu, M. L. Zahurak, R. W. Daniel, M. Viglione, D. E. Symer, K. V. Shah, and
D. Sidransky. 2000. Evidence for a causal association between human pap-
illomavirus and a subset of head and neck cancers. J. Natl. Cancer Inst.
92:709–720.

16. Grandori, C., S. M. Cowley, L. P. James, and R. N. Eisenman. 2000. The
Myc/Max/Mad network and the transcriptional control of cell behavior.
Annu. Rev. Cell Dev. Biol. 16:653–699.

17. Greider, C. W. 1996. Telomere length regulation. Annu. Rev. Biochem.
65:337–365.

18. Härle-Bachor, C., and P. Boukamp. 1996. Telomerase activity in the regen-
erative basal layer of the epidermis inhuman [sic] skin and in immortal and
carcinoma-derived skin keratinocytes. Proc. Natl. Acad. Sci. USA 93:6476–
6481.

19. Harley, C. B., A. B. Futcher, and C. W. Greider. 1990. Telomeres shorten
during ageing of human fibroblasts. Nature 345:458–460.

20. Hawley-Nelson, P., K. H. Vousden, N. L. Hubbert, D. R. Lowy, and J. T.
Schiller. 1989. HPV16 E6 and E7 proteins cooperate to immortalize human
foreskin keratinocytes. EMBO J. 8:3905–3910.

21. Hurlin, P. J., and S. Dezfouli. 2004. Functions of Myc:Max in the control of
cell proliferation and tumorigenesis. Int. Rev. Cytol. 238:183–226.

22. James, M. A., J. H. Lee, and A. J. Klingelhutz. 2006. HPV16-E6 associated
hTERT promoter acetylation is E6AP dependent, increased in later passage
cells and enhanced by loss of p300. Int. J. Cancer 119:1878–1885.

23. Kampinga, H. H., M. A. Van Waarde-Verhagen, A. J. Van Assen-Bolt, B.
Nieuwenhuis, H. P. Rodemann, K. R. Prowse, and M. H. Linskens. 2004.
Reconstitution of active telomerase in primary human foreskin fibroblasts:
effects on proliferative characteristics and response to ionizing radiation. Int.
J. Rad. Biol. 80:377–388.

24. Kelley, M. L., K. E. Keiger, C. J. Lee, and J. M. Huibregtse. 2005. The global
transcriptional effects of the human papillomavirus E6 protein in cervical
carcinoma cell lines are mediated by the E6AP ubiquitin ligase. J. Virol.
79:3737–3747.

25. Kim, N. W., M. A. Piatyszek, K. R. Prowse, C. B. Harley, M. D. West, P. L.
Ho, G. M. Coviello, W. E. Wright, S. L. Weinrich, and J. W. Shay. 1994.
Specific association of human telomerase activity with immortal cells and
cancer. Science 266:2011–2015.

VOL. 82, 2008 HPV E6/E7 INDUCE TELOMERASE AND CELL IMMORTALIZATION 11575



26. Kiyono, T., S. A. Foster, J. I. Koop, J. K. McDougall, D. A. Galloway, and
A. J. Klingelhutz. 1998. Both Rb/p16INK4a inactivation and telomerase
activity are required to immortalize human epithelial cells. Nature 396:
84–88.

27. Klingelhutz, A. J., S. A. Foster, and J. K. McDougall. 1996. Telomerase
activation by the E6 gene product of human papillomavirus type 16. Nature
380:79–82.

28. Liu, X., G. L. Disbrow, H. Yuan, V. Tomaic, and R. Schlegel. 2007. Myc and
human papillomavirus type 16 E7 genes cooperate to immortalize human
keratinocytes. J. Virol. 81:12689–12695.

29. Liu, X., J. Roberts, A. Dakic, Y. Zhang, and R. Schlegel. 2008. HPV E7
contributes to the telomerase activity of immortalized and tumorigenic cells
and augments E6-induced hTERT promoter function. Virology 375:611–
623.

30. Liu, X., H. Yuan, B. Fu, G. L. Disbrow, T. Apolinario, V. Tomaic, M. L.
Kelley, C. C. Baker, J. Huibregtse, and R. Schlegel. 2005. The E6AP ubiq-
uitin ligase is required for transactivation of the hTERT promoter by the
human papillomavirus E6 oncoprotein. J. Biol. Chem. 280:10807–10816.
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