
HPV16-E6 associated hTERT promoter acetylation is E6AP
dependent, increased in later passage cells and enhanced by loss
of p300

Michael A. James1, John H. Lee2, and Aloysius J. Klingelhutz1,*

1Department of Microbiology and Holden Comprehensive Cancer Center, University of Iowa, Iowa City, IA

2Department of Otolaryngology-Head and Neck Surgery, University of Iowa, Iowa City, IA

Abstract
The E6 oncoprotein from high-risk HPV types activates human telomerase reverse transcriptase
(hTERT) transcription in human keratinocytes. Studies on how E6 regulates hTERT have implicated
E-box or X-box elements in the hTERT promoter (Veldman et al., Proc Natl Acad Sci USA
2003;100:8211–14; Oh et al., J Virol 2001;75:5559–66; Gewin et al., Genes Dev 2004;18:2269–82),
but the mechanism of activation by E6 is still controversial and not well defined. Here, we
demonstrate that induction of both hTERT expression and telomerase activity by HPV-16 E6 in early
passage keratinocytes is associated with acetylation of histone H3 at the hTERT promoter, is
dependent on the E6 associated protein (E6AP) and is not exclusively reliant on E-box or X-box
elements. Further increases in histone acetylation of the hTERT promoter and hTERT transcriptional
activity in E6 expressing cells that had been passaged extensively in culture were found to occur only
with the endogenous promoter and not with an exogenously introduced hTERT promoter construct.
Telomerase activity at both early and late passages, however, was dependent on E6AP expression,
implying a continued reliance on E6 function for telomerase activity. Our results demonstrate that
E6 induces hTERT promoter acetylation, but that further increases in telomerase activity and histone
acetylation in later passage E6 expressing cells are independent of E6 activation of the core hTERT
promoter. We also provide evidence that the transcription factor p300 is a potential repressor of
telomerase activation and histone acetylation in the context of E6 expression. These studies give
insight into how immortalization by HPV results in upregulation of hTERT and furthers our
understanding of how telomerase is activated during the process of malignant transformation.
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E6 and E7 early viral proteins of the high-risk HPV types are responsible for molecular and
cellular changes that potentiate oncogenic transformation. These 2 proteins, which are
expressed throughout the viral life cycle, are sufficient for immortalization of many cell types
and for oncogenic transformation of some murine cell types. E7 binds and inactivates the
retinoblastoma tumor suppressor protein (Rb), promoting progression of the cell cycle.1 E6
further promotes cell cycle progression by binding and directing the degradation of the tumor
suppressor protein p53,2 which can also function in normal cells to induce apoptosis under cell
stress or DNA damage. The degradation of p53 is accomplished through formation of a
complex between p53, E6 and the E6-associated cellular ubiquitin ligase E6 associated protein
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(E6AP). E6 is a multifunctional protein with many cellular protein targets besides p53. One
such protein of potential importance to the cancerous phenotype is the transcription factor p300,
which generally has antiproliferative effects.

E6 is also responsible for transcriptional activation of the telomerase reverse transcriptase
(TERT) gene,3 which is the catalytic subunit of the enzyme telomerase. Normal somatic cells
are TERT negative and are subjected to shortening of telomeric repeats at chromosomal termini
upon each cycle of replication. This loss of telomere sequence leads to replicative senescence,
thus limiting the lifespan of cells. In addition to allowing immortalization, which is a critical
step in the malignant transformation of cells, human telomerase reverse transcriptase (hTERT)
expression may also induce proliferation in quiescent cells independently of activity on
telomeres.4 In high-risk HPV E6 expressing cells, increased telomerase activity due to
transcriptional activation of TERT maintains telomere length, allowing cells to avoid
replicative senescence and become immortal. Although hTERT upregulation and telomerase
activation are observed in early passage cells that express E6/E7, significant increases in
telomerase activity are observed as cells are passaged in culture.5 E6 levels in these cells do
not change as they are passaged. This suggests that other cellular changes are necessary for
high levels of telomerase in later passage E6/E7 expressing cells; however, the mechanism
behind this increase is not known. Studies involving various mutants of E6 indicate that hTERT
activation correlates with the ability of E6 to bind E6AP.3,6,7 Recent evidence more strongly
implicates the necessity for E6AP for hTERT activation, as knockdown of E6AP levels in
human cells or knock-out of E6AP in mouse cells abrogates the ability of E6 to activate hTERT
transcription and telomerase activity.8 However, the ability of E6 to activate the hTERT
promoter is entirely independent of binding and degradation of p533 and binding of PDZ
domain containing proteins.9

In normal cells, telomerase activity is generally regulated by transcriptional control of the
hTERT promoter. Although hTERT transcription can be regulated by alternative splicing
during fetal development,10 its expression is repressed in fully differentiated somatic tissues.
It has been found in differentiated epithelial cells that hTERT is transcriptionally repressed
after loss of anchorage in association with recruitment of histone deacetylases (HDACs) to the
hTERT promoter.11 Inhibition of HDACs is sufficient to induce histone acetylation and
activate the hTERT promoter, and overexpression of HDAC1 is sufficient to repress this
hTERT promoter activity in normal human cells.12 The proximal 181 base pairs of the hTERT
promoter is a sufficient element for regulation by HDACs.13 Many of the transcription factors
that have binding sites at the hTERT promoter are associated with coregulators with histone
acetyl transferase (HAT) activity. HAT and HDAC activity are exhibited by a variety of
transcriptional coactivators and corepressors, respectively.

Repression of hTERT expression in differentiated cells and activation in E6 expressing cells
is dependent on a proximal promoter sequence containing potential and proven binding sites
for a variety of transcription factors.14-16 Approximately 250 base pairs of promoter sequence
proximal to the transcriptional start site are sufficient for full activation of the hTERT promoter
by E6. This core promoter contains 2 Myc binding sites (E-box), 5 Sp1 sites, an E2F site, an
NFX binding site (X-box) and putative sites for Ets and NFκB. Both Myc and Sp1 sites have
been implicated by some as important for full activation of the hTERT promoter by E6.16,
17 More recently, X-box elements have been suggested to have a role in E6 activation of hTERT
expression.18 Clearly, hTERT promoter activation by E6 is complex and controversial, and
the underlying mechanisms of activation by E6 are not well understood.

In our study, we provide evidence that the hTERT promoter is activated by E6 in association
with acetylation of histone H3 at the hTERT promoter. Acetylation of H3 and activation of the
hTERT promoter by E6 is dependent on E6AP and enhanced by knockdown of p300.
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Furthermore, we demonstrate that H3 acetylation of the endogenous hTERT promoter and
activation of the promoter are enhanced at late passage in E6E7 immortalized keratinocytes.
Our data suggests that the late passage enhancement of hTERT promoter acetylation and
activation is independent of E6, and is an exclusive selective property of the endogenous
chromatin. The late passage enhancement is associated with a decrease in p300 levels in the
cell, which may play a role in upregulation of hTERT transcription. We also provide evidence
suggesting that neither E-box nor X-box elements are the sole determinants of hTERT
activation by E6.

Material and methods
Cells and culture

Primary human foreskin keratinocytes (HFKs) or those stably transduced with LXSN retroviral
vectors expressing wild-type HPV16-E7 or HPV16-E6 and E7 were cultured in E-media with
feeder fibroblasts as previously described.19

Plasmid constructs
A pBABE-puro vector expressing shRNA against E6AP was a gift from Denise Galloway,
Fred Hutchinson Cancer Research Center, Seattle, WA.18 shRNA constructs for p300 and
controls were created using pSIREN-RetroQ vectors (BD Biosciences) according to
manufacturer's protocol. The following oligonucleotides were used to create the shRNA
sequences: p300-1, top, 5′-GATCC GTACC TCGTG ATGCC ACTTA CTCAA GAGAT
AAGTG GCATC ACGAG GTATT TTTTA TCGAT G-3′; bottom, 5′-AATTC ATCGA
TAAAA AATAC CTCGT GATGC CACTT ATCTC TTGAG TAAGT GGCAT CACGA
GGTAC G-3′; p300-2, top, 5′-GATCC GTTTG TGCTC TTGTG CCCTC CTCAA GAGAG
AGGGC ACAAG AGCAC AAATT TTTTA TCGAT G-3′; bottom, 5′-AATTC ATCGA
TAAAA AATTT GTGCT CTTGT GCCCT CTCTC TTGAG GAGGG CACAA GAGCA
CAAAC G-3′; neg (random insert), top, 5′-GATCC GACAC GAGAT GGTGC ACTGA
CGCTT CCAGG TGGTT AGGGA TCAGT TGTTA ACTTC CAAGT AGAGT ACGTC
CGGCC GTCAA GACCT GGCCC TACGC TTGTT GACTG TTTTT TATCG ATG-3′;
bottom, 5′-AATTC ATCGA TAAAA AACAG TCAAC AAGCG TAGGG CCAGG TCTTG
ACGGC CGGAC GTACT CTACT TGGAA GTTAA CAACT GATCC CTAAC CACCT
GGAAG CGTCA GTGCA CCATC TCGTG TCG-3′. Underlined sequences represent target
sequences.

hTERT promoter constructs in pGL3 luciferase reporter vectors (Promega) were driven by the
core 255 base-pair region of the hTERT promoter (TERT-luc). The E-box mutant hTERT
construct (TERT-E-luc) was mutated at the downstream E-box from CACGTG to CACCCG.
Both wild type and E-box mutant constructs were gifts from Izumi Horikawa, NCI, NIH. The
X-box mutant (TERT-X-luc) was created using site-directed polymerase chain reaction (PCR)
mutagenesis of the wild type construct with the following primers: forward 5′-CCTGC TGCGC
ACGTG CGTCG CCCAT GCCGG GCTCG AGATC TGC-3′, reverse 5′-GCAGA TCTCG
AGCCC GGCAT GGGCG ACGCA CGTGC GCAGC AGG-3′, mutating the highly conserved
bases of the NFX binding site, GGGAAGCCCTG, to GCGTCGCCCAT.

Retroviral infections
Phoenix cells were transfected with retroviral constructs using GenePorter reagents and
protocols (GTS). Keratinocytes were grown to approximately 40% confluence before infection
with 1 ml of retroviral supernatant from Phoenix cell cultures in 10 ml of media with 8 μg/ml
polybrene. At 24 hr postinfection, cells were washed and fresh media was added. At 48 hr
postinfection, cells were split 1:4 with feeders. At 72 hr postinfection, cells were selected for
infection with 150 μg/ml neomycin for approximately 7 days, or 1 μg/ml puromycin for 3 days.
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Fresh media with antibiotics were added each day. Surviving cells were pooled. Mock infected
cells were also subjected to selection, none of which survived.

Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were conducted according to the Acetyl-H3
ChIP Assay Kit (Upstate). Cells were formaldehyde crosslinked for 20 min. Sonication was
carried out on ice in ten 10 sec bursts on a probe sonicator. Eighty microliters of protein A-
agarose bead suspension were used per IP reaction. Samples were un-crosslinked at 65°C
overnight. PCR was carried out using the following primers: exogenous hTERT, forward 5′-
TTC ACC TTC CAG CTC CGC CT-3′, reverse 5′-TAC CAA CAG TAC CGG AAT GCC
AAG-3′; endogenous hTERT, forward 5′-GGC CGG GCT CCC AGT GGA TTC G-3′, reverse
5′-CAG CGG GGA GCG CGC GGG ATC G-3′; GAPDH, forward 5′-ACC ACT TTG TCA
AGC TCA TTT C-3′, reverse 5′-CTC TCT CTT CCT CTT GTG CTC-3′. Cycle numbers that
produced linear results were experimentally determined. Actin antibody served as a nonspecific
immunoprecipitation control. GAPDH specific primers were used as positive ChIP controls.

Telomerase repeat amplification protocol assay
Telomerase repeat amplification protocol (TRAP) was conducted as previously described19
according to TeloTAGGG Telomerase PCR Elisa Kit (Roche).

Reverse transcription/PCR (RT-PCR)
RNA was collected from AECs stably transduced with LXSN vectors using Tri-Reagent
(MRC) per manufacturer's recommendation. RNA concentrations were normalized based on
spectrophotometric absorbance. RNA was reverse-transcribed into cDNA using RetroScript
reagents and protocols from Ambion. PCR was performed using AmpliTaq Gold and
accompanying buffers (Roche) for the following targets using the following primers: hTERT,
forward 5′-CGG AAG AGT GTC TGG AGC AA-3′, reverse 5′-GGA TGA AGC GGA GTC
TGG A-3′; Actin, forward 5′-GGG GGA AAT CGT GCG TGA CAT T-3′, reverse 5′-GAT
GGA GTT GAA GGT AGT TTC GTG-3′; E6AP, forward 5′-CAT AGT ACT GGG TCT
GGC-3′, reverse 5′-CAT ACA TCA TTG GGT TAC C-3′; p300, forward 5′ATG AAC GGT
TCA ATT GGA GC-3′, reverse 5′-TTC TGA GTA TAT GGT GAA CC-3′; E6, forward 5′-
GCT GCA AAC AAC TAT ACA TG-3′, reverse 5′-TGT CTT TGC TTT TCT TCA GG-3′.
PCR products were separated on 2% agarose gels at 110 V for 50 min and visualized by staining
with ethidium bromide. Reaction mixtures contained 2.5 mM MgCl2, 0.25 mM dNTPs and 2
μM primers. Reactions were carried out at a number of cycles predetermined to give linearly
quantitative results.

Luciferase assay
Transfection of luciferase reporter constructs was carried out using GenePorter reagents (GTS)
in KSFM without supplements for 5 hr. Transfection media was replaced with fresh KSFM
with supplements and cultures were incubated for 24 hr at 37°C. Transfection efficiency was
normalized by cotransfection with a constitutive renilla luciferase vector (pRL-null) and dual
measurement of renilla and firefly luciferase activity using the dual-luciferase kit (Promega).
Both firefly and renilla luciferase activity was measured on a luminometer at 24 hr post
infection.

Western blots
Western blot analysis was performed as previously described6 using the following
commercially available antibodies: rabbit polyclonal anti-p300 (Santa Cruz, sc-585), goat
polyclonal anti-actin (Santa Cruz, sc-1616) and mouse monoclonal anti-p53 (Oncogene
Research Products, Ab-6).
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Results
Acetylation and activation of the endogenous hTERT promoter are induced by E6 and
increased in late passage cells

To begin to understand how hTERT expression is regulated in E6 expressing cells, we
performed studies on the effects of E6 expression on acetylation and activation of the
endogenous hTERT promoter. As previously shown, expression of E6/E7 in HFKs leads to
upregulation of hTERT transcript accumulation and telomerase activity (Fig. 1a). At late
passage, the level of hTERT transcript is greatly enhanced when compared to that of early
passage cells. Concurrent with hTERT transcript levels, telomerase activity is induced in early
passage E6/E7 expressing cells approximately 10-fold relative to primary HFKs at the same
passage or those expressing E7 alone (Fig. 1b). Like hTERT transcript levels, telomerase
activity is greatly enhanced in late passage cells when compared to that in early passage cells.
In these cells, telomerase activity is induced to 20-fold over HFKs or those expressing E7 alone,
which equates to a 2-fold increase over early passage E6 expressing cells.

hTERT can be activated in normal human cells solely by inhibition of HDACs12 and HDACs
are recruited to the core promoter during differentiation of epithelial cells.11 With the evident
importance of histone acetylation in hTERT promoter regulation, we wanted to ask whether
E6 is affecting the histone acetylation status of the core hTERT promoter. To address this
question, we employed ChIP assays to determine the acetylation status of the hTERT promoter
with and without E6 expression. Chromatin was immunoprecipitated using antibodies
recognizing the acetylated form of histone H3. Acetyl-histone H3-associated hTERT promoter
was detected using specific PCR primers. The histone H3 acetylation status of the endogenous
hTERT promoter correlates directly with hTERT transcript levels and telomerase levels in
these cells (Fig. 1c). H3 acetylation is detected only in E6 expressing cells, and the level of
acetylation is increased by 2.2-fold in late passage cells versus early passage cells. These data
indicate that histone acetylation plays a major role in the regulation of the endogenous hTERT
promoter and that the level of acetylation is directly related to the level of hTERT activation
in E6 expressing HFKs.

An exogenously introduced hTERT core promoter is acetylated at histone H3 and is activated
by E6 independently of passage number

To study activation of hTERT by E6 in a modifiable promoter system and to evaluate the
importance of endogenous chromatin structure in increased hTERT promoter activity at late
passage when compared to early passage cells, we applied luciferase reporter and ChIP assays
to a transiently introduced core hTERT promoter. We hypothesized that the late passage
increase in hTERT promoter activity is the result of selection for higher telomerase activity in
cell culture independent of the activity of E6 on the promoter. If this selection involves
epigenetic changes in chromatin structure at the hTERT promoter, a transiently expressed
exogenous promoter should not exhibit the same late passage increases in activity. In HFKs
stably expressing E6/E7 at both early passage (16–28 population doublings) and late passage
(52–82 population doublings), exogenous hTERT promoter activity is activated to
approximately 5-fold over non-E6 expressing controls (Fig. 2a). ChIP of an exogenous hTERT
core promoter shows that histone H3 associated with the promoter is acetylated in HFKs stably
expressing E6 (Fig. 2b). The level of acetylation of this exogenous promoter is similar whether
the cells are at early or late passage. These results, indicating that passage dependent differences
in exogenous hTERT promoter activity and histone acetylation, suggest that the late passage
increase in histone H3 acetylation and in telomerase activity when compared to early passage
cells may be due to selection for cells with higher endogenous telomerase activity and not
directly related to E6 expression per se.
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Neither E-box nor X-box elements are exclusively responsible for hTERT activation by E6
Both E-box and X-box elements of the hTERT promoter have been implicated in the regulation
of hTERT transcription by E6.16-18 To investigate these possibilities under our experimental
conditions, we employed a reporter assay system to evaluate the importance of E-box and X-
box promoter elements in our cells and culture conditions. Mutation of the hTERT promoter
at the proximal E-box as described earlier (Fig. 3a) abolishes transactivation by c-Myc (Fig.
3b). Although there is some decrease in E6 activation of the E-box mutated promoter when
compared to the wild-type hTERT promoter, E6 retains most of its ability to activate
transcription with the E-box mutation (Fig. 3c). Likewise, when the X-box element of the
hTERT promoter is mutated at the conserved Nfx binding sequence, E6 activation is also
retained (Fig. 3c). We conclude from this data that neither of these elements is exclusively
responsible for activation of the hTERT promoter by E6.

Induction of hTERT promoter acetylation and activation is dependent on E6AP
Activation of hTERT transcription and telomerase activity has previously been found to be
independent of both p53 degradation3 and PDZ domain binding.9 However, hTERT activation
by E6 does correlate with the ability to bind the E6AP ubiquitin ligase.8,20,21 In fact, E6AP
has been found to be necessary for hTERT activation by E6.8 Therefore, we hypothesized that
E6AP is necessary for the induction of hTERT promoter histone acetylation. To investigate
the role of E6AP in the histone acetylation and activation of the hTERT promoter, we have
used shRNA knockdown of E6AP. Stable expression of inhibitory shRNA in these cells
effectively diminishes levels of both transcripts and protein for E6AP (Figs. 4a and 4b).
Abrogation of p53 degradation in E6 positive cells expressing E6AP shRNA also confirms
functional E6AP knockdown (Fig. 4b). In cells expressing E6AP shRNA, hTERT transcript
levels as well as telomerase activation by E6 are diminished by approximately 2-fold (Figs. 5a
and 5b). Likewise, histone H3 acetylation at the hTERT promoter was diminished with E6AP
knock-down to a degree similar to that of telomerase activity (Figs. 5c and 5d). These results
not only demonstrate a dependence on E6AP for activation of the hTERT promoter, but also
confirm the role of the E6 complex in the acetylation of the hTERT promoter.

E6-induced hTERT promoter activity and histone acetylation are enhanced by knockdown
of p300

Another well defined target of E6 that has not been ruled out as playing a role in activation of
the hTERT promoter is p300. We also used shRNA knockdown of p300 to investigate its role
in hTERT regulation in E6 expressing cells. Transcript and protein levels of p300 were
effectively decreased with stable expression of p300 shRNA (Figs. 4a and 4b). When p300
was downregulated by shRNA in these cells, hTERT transcript accumulation as well as
telomerase activity were increased by over 2-fold (Figs. 5a and 5b). Histone acetylation levels
were also increased by 2-fold with p300 knock-down (Figs. 5c and 5d). Inhibition of p300 in
E7 expressing cells without E6 expression did not result in an increase in hTERT transcript or
upregulation of telomerase activity (data not shown). These latter results suggest that the
primary effect of E6 on hTERT transcription is not directly through abrogation of p300
function. It is interesting to note that downregulation of p300 was observed in later passage
E6E7 keratinocytes that had higher levels of telomerase and acetylation at the hTERT promoter
(Fig. 4b). Since we did not observe this phenomenon in all later passage E6E7 cell lines tested,
we cannot conclude that p300 downregulation is the sole reason for upregulation of hTERT at
later passage (data not shown). Our consistent results from the shRNA p300 knockdown
experiments are provocative, however, in that they implicate a potential and previously
unknown role for p300 in repressing hTERT transcription in the context of E6 expression.
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Discussion
Histone modification plays a central role in the regulation of hTERT expression in relation to
both cell cycle progression and differentiation.11-13,22,23 The use of HDAC inhibitors has
been shown by many to activate transcription of hTERT and telomerase activity.12,13,24,25
Sp1, E2F and E-box binding repressors have all been shown to recruit HDACs to the hTERT
promoter, resulting in transcriptional repression.11,22,23,26 However, a role for histone
modification in E6-mediated hTERT activation has not been previously implicated. Our data
indicates that E6, in conjunction with E6AP, induces acetylation of histone H3 at the hTERT
promoter. The level of hTERT promoter acetylation is directly proportional to the level of
hTERT transcript accumulation and telomerase activity in HFKs stably expressing E6. This
provides a novel demonstration that histone modification is an integral part of the mechanism
of hTERT promoter activation by E6.

In early passage cells, E6 modestly activates hTERT transcription and telomerase activity,
while in later passage cells, much higher telomerase activity is seen. In agreement with this,
we have found that late passage, E6E7 immortalized HFKs have higher hTERT promoter
acetylation, hTERT transcript levels and telomerase activity than their early passage
predecessors. We find that only the endogenous hTERT promoter is affected in a passage-
dependent manner, while acetylation and activity of an introduced hTERT core promoter
remains stable between early passage and late passage cells. This suggests that it is alterations
of the endogenous promoter, independent of the activity of E6 on the hTERT core promoter
represented by the exogenous construct, that result in increased telomerase activity at later
passage. The mechanism accounting for additional epigenetic modifications at the endogenous
promoter in late passage cells is unknown. It is apparent that although telomerase activity is
enhanced in late passage cultured cells, late passage hTERT activity remains dependent on E6
and E6AP, as evidenced by the abrogation of late passage hTERT activity in E6 expressing
cells with shRNA targeting E6AP.

Aberrant transcriptional regulation by histone modification enzymes is common in many
cancers.25,27 The majority of the research being done regarding these potential targets for
cancer treatment has focused on the use of HDAC inhibitors. Although certain genes related
to proliferation, differentiation and the development of cancer are beneficially regulated by the
inhibition of histone acetylation, resultant increases in histone acetylation may cause
undesirable phenotypes in the context of cancer and other pathological conditions. Inhibition
of histone deacetylation is likely to activate hTERT transcription and telomerase activity,
which could support cellular immortalization and proliferation.

Our data indicates that p300 may have repressive effects on hTERT transcription and
telomerase activity in the context of hTERT activation by E6. Although E6AP is needed for
hTERT promoter activation, p300 is not apparently degraded by E6, nor is knock-down of
p300 able to activate transcription of hTERT in non-E6 expressing cells. Also, p300
knockdown was not sufficient to activate hTERT transcription in cells expressing E7 alone.
Therefore, it is unlikely that inactivation of p300 is the primary means of hTERT promoter
activation by E6. There has never been a direct implication of p300 in regard to the regulation
of hTERT transcription or telomerase activity in normal cells, although it does have a regulatory
effect on factors that may play a role in hTERT regulation. p300 modifies transcription factors
associated with growth arrest and differentiation28,29 and positively regulates their function.
Studies have shown that p300 and the related CREB-binding protein have repressive effects
on c-Myc30,31 and c-Jun transcription factors,31 both of which have been implicated as
playing a positive role in hTERT transcription. Antisense knockdown of p300 in human breast
epithelial cells led to the increased expression of c-Myc and c-Jun. Another possible link
between p300 and hTERT repression is the E2F family of transcription factors. Modification
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of E2F by the HAT activity of p300 is necessary for E2F function and transition from G1 to S
phase of the cell cycle.32 E2F has recently been found to be an important repressor of hTERT
transcription in relation to both cell cycle and differentiation-dependent hTERT regulation.
11,22 E2F binding sites within the hTERT promoter represent an attractive candidate for a role
in E6 activation of hTERT transcription. This is especially true given our findings that histone
acetylation correlates with hTERT activation by E6 and recent data suggesting that E2F
recruitment of HDACs is a central regulating mechanism of hTERT transcription in normal
cells.11,22 Our current findings provide insights into the mechanism of hTERT activation by
HPV-E6 and the increase in hTERT activity in immortalized cells that may implicate possible
targets for cancer therapy and prevention.

Previous studies on E6 activation of hTERT suggest the involvement of E-box or X-box
elements of the hTERT promoter. Although controversial, it is agreed that the proximal
promoter containing E-box and X-box elements contains a repressive element or elements, and
that this region of the promoter is responsible for HPV-E6 activation of hTERT transcription.
The downstream E-box was the first site to be proposed as the element responsible for E6
activation of hTERT transcription.15,18 However, E6 has been found to have no significant
effect on Myc levels in the cell.15,16,18 On the other hand, 1 group has reported that the E-
box element was not essential for telomerase activation by E6.16 Others have suggested that
USF family of transcription factors represses hTERT through E-boxes and that this event is
involved in hTERT regulation by E6.33 More recently, NFX-91 has been implicated as a
repressor of hTERT and it has been suggested as a putative target for degradation by E6/E6AP.
18 Our data provides evidence that the ability of E6 to activate the hTERT core promoter is
not exclusively dependent on the function of either E-box or X-box elements. The possibility
remains that an unidentified repressor acts on the proximal core promoter of hTERT and is
involved in activation and histone acetylation induced by E6.
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Figure 1.
Histone H3 acetylation and activation of the endogenous hTERT promoter by E6 are enhanced
at late passage. (a) RT-PCR analysis of hTERT transcript levels indicates induction of hTERT
transcript accumulation by E6 and an increased accumulation of hTERT transcript in late
passage E6/E7 immortalized HFKs. Actin RT-PCR serves as a loading and normalization
control. (b) TRAP analysis shows induction of telomerase activity with E6 expression. Like
hTERT transcript accumulation, telomerase activity is enhanced approximately 2-fold in late
passage E6/E7 immortalized cells when compared to early passage E6/E7 expressing cells.
Positive control extract (pos) is provided by the manufacturer of the TRAP kit (Roche). The
value for telomerase activity in HFKs in our assay was set to “1” and the values for all other
cell types represent fold changes over HFK. Buffer controls were set as a 0 baseline and
subtracted from all other values. (c) ChIP assays specific for acetyl H3-associated hTERT
promoter were conducted on HFKs stably expressing HPV oncoproteins. Values for acetylation
are expressed as percent acetyl-H3 immuoprecipitation signal relative to the
preimmunoprecipitation input signal. ChIP assay using primers specific to the endogenous
hTERT promoter shows no acetylation in E7 expressing HFKs, while E6/E7 expressing HFKs
produce a signal strength of 17% of the input. Histone H3 acetylation is enhanced to 37% in
late passage E6/E7 expressing HFKs. This represents a 2.2-fold increase over early passage
cells. Background (bkgd) samples were not incubated with an immunoprecipitating antibody
and actin antibody was used as an additional negative immunoprecipitation control. The data
shown are representative of several experiments.
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Figure 2.
E6 expression results in acetylation and activation of an exogenous hTERT promoter equally
at early and late passage. (a) Luciferase assays for hTERT promoter activity were performed
on HFKs stably transduced with LXSN:E7 or LXSN:E6/E7 at early (E6E7E) or late passage
(E6E7L). Luciferase activity values were expressed as fold changes relative to that exhibited
by E7 cells. Error bars represent 1 standard deviation from the mean. hTERT promoter activity
was induced approximately 5-fold over E7 expressing cells in both early and late passage E6/
E7 expressing cells. (b) Chip assays were performed in HFKs using primers specific to a
transiently introduced hTERT core promoter. While only a 3% signal was obtained for E7
expressing cells, early and late passage E6/E7 expressing cells gave signals of 19 and 24%
respectively. The data shown are representative of multiple assays.
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Figure 3.
E6 retains its ability to activate the hTERT promoter when an E-box mutated, myc-
unresponsive construct (TERT-E-luc) or X-box mutated construct are used. (a) E-box and X-
box mutants contain transversion mutations at conserved binding sequences in the promoter.
(b) Luciferase assays were performed with transiently transfected wild-type TERT-luc or
mutant TERT-E-luc constructs in triplicate. Error bars represent 1 standard deviation from the
mean. Activation of the hTERT promoter by a c-Myc expression construct is abolished with
the E-box mutation. (c) HFKs were transfected with pGL3-basic, TERT-luc, TERT-E-luc or
TERT-X luciferase reporter vectors respectively. Activation of the promoter constructs by E6
when compared to non-E6 expressing vector controls is expressed as percentage of full
activation of the wild-type promoter by E6. Approximately 65% activation by E6 is retained
when the E-box is mutated. Mutation of the X-box element of the hTERT promoter (TERT X-
luc) results in no significant decrease in activation by E6. Where not indicated, E6E7 expressing
HFKs are at early passage. Experiments were performed in triplicate. Error bars represent 1
standard deviation from the mean.
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Figure 4.
shRNA expression effectively knocks down transcript and protein levels for E6AP and p300
targets. (a) RT-PCR analysis shows greatly diminished levels of E6AP transcript in E6/E7
expressing HFKs when E6AP shRNA is stably expressed from retroviral vectors. shRNA of
a random, nonspecific sequence (neg) is used as a negative control. Likewise, p300 transcript
level is diminished by p300 shRNA expression. (b) Immunoblotting demonstrates greatly
reduced levels of E6AP protein under expression of the specific E6AP shRNA. Also, since E6-
mediated degradation is dependent on E6AP, knockdown of E6AP in E6/E7 expressing cells
rescues p53 accumulation. p300 protein levels are also greatly reduced with p300 shRNA
expression. Notably, p300 levels are much lower in late passage cells.
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Figure 5.
Histone H3 acetylation and activation of the hTERT promoter is dependent on E6AP and
enhanced by loss of p300. (a) hTERT transcript is detectable in HFKs expressing a nonspecific
shRNA (neg, lanes 3 and 7) using RT-PCR. Accumulation of hTERT transcript is decreased
with E6AP knock-down (lanes 1 and 4), and increased when p300 shRNA is expressed (lanes
2, 5 and 6). p300-1 and p300-2 represent 2 different shRNA constructs targeting 2 distinct
sequences within the p300 transcript. RT-PCR was performed to detect the presence of E6
transcript. Double bands represent multiple splicing products of the E6 transcript. The RT- row
represents no reverse transcriptase negative controls. (b) Telomerase activity measured by
TRAP assay shows decreased activity with E6AP shRNA expression when compared to that
with nonspecific shRNA expression (neg). Telomerase activity is increased approximately 3-
fold with p300 knock-down. (c) A representative ChIP analysis. hTERT promoter associated
acetyl histone H3 signal is expressed as the percentage of the preimmunoprecipitation input
signal for each given experimental condition. (d) Histone H3 acetylation as measured by ChIP
analysis is decreased by 2-fold with E6AP knock-down and increased by 2.3-fold with p300
knock-down. Triplicate ChIP analysis data is shown in graph form. Error bars represent 1
standard deviation from the mean.
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