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Human papillomavirus type 16 (HPV-16), a DNA tumor virus, has a causal role in cervical cancer, and the
viral oncoproteins E6 and E7 contribute to oncogenesis in multiple ways. E6 increases telomerase activity in
keratinocytes through increased transcription of the telomerase catalytic subunit gene (TERT), but the factors
involved in this have been elusive. We have found that mutation of the proximal E box in the TERT promoter
has an activating effect in luciferase assays. This suggested that a repressive complex might be present at this
site. HPV-16 E6 activated the TERT promoter predominantly through the proximal E box, and thus, might be
acting on this repressive complex. This site is specific for the Myc/Mad/Max transcription factors as well as
USF1 and USF2. Addition of exogenous USF1 or USF2 repressed activation of the TERT promoter by E6,
dependent on the proximal E box. Using siRNA against USF1 or USF2 allowed for greater activation of the
TERT promoter by E6. Conversely, loss of c-Myc function, through a dominant-negative Myc molecule, reduced
activation by E6. Chromatin immunoprecipitations showed that in the presence of E6, there was a reduction
in binding of USF1 and USF2 at the TERT promoter proximal E box, and a concomitant increase in c-Myc
bound to this site. This shows that a repressive complex containing USF1 and USF?2 is present in normal cells
with little or no telomerase activity. In E6 keratinocytes, this repressive complex is replaced by c-Myc, which

corresponds to higher levels of TERT transcription and consequently, telomerase activity.

One characteristic of tumor cells is their capacity for seem-
ingly limitless division, or immortality. Normal cells, in culture,
undergo the process of senescence and crisis following a given
number of cell divisions that is dependent, in part, on the loss
of telomeric DNA (reviewed in reference 24). Telomeres, the
repeat sequences at the ends of eukaryotic chromosomes, are
believed to signal senescence or crisis when they reach some
critically short length, termed the Hayflick limit (26). Telom-
erase is an enzyme that maintains telomere length in cells, and
thus protects cells from senescence (21). It has become clear
that rather than maintaining long telomeres, telomerase pro-
tects cells from senescence by maintaining some critically short
length, below which cells will cease to proliferate (reviewed in
reference 7). Telomerase has been found to be up-regulated in
85 to 90% of tumor cells, the rest utilizing the alternative-
lengthening-of-telomeres (ALT) pathway to protect their chro-
mosomes (25). Thus, telomerase is an attractive target for
antitumor therapy, and understanding its regulation would
have relevance to many tumor models.

The human papillomavirus (HPV) is a DNA tumor virus,
related to simian virus 40 and other polyomaviruses (reviewed
in reference 40). Various HPV subtypes can infect the cutane-
ous or mucosal epithelium. The subtypes are further catego-
rized based on their ability to cause serious disease. HPV type
6 (HPV-6) and HPV-11, for example, are associated with be-
nign hyperplasia of the lower genital tract. In contrast, HPV-16
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and -18 are associated with neoplasia, especially cervical intra-
epithelial neoplasia, a condition that progresses to cervical
carcinoma if left untreated. HPV infection has a causal role in
development of cervical cancer, and over 95% of cervical can-
cers contain HPV DNA (40).

E6 is an early HPV gene product that is involved in immor-
talization and transformation by the virus. E6 has several func-
tions, including the ability to mediate degradation of the p53
tumor suppressor protein (57) through the E6-associated pro-
tein (E6-AP), an E3 ubiquitin ligase (28, 46, 47, 57), and the
ability to bind to and inhibit transactivation by the coactivator
proteins CBP and p300 (45, 61). In addition, E6 has been
shown to interact with ERC-55 (E6-BP), a calcium binding
protein (8), PDZ domain proteins, involved in cell to cell
contacts in normal epithelium (17, 36), and the E6-TP1 pro-
tein, a Ran-like GTPase putatively involved in growth signal
responsiveness (16, 49). Finally, E6 has been shown to increase
telomerase activity when expressed in a variety of cell types,
through transcriptional activation of the TERT gene, which
encodes the catalytic subunit of the telomerase enzyme (18, 32,
33, 44, 51, 53).

The telomerase enzyme complex contains a protein core,
TERT, which catalyzes reverse transcription (RT), and an
RNA molecule, TERC, that serves as a template for synthesis
(20, 21). An important regulatory point for telomerase is at the
level of expression of the TERT subunit, which is the limiting
factor in telomerase activity, as evidenced by the fact that
ectopic expression of TERT alone is sufficient to induce high
levels of telomerase activity in human foreskin fibroblasts and
keratinocytes (15; reviewed in reference 12). The core TERT
promoter, a region of ~300 bp upstream of the translational
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start site, lacks a TATA box but contains two E boxes sur-
rounding several Spl binding sites. E box sites bind several
cellular proteins, including the Myc/Mad/Max family of tran-
scription factors (9), as well as the upstream stimulatory factors
(USF1 and USF2) (19). c-Myc is a potent oncogene, up-regu-
lated in many human tumors. It functions as a heterodimer
with partner molecule Max to activate transcription when
bound to E box sites (reviewed in reference 9). Antagonizing
c-Myc function are the Mad proteins, as well as several other
family members, which can dimerize with Max and block c-Myc
access to Max. Mad/Max dimers are active transcriptional re-
pressors, recruiting histone deacetylases and other negative
transcriptional regulators to chromatin to inhibit target gene
transcription (reviewed in reference 3). Another family of pro-
teins antagonizes c-Myc function in a less active way (4, 5). The
USF1 and USF2 proteins can bind to E boxes, and occupy the
site so that Myc/Max complexes cannot bind. Although USF1
and USF2 have lower affinity for E boxes than c-Myc com-
plexes, they exist in such abundance relative to c-Myc that they
can occupy E boxes under conditions where c-Myc expression
is low, while increases in c-Myc levels can displace the USF
complexes (50). Additionally, USF1 and USF2 have been
shown to inhibit c-Myc-mediated transformation in vitro (37).
Thus, these factors seem to be functionally antagonistic.

Several groups have recently shown that E6 can regulate
transcription from the TERT promoter and correlated this
with increased levels of telomerase activity in keratinocytes
(18, 44, 53). These groups showed that E6-mediated transcrip-
tional increases depended, at least in part, on the E boxes in
the TERT promoter. These groups found no consistent in-
crease in c-Myc levels in E6 keratinocytes, although in other
cell types increased c-Myc has been observed in the presence
of E6 (31, 56). No other factors that might be responsible for
the effects of E6 on TERT transcription were described in
these reports (18, 44, 53). In addition, a potentially confound-
ing aspect of these studies was that the mutation in the prox-
imal E box used also affects the binding site of the MT tran-
scription factor, a newly described regulator of TERT
transcription (52).

These studies left unanswered what specific factors were
differentially regulated by E6, and whether the overlapping E
box and MT sites played separate roles. Thus, we sought to
identify the transcription factors involved in the regulation of
TERT transcription by E6 and have found that the proximal E
box in the TERT promoter, at position —34, is responsible for
much of the ability of E6 to transactivate the promoter. We
show here that a repressive complex containing USF1 and
USF2 is present at this site in normal keratinocytes. In the
presence of E6, these factors are replaced by c-Myc, which
drives transcription of the TERT gene in vivo.

MATERIALS AND METHODS

Cell culture and infections. Primary human foreskin keratinocytes (HFK)
were isolated from neonatal foreskins and cultured in EpiLife medium supple-
mented with human keratinocyte growth supplement (Cascade Biologics). To
generate stable cells expressing HPV-16 E6, the pBabe retroviral system was
employed (34). Using the ®NX packaging cell line (American Type Culture
Collection), vesicular stomatitis virus-pseudotyped amphotropic retrovirus was
generated. Retrovirus encoding E6 or empty vector was used to infect second-
passage HFK in 8 pg of Polybrene per ml of medium. Following selection for 4
days with 1.25 pg of puromycin per ml of medium, cell populations were ex-
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panded, and cells were harvested for RNA isolation, protein lysate preparation
or chromatin preparation no later than two passages after selection (fourth
passage in culture).

Plasmids. The human TERT core promoter, from —799 to + 1 (gift of R.
Dalla-Favera), was cloned into the pGL3-basic vector. Site directed mutagenesis
was performed using the QuikChange kit (Stratagene) to alter the distal (—241
to —236) or proximal (—34 to —29) E box sites, or the MT box (=32 to —23), in
the promoter, to sequences shown in Fig. 1A, identical to mutations described by
Tzukerman et al. (52). HPV-16 E6 in pSG5 (gift of L. Laimins), USF1 and USF2
in pSG5 (gifts of M. Sawadogo), and pSG5 empty vector (Stratagene), the
Gal4-luciferase construct in pGL2-basic (gift of T. Kouzarides), the p300 (1-
743)-Gal4 fusion in pcDNA3 (gift of A. Giordano), the dominant-negative c-Myc
construct, pBabe-Myc/Max-64 (gift of H. Land) and siRNA molecules targeting
human USF1 and human USF2 generated in the pBS/U6 vector (gift of Y. Shi),
were used in transient transfections as indicated. The sequences of the siRNA
molecules were as follows: USF1 5" GGA TTC TAT CCA AAG CTT GTG
AAG CTT CAC AAG CTT TGG ATA GAA TCC CTT TT TG 3’, USF2 5’
GGA GAT ACT ACG GCT GTG TCC AAG CTT GGA CAC AGC CGT AGT
ATC TCC TTT TTG 3.

Transfections and luciferase assays. HFK were transfected using the Fugene
6 reagent (Roche Diagnostics Corporation) and DNA amounts as indicated.
Cells were harvested 48 h posttransfection for luciferase assay extract prepara-
tion using reporter lysis buffer at a concentration of 2X (Promega) and lysates
were mixed with luciferase assay reagent (Promega) and read in a luminometer
(Packard Instruments).

siRNA production. For examination of the functionality of the siRNA mole-
cule, HFK were transiently transfected with the USF1 or USF2 siRNA construct,
plus pEGFP-C1 (Invitrogen), a green fluorescent protein (GFP) expression vec-
tor, as a marker for transfection. Forty-eight hours posttransfection, cells were
sorted using a FACSvantage cell sorter (BD Biosciences) and lysed for Western
blots in whole-cell lysis buffer (250 mM NacCl, 50 mM Tris [pH 7.5], 0.5% NP-40,
20% glycerol, protease inhibitor cocktail). Lysates were run on sodium dodecyl
sulfate (SDS)-12% polyacrylamide gels, transferred to nitrocellulose, and blot-
ted for USF1 or USF2 using antibodies described below.

TRAP assay. TRAP assays were done based on the protocol of Kim et al. (29)
with modifications to allow for nonisotopic detection of PCR products. Cells
were lysed in whole-cell lysis buffer (described above). TRAP PCRs contained
PCR buffer (Fermentas), 1.5 mM MgCl,, 1 mM EGTA, 0.1 pg of TS primer with
a 5’ covalently linked biotin molecule (5'-biotin-AATCCGTCGAGCAGAGTT-
3’; Invitrogen), 5 pg of bovine serum albumin, 100 uM deoxynucleoside triphos-
phate (ANTP), 1 pg of T4 g32 single-strand binding protein (Roche Diagnostics
Corporation), and 5 g of cell extract. Reaction materials were incubated at
room temperature for 30 min, and then 0.1 pg of CX primer [5'-(CCCTTA);
CCCTAA-3'] and 5 U of Tag DNA polymerase (Fermentas) were added. The
reactions were subjected to 30 cycles of PCR (94°C for 40 s, 50°C for 40 s, and
72°C for 90 s), run on a 10% nondenaturing polyacrylamide gel, and transferred
to Gene Screen Plus nylon membranes (NEN) in Tris-borate-EDTA. The mem-
brane was washed with blocking buffer (5% SDS, 17 mM Na,HPO,, 8 mM
NaH,PO,), and streptavidin-horseradish peroxidase (Chemicon) was applied in
blocking buffer at a 1:1,000 dilution. The membrane was washed with wash buffer
1 (1:10 dilution of blocking buffer) followed by wash buffer II (100 mM Tris [pH
9.5], 100 mM NaCl, 10 mM MgCl,), developed with the ECL Plus reagent
(NEN), and detected using the Chemilmager 5500 (Alpha Innotech).

Western blot analysis. Whole-cell lysates were prepared as described above.
Nuclear lysates were prepared as described previously (14). Briefly, cells were
resuspended in hypotonic buffer (10 mM Tris [pH 7.9], 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM dithiothreitol), swelled on ice for 10 min and Dounce homogenized.
Nuclei were resuspended in buffer B (20 mM Tris [pH 7.9], 20% glycerol, 1.5 mM
MgCl,, 300 mM KCI, 1% NP-40, protease inhibitor cocktail [P8340; Sigmal),
rotated at 4°C and spun at high speed to clear lysates. Whole-cell extract (100 pg)
or nuclear extract (25 pg) was run on SDS-10% polyacrylamide gels, transferred
to nitrocellulose and probed with the following antibodies: c-Myc (9E10) (Roche
Diagnostics Corporation), USF1 (C-20), USF2 (C-20), Max (C-17) (Santa Cruz
Biotechnology). Blots were imaged on the Chemilmager 5500 (Alpha Innotech),
and quantitation was done using these images and the FluorImager software
package (version 2.1), using a local background method of calculation.

RT-PCR. RNA was prepared using the RNeasy kit (Qiagen). RT reactions
contained 5 pg RNA, 8 mM dithiothreitol, 500 pM dNTP, 16.7 uM random
hexamer primer, RNase inhibitor, avian myeloblastosis virus RT, and buffer
(Promega) and were incubated at 42°C for 60 min. PCRs were run with Promega
buffer, 1.5 mM MgCl,, 200 pM dNTP, 10 pM primers, and 2.5 U of Taq
polymerase (Promega). Primers for HPV-16 E6 were as follows: forward, 5'-
GAG AGG ATC CAT GTT TCA GGA CCC ACA GG-3'; reverse, 5'-CAT
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FIG. 1. E6 activates the TERT promoter in keratinocytes.
(A) Schematic of promoter constructs used: 800 WT, core TERT
promoter region from —799 to + 1; 800 MT, mutation of the MT box,
located at positions —32 to —23; 800 PE, mutation of the proximal E

J. VIROL.

GAA TCC TTA CAG CTG GGT TTC TCT AC-3'. Primers for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were as follows: forward, 5'-CCC CTC
TGC TGA TGC CCC CAT GTT-3'; reverse, 5'-GAG CTT CCC GTC TAG
CTC AGG GAT-3'. PCRs were run for 30 cycles of 94°C for 15 s, 54°C for 15 s,
and 68°C for 45 s.

Chromatin immunoprecipitation. Chromatin immunoprecipitations were car-
ried out following a protocol from Upstate Biotechnology. Cells were treated
with formaldehyde at a final concentration of 1% for 20 min to cross-link
chromatin and the reaction was stopped with glycine at a final concentration of
125 mM. Cells were washed twice with PBS and then scraped and collected by
centrifugation. Fixed cells were incubated in SDS lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris [pH 8.0]) on ice for 10 min. Lysates were sonicated to shear
DNA to lengths of ~1,000 bp, and the sonicated lysates were diluted 1:10 in
ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris [pH 8.0], 167 mM NaCl) and precleared on protein G beads blocked with
sonicated salmon sperm DNA and bovine serum albumin. Immunoprecipitations
(IP) were performed overnight at 4°C, using antibodies as described above, with
the addition of GST (B-14; Santa Cruz Biotechnology), as a control. Immuno-
precipitation reactions were washed with low-salt wash buffer (0.1% SDS, 1%
Triton X-100, 20 mM Tris [pH 8.0], 2 mM EDTA [pH 8.0], 150 mM NacCl),
high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris
[pH 8.0], 500 mM NaCl), lithium chloride wash buffer (10 mM Tris [pH 8.0], 250
mM LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA), and finally with TE (10
mM Tris [pH 8.0], 1 mM EDTA). Samples were eluted in elution buffer (1%
SDS, 0.1 M sodium bicarbonate) and incubated at 65°C overnight to reverse
cross-link the chromatin. Samples were digested with 20 mg of proteinase K,
phenol-chloroform extracted and DNA was precipitated with ethanol, dried and
resuspended. Samples were analyzed via PCR with the following primers: TERT
3891 Forward, 5" CCT CCC CTT CCT TTC CGC GG 3'; TERT 3891 Reverse,
5" GGA AAG CCG CCG GGT CCC 3'; involucrin (INV) AP-1/5 Forward, 5’
TCT CCC ATA TAC GTG AAT GCC 3’; INV AP-1/5 Reverse, 5' TTG TGC
TCT GCT GCT GAC TT 3'. PCRs were run for TERT (31 cycles of 94°C for
45's, 60°C for 45 s, and 72°C for 90 s) and for INV (31 cycles of 94°C for 45 s, 54°C
for 45 s, and 68°C for 90 s).

RESULTS

E6 activation of the TERT promoter is E box dependent. In
this study, the contribution of several known transcription fac-
tor binding sites to E6 transactivation of the TERT promoter
was assessed. To do this, TERT luciferase constructs contain-
ing an 800-bp region of the TERT promoter (—799 to + 1),
with specific mutations in the distal E box (DE) at positions
—241 to —236, or the proximal E box (PE) at positions —34 to
—29, as well as a construct with both sites mutated (PE/DE),
were generated. In addition, there was a report of the identi-
fication of a new transcription factor, the MT factor, that
seemed to impact activation of TERT transcription (52),
whose binding site, at —32 to —23, partially overlaps the prox-
imal E box. Thus, mutations were engineered that were unique
to each site in the PE and an MT construct, to clarify the
relative contributions of the proximal E box and the MT box
(Fig. 1A). The mutations chosen were identical to those used

box located at positions —34 to —29; 800 DE, mutation of the distal E
box located at positions —241 to —236; 800 PE/DE, mutation of both
E boxes. Sequences of each binding site are shown, and mutations are
indicated in larger, bold text for each construct. (B and C) Luciferase
assays were carried out using mutants shown in panel A. One hundred
nanograms of each promoter construct was cotransfected with 1.5 ug
of vector (B) or E6 (C). Data shown are from one experiment, repre-
sentative of three performed. Standard deviations (error bars) and
P values are derived from three replicates within one experiment.
Shown are the basal activity from each promoter, normalized to wild
type (B), and activation by E6 relative to the basal activity of a given
promoter construct (C).
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FIG. 2. Exogenous USF1 or USF2 can repress E6-mediated activation of TERT promoter through the proximal E box. (A and B) One hundred
nanograms of the wild-type TERT 800 promoter construct (A) or the PE mutant promoter (B) and 1 pg of vector or E6 were cotransfected into
HFK with 333 or 500 ng of USF1 or USF2 or 333 ng of each together. Data shown are from one experiment, representative of three performed.
Standard deviations (error bars) and P values are derived from three replicates within one experiment.

by Tzukerman et al. (52), who demonstrated that these muta-
tions separate binding to the proximal E box or the MT box but
are different mutant constructs from those used previously for
study of E6 effects on TERT transcription (18, 44, 53).

These constructs were first examined for basal activity by
transient transfections in HFK (Fig. 1B). In agreement with
Tzukerman et al. (52), mutation of the MT box in this assay
reduced the basal activity of the promoter by ~50% (P = 0.01).
Mutation of the distal E box reduced the basal promoter ac-
tivity by 20% (P = 0.02). Loss of the proximal E box allowed
for 80% greater basal activity from the promoter (P = 0.002),
suggesting the presence of a repressive complex at this site.
Mutation of both E boxes simultaneously yielded 50% higher
activity than the wild-type promoter (P = 0.01), suggesting that
the putative repressive complex on the proximal E box played
a dominant role.

When E6 was cotransfected with these promoter mutants,
the wild-type TERT promoter was activated by approximately
10-fold (Fig. 1C). Compared to its basal promoter activity, E6
was able to activate the MT mutant promoter to a comparable
level, showing that this site was not integral for E6-mediated
activation of transcription. In contrast, the PE, DE and PE/DE
constructs each showed a 40 to 60% reduction in activation by
E6 (P < 0.01 for each). This suggested that E6 is acting pre-
dominantly through the E boxes in the core TERT promoter,
consistent with published results (18, 44, 53). Oh et al. have
shown that the residual activity in the presence of mutated E
boxes came from the five Spl sites between —236 and —34,
since mutation of all five sites together with both E boxes was
necessary to completely abolish the effects of E6 on TERT
transcription (44).

Since the proximal E box had never been mutated on its
own, and the potential repressive function seen here has not
previously been reported, we chose to focus on the effects of

transcription factors at this site, and to further examine what
the putative repressive function we had observed might be.
Recent papers suggested that the USF proteins might play a
role in regulation of TERT transcription (35, 60). Thus, it
seemed plausible that USF transcription factors could play a
role in E6 regulation of the TERT promoter, occupying the
proximal E box and passively or actively repressing transcrip-
tion in a way that was reduced in the presence of HPV-16 E6.

USF1 and USF2 antagonize E6 activation of TERT tran-
scription. To assess whether USF proteins might affect E6
regulation of the TERT promoter, we took two related ap-
proaches. First, we cotransfected exogenous USF1 or USF2
with the wild-type TERT promoter in the presence of E6, to
examine whether either USF family member could alter E6
mediated activation of TERT transcription. Second, we uti-
lized a siRNA approach to ask whether a reduction in endog-
enous USF1 or USF2 levels could also affect basal and E6
induced TERT transactivation.

Luciferase assays were carried out in HFK using the wild-
type TERT 800 promoter or the PE mutant construct, E6 and
increasing amounts of USF1 or USF2 or both USF genes
together. Addition of exogenous USF1 or USF2 in the pres-
ence of E6 was able to reduce the wild-type promoter activa-
tion in a titratable manner (Fig. 2A). Addition of both USF1
and USF2 together had a similar effect. This effect was not
observed when the proximal E box was mutated, where the
lower level of E6 activation was not reduced by addition of
exogenous USF1 or USF2 (Fig. 2B). Thus, USF1 and USF2
could specifically antagonize the effects of E6 on TERT tran-
scription, dependent on the proximal E box.

To examine this in another way, siRNA molecules were
designed against USF1 and USF2 and expressed in the pBS/U6
vector. To examine the functionality of these siRNA mole-
cules, each plasmid was transfected into HFK with a GFP
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FIG. 3. Reduction in USF1 or USF2 expression potentiates E6 activation of the TERT promoter. (A) Expression of siRNA USF1 or siRNA
USF2 reduces levels of these proteins in keratinocytes. Western blots were done of keratinocytes cotransfected with an enhanced GFP expression
construct and either the siRNA USF1 or siRNA USF2 molecule and were sorted to isolate transfected cells from nontransfected cells. Numbers
below blots represent relative protein amounts. Max is shown as a loading control. (B to E) Reduction in USF1 or USF2 levels allows for greater
TERT promoter activation by E6, dependent on the proximal E box. Luciferase assays were performed on the wild-type TERT promoter (B and
D) or the PE mutant promoter (C and E) with pSG5 empty vector or E6, in the presence of a control siRNA expression vector, or the anti-USF1
(B and C) or anti-USF2 (D and E) siRNA molecules. Data shown are from one experiment, representative of three performed. Standard deviations
(error bars) and P values are derived from three replicates within one experiment.

expression vector, GFP-positive and negative cells were col-
lected and Western blots were performed to analyze levels of
USF1 or USF2 in these cells. As shown in Fig. 3A, endogenous
USF1 levels were reduced ~60% in the presence of the siRNA
USF1 plasmid and the USF2 siRNA reduced levels of its target
by ~75%. As a loading control, Western blots for the Max
protein are shown.

These siRNA molecules were then used to determine what
effect decreased expression of USF1 and/or USF2 would have
on TERT transcription. Plasmids encoding either USF1 or
USF2 siRNA were transfected into HFK with the wild-type
TERT 800 luciferase vector or the PE mutant of this construct,
in the absence or presence of E6. Both siRNA molecules had

modest but reproducible effects, ~1.5-fold activation, on the
basal promoter activity from the wild-type promoter (Fig. 3B
and D), showing that reduction in USF1 or USF2 levels alone
is not sufficient to increase TERT promoter activity to the
levels induced by E6. The siRNA constructs had no effect on
the PE mutant promoter (Fig. 3C and E), demonstrating that
USF complexes are acting at the proximal E box site.

In the presence of E6, the wild-type promoter was activated
five to eightfold over the basal promoter (Fig. 3B and D).
Addition of either siRNA increased promoter activity 1.5- to
2-fold over that seen with E6 alone (P < 0.05 in each case),
demonstrating that reduction in USF levels potentiates E6
transactivation of the TERT promoter. When the PE mutant
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FIG. 4. Myc levels are increased in E6 keratinocytes. Extracts of E6 keratinocytes, or matched vector controls, were used for a TRAP assay and
Western blots. (A) Whole-cell lysates were used for TRAP assays and Western blots for c-Myc, USF1 and USF2. Numbers below c-Myc blots
indicate relative amounts of protein, as quantitated by the Chemilmager 5500. Max is shown as a loading control. RT-PCR of E6 is shown to
indicate that E6 was expressed as expected. Spliced forms of E6 are readily detected by these primers and are indicated in the figure. GAPDH
is shown as a control for the RT-PCRs. (B) Nuclear extracts were used for Western blots of c-Myc, USF1, USF2, and Max (as a loading control).
Numbers below Myc blots indicate relative amounts of protein, quantitated as above.

construct was used, the ability of E6 to activate was reduced, as
previously noted, and addition of the USF1 or USF2 siRNA
molecules did not have a significant effect on the ability of E6
to activate the TERT promoter in the absence of the proximal
E box (Fig. 3C and E). These results suggest that E6 antago-
nizes USF1 and USF2 function at the proximal E box of the
TERT promoter.

Myc levels are higher in E6 keratinocytes. We considered
several possible mechanisms for the effects of E6 on USF
function. First, since E6 is known to induce the ubiquitin me-
diated degradation of many proteins, we examined whether
USF1 and USF2 might also be targets. By Western blotting, we
found that there was no significant difference in endogenous
USF1 or USF2 levels in E6 keratinocytes, compared to vector
control cells (Fig. 4A). Another possibility was that E6 might
be impeding binding of the USF complex to the promoter
through an associated protein such as p300, or inhibiting the
transactivation capability of such a USF/p300 complex. Muta-
tional analysis suggests that this is not the case, as there are
mutants of E6 that have wild-type levels of telomerase activity
but bind less than 20% of wild-type amounts of p300 and CBP
(data not shown).

A third possible model that we examined was that E6 might
increase the expression of c-Myc, which would bind to the
TERT promoter E boxes with higher affinity (50), replacing the
USF complex, and this stoichiometric shift might account for
the loss of USF1 and USF2 from the TERT promoter. West-
ern blot analysis of whole-cell extract from keratinocytes stably
expressing E6, or a vector infected control (pBabe) for each,

showed that in E6 cells there was about a twofold increase in
c-Myc levels (Fig. 4A). As a loading control, Max protein levels
are shown. RT-PCR analysis demonstrated that the appropri-
ate cells expressed full-length E6, as well as two spliced forms
of the RNA, as previously observed (48), and a TRAP assay, to
assess telomerase activity in these cells, is shown to demon-
strate that each E6 line had higher levels of telomerase activity
than its matched control. Since c-Myc functions in the nucleus,
we also analyzed levels of nuclear c-Myc, USF1 and USF2 in
E6 and matched control keratinocytes. As shown in Fig. 4B,
USF1 and USF?2 levels in the nucleus are similar in vector and
E6 cells, while nuclear c-Myc levels are increased in E6 kera-
tinocytes 4.5- to 7-fold. Max is shown as a loading control.
Thus, in the presence of E6, c-Myc levels are increased mod-
estly on the whole-cell and nuclear levels.

Loss of Myc function reduces E6 activation of the TERT
promoter. To assess whether E6 activation of TERT transcrip-
tion required c-Myc activity, we utilized a dominant-negative
chimeric protein (DN Myc), a Myc-Max fusion containing the
DNA binding domain of Max fused to a transactivation defi-
cient c-Myc. When overexpressed, this molecule can bind to E
boxes with high affinity but cannot induce transcription and has
been shown to antagonize c-Myc function in a dominant-neg-
ative way in transcriptional and transformation assays (2).

The DN Myc was cotransfected into HFK with the wild-type
TERT promoter luciferase construct and E6, and luciferase
assays were carried out to examine the ability of E6 to activate
transcription in the presence of this molecule. As shown in Fig.
5A, activation of the TERT promoter by E6 was reduced up to
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FIG. 5. Loss of c-Myc function inhibits E6 activation of TERT promoter. (A) Luciferase assays were performed with 100 ng of the wild-type
TERT promoter cotransfected with 1.3 pg of vector or E6 and 12.5, 50, or 100 ng of a dominant-negative Myc construct in HFK. Data shown are
from one experiment, representative of three performed. Standard deviations (error bars) and P values are derived from three replicates within
one experiment. (B) As a control, an irrelevant promoter, the Gal4-luciferase, was used to show that normal cellular function was not disrupted
by the dominant-negative Myc molecule. One hundred nanograms of Gal4-luc was cotransfected with 100 ng of vector or p300 (1-743)-Gal4 fusion

protein and 100 ng of DN Myc.

60% with increasing amounts of the dominant-negative Myc.
This result indicates that c-Myc function is required for E6 to
activate the TERT promoter, and suggests that increases in
c-Myc by E6 can account for activation of the TERT promoter.
To show that the DN Myc did not induce a general tran-
scriptional defect in cells, or simply kill transfected cells, a
control transfection was done. This used a Gal4 reporter and
the p300 (1-743)-Gal4 fusion, which activates the promoter to
very high levels (45) and does not interact with c-Myc (39),
with the maximum amount of the DN Myc used above. Acti-
vation of transcription by the Gal-4/p300 fusion was not inhib-
ited by the DN Myc molecule, showing that c-Myc independent
transcription was unaffected in these cells (Fig. 5B).
Increased Myc binding to the TERT promoter in E6 kera-
tinocytes. The results so far suggested that changes in tran-
scription factor binding at the proximal E box of the TERT
promoter were important for E6 mediated increases in TERT
transcription. Mutation of the proximal E box led to a higher
level of basal TERT promoter activity, and this mutant could
not be activated as well by E6 (Fig. 1B and C). Transient
transfection suggested that this might happen through a shift in
the transcription factors bound to the proximal E box of the
TERT promoter in the presence of E6, from repressive USF1
and/or USF2 complexes to c-Myc containing complexes (Fig. 2,
3, and 5). This model was tested directly by examining what
transcription factors were bound to the endogenous TERT
promoter in vivo, using the chromatin immunoprecipitation
assay. This assay allowed examination of specific transcription
factors bound to the proximal E box site within the TERT
promoter in keratinocytes stably expressing E6, compared to
vector-infected controls. Cross-linked cells were lysed, chro-
matin was purified and immunoprecipitations were done with
antibodies specific for USF1, USF2, c-Myc, or GST as a con-
trol. PCR primers flanking the proximal E box region of the
TERT promoter were used to examine binding to this site.
When E6- or vector-infected keratinocytes were used for the
chromatin immunoprecipitation assay, reduced amounts of
both USF1 and USF2 were found at the proximal E box of the
TERT promoter in E6-expressing keratinocytes, compared to
control cells (Fig. 6, upper panel). In addition, an increase in
the amount of c-Myc bound to the promoter in E6-expressing

keratinocytes was observed. As a control, primers for the INV
promoter, which contains no E box sequences and is not reg-
ulated by E6, were used to show specificity of immunoprecipi-
tations. These data confirm that c-Myc is replacing USF com-
plexes on the proximal E box of the TERT promoter in the
presence of E6. Taken together, these results show that E6
regulation of TERT transcription does in fact depend, at least
in part, on c-Myc replacement of repressive USF1 and/or
USF2 complexes on the TERT promoter.

DISCUSSION

The results presented demonstrate that E6 activates tran-
scription of the TERT gene, the catalytic subunit of the telom-
erase enzyme, at least in part through the c-Myc transcription
factor. Utilizing different mutations in the promoter than those
used previously for analysis of E6 regulation, we were able to
show that the proximal E box of the TERT promoter bound a
repressive complex. Chromatin immunoprecipitation results
and additional reporter assays show that this complex contains
USF1 and/or USF2. In the presence of HPV-16 E6, c-Myc
levels are increased, and this increase leads to the replacement
of the inhibitory USF complex by an activating, c-Myc contain-

Babe Eé6
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FIG. 6. Chromatin immunoprecipitation of the TERT promoter.
Chromatin was prepared from Babe or E6 keratinocytes and immu-
noprecipitated with antibodies against USF1, USF2, c-Myc, or GST as
a control. Coprecipitated DNA was used for PCRs with primers flank-
ing the proximal E box of the TERT promoter (upper panel), or the
INV promoter, as a control (lower panel). Data from one experiment,
of four performed, are shown.
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ing complex at the proximal E box and induction of high level
TERT transcription. Our results build on published analysis of
the interplay between TERT transcription and HPV-16 E6 (18,
44, 53, 56), which suggested that E6 regulation of the TERT
promoter was dependent, at least in part, on the E boxes in the
promoter. Specific mutations that inhibit binding to the E box
independently of the MT box were introduced, to allow for
analysis of the role of each site individually. By doing this, we
determined that mutation of the proximal E box revealed a
twofold increase in basal promoter activity, a novel finding
(Fig. 1B). Additionally, these mutations showed that E6 acti-
vation of the TERT promoter depended on an intact proximal
E box, with a two- to threefold reduction in activation by E6
upon mutation of this site (Fig. 1C), whereas mutation of the
MT box had no effect on the ability of E6 to activate TERT
transcription.

Other work has identified repressive proteins that may bind
to the proximal E box of the TERT promoter, including Madl
(10, 23, 43, 59), a member of the c-Myc/Mad/Max family of
transcriptional regulators, and the USF proteins (35, 60).
Mad1 binding to the TERT promoter E boxes is associated
with active repression and recruitment of histone deacetylase
complexes, and is seen in systems where cells are induced to
differentiate (23, 59) or upon overexpression of Mad1 (10, 43).
The work presented here was carried out exclusively in cycling
cells, and in this system, inhibition of deacetylase activity has
no effect on TERT transcription, and no Madl1 is bound to the
TERT promoter proximal E box in chromatin immunoprecipi-
tations (data not shown). Thus, we chose to pursue the obser-
vation that USF family members could bind to this site, by
analyzing the effects of these proteins on E6 mediated trans-
activation of the promoter.

To dissect the mechanism by which E6 affected USF com-
plexes, and to understand why USF loss was not functionally
equivalent to expression of E6, we examined several possibil-
ities. First, since E6 is known to induce the degradation of
many cellular proteins, we asked whether USF1 or USF2 levels
were altered in E6 keratinocytes. This was not the case, as
shown in Fig. 4A. Another possibility was that USF was mis-
localized in E6 keratinocytes, compared to vector controls, but
again, this was not the case. Nuclear levels of USF1 and USF2
are similar in Babe- and E6-expressing keratinocytes (Fig. 4B).
Taken together, these results suggest that E6 is not directly
affecting USF complexes. A third possibility was that E6 might
be impeding binding of the USF complex to the promoter
through an associated protein such as p300, or inhibiting the
transactivation capability of such a USF/p300 complex. Al-
though no direct interaction between either USF protein and
p300 has been demonstrated, there is a report that adenovirus
E1A can inhibit USF1 activation of transcription from a pos-
itively regulated promoter, and that this inhibition can be by-
passed by addition of exogenous p300 (6). Several lines of
evidence suggest that this is not the underlying mechanism of
E6 alteration of USF function on the TERT promoter. First,
the role of USF proteins on the TERT promoter seems to be
repressive, and antagonistic to the activation by E6, while
Breen et al. examined a promoter that is normally activated by
USF1 and was repressed in the presence of E1A (6). Second,
mutational analysis of E6 suggests that the p300 binding func-
tion and the up-regulation of telomerase are not related. If E6
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were binding to the USF complex through its interaction with
p300 and sequestering the p300 complex away from the pro-
moter, E6 mutants that do not bind p300 should induce less
TERT transcription and hence less telomerase activity. How-
ever, mutational analysis of E6 indicates that p300 binding and
telomerase activity do not correlate. Specifically, there are
mutants of E6 that have wild-type levels of telomerase activity
but bind less than 20% of wild-type amounts of p300 and CBP
(data not shown).

Several results suggested another possible model to explain
our observations. In E6 keratinocytes, c-Myc levels were in-
creased, compared to controls (Fig. 4A), and importantly, this
observation held for nuclear levels of c-Myc protein as well
(Fig. 4B). It is unclear how E6 is increasing c-Myc levels in the
cell, although unpublished results from our laboratory suggest
that this is at a transcriptional level (data not shown), and this
observation is supported in the literature (31). Since c-Myc is
a known positive regulator of TERT transcription (11, 27, 42,
56, 58), with a higher affinity for E box sites than USF com-
plexes (50), we hypothesized that the increased c-Myc levels
seen in the presence of E6 might be sufficient to account for
increased TERT transcription. This was supported by the re-
sults that a dominant-negative Myc blocked TERT transacti-
vation by E6 (Fig. 5) and that more c-Myc was bound to the
proximal E box of the TERT promoter in the presence of E6
than in control cells (Fig. 6).

This model does not preclude the possibility that E6 is al-
tering c-Myc function in additional ways. In fact, several results
suggest that this is the case. The fact that there is a greater
increase in nuclear c-Myc in the presence of E6 than that at the
whole-cell level (Fig. 4A and B) suggests that, in the presence
of E6, c-Myc is more concentrated in the nucleus. Similarly,
disparity between the change in nuclear c-Myc levels in E6 cells
and the difference in c-Myc associated with the TERT pro-
moter in these cells (Fig. 4B and 5) points to additional levels
of c-Myc regulation by E6. This suggests that, besides bulk
increases in c-Myc levels, E6 alters the promoter affinity of
c-Myc.

One possible mechanism for this altered affinity might be
through E6 induced changes in cofactor recruitment by c-Myc.
As discussed above, E6 activation of the TERT promoter does
not strictly correlate with E6 binding to p300/CBP, but there
may be other important interactions that are made or dis-
rupted in the presence of E6 that affect c-Myc binding affinity,
such as with the important regulator of c-Myc transactivation,
the TRRAP protein (39). Alternatively, much has become
known recently about ubiquitination as a regulator of tran-
scriptional activity, specifically with respect to c-Myc (30, 41,
55). E6 has been shown to induce c-Myc ubiquitination,
through the E6-E6AP interaction (22), and there is some evi-
dence that this relates to transcriptional activation of the
TERT promoter, as Gewin and Galloway have shown by mu-
tational analysis that E6 transactivation of the TERT pro-
moter, in transient assays, is dependent on E6-AP binding but
not p53 degradation (18). These results suggest that E6 may be
regulating c-Myc transcriptional activation through ubiquitina-
tion.

The work presented here extends the results of several
groups, who demonstrated that HPV-16 E6 could mediate
activation of the TERT promoter, dependent on the presence
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of E boxes in the promoter (18, 44, 53). These groups found no
consistent increase in c-Myc protein in E6 keratinocytes (18,
44, 53) and thus concluded that E6 activated transcription of
TERT in an E-box-dependent but c-Myc-independent, man-
ner. However, there have been other reports of higher c-Myc
levels in the presence of E6 (31, 56), and c-Myc has been
previously shown to induce TERT transcription (10, 27, 43, 56,
58). These discrepancies may simply be due to differences in
cell culture methods, perhaps in the passage and population
doubling level at which cells were infected and harvested.
Veldman et al. specify that they use late-passage, telomerase
negative cells for their experiments (53). Gewin and Galloway
reported variable levels of c-Myc protein in various oncopro-
tein-expressing cells, dependent on the rate at which they were
proliferating (18). For the experiments presented here, only
second passage cells were retrovirally infected and cells were
harvested no later than fourth passage in culture, at which time
points cell counting shows that the cultures are proliferating at
similar rates (data not shown). These differences in experimen-
tal protocols may account for the differences in our observa-
tions. Because, in addition to increased levels of c-Myc protein
at the whole-cell and nuclear levels, we have shown that TERT
transcription depends on c-Myc function, by using a dominant-
negative Myc, and in the presence of E6 more c-Myc is bound
to the TERT promoter proximal E box, we believe that the
increases in c-Myc observed are real and significant.

The increase in c-Myc levels by E6, and the functional con-
sequences of this, requires further study. Increased c-Myc lev-
els affect various cellular processes, including arrest in re-
sponse to a variety of signals, immortalization, transformation
and apoptosis (9), and may play a role in E6 effects on these
processes. For instance, the increased levels of c-Myc seen in
E6 cells may explain some observations concerning the ability
of E6 to bypass certain types of arrest signals and induce
transcription of other known c-Myc target genes. Malanchi et
al. showed that E6 could bypass arrest of NIH 3T3 cells by
serum starvation, or expression of p16™*4* or p27%'*1 and
that the cyclin E and cyclin A promoters were activated by E6
expression, although none of these effects was as potent as seen
with E7 (38). They did not identify a mechanism for these
effects, but overexpression of c-Myc is known to bypass a cell
cycle checkpoint under these various conditions (1, 54), and
cyclin E and A are reported to be c-Myc target genes (13).
More work will be needed to ascertain what role, if any, in-
creases in c-Myc have in E6 biology.

In summary, we have demonstrated a novel mechanism for
E6 regulation of TERT transcription, replacement of repres-
sive USF complexes with activating c-Myc containing com-
plexes. We have shown that USF antagonizes the ability of E6
to transactivate the TERT promoter, and that loss of c-Myc
function blocks the ability of E6 to activate TERT transcrip-
tion. The same transcription factor switch suggested by tran-
sient transfection analysis is shown to take place in cells that
stably express E6, where c-Myc is bound to the TERT pro-
moter, replacing USF1 and USF2.
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