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HPV E6 protein interacts physically and functionally
with the cellular telomerase complex
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Telomerase activation is critical for the immortalization of primary
human keratinocytes by the high-risk HPV E6 and E7 oncoproteins,
and this activation is mediated in part by E6-induction of the hTERT
promoter. E6 induces the hTERT promoter via interactions with the
cellular ubiquitin ligase, E6AP, and with the c-Myc and NFX-1
proteins, which are resident on the promoter. In the current study
we demonstrate that E6 protein interacts directly with the hTERT
protein. Correlating with its ability to bind hTERT, E6 also associ-
ates with telomeric DNA and with endogenous active telomerase
complexes. Most importantly, E6 increases the telomerase activity
of human foreskin fibroblasts transduced with the hTERT gene,
and this activity is independent of hTERT mRNA expression. Unlike
its ability to degrade p53, E6 does not degrade hTERT protein in
vitro or in vivo. Our studies of E6/hTERT interactions also reveal
that the C-terminal tagged hTERT protein, although incapable of
immortalizing fibroblasts, does immortalize keratinocytes in col-
laboration with the viral E7 protein. Thus, E6 protein mediates
telomerase activation by a posttranscriptional mechanism and
these findings provide a model for exploring the direct modulation
of cell telomerase/telomere function by an oncogenic virus and
suggest its potential role in both neoplasia and virus replication.
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he HPV-16 E6 oncoprotein increases cellular telomerase

activity, predominantly by inducing transcription of the
hTERT gene (1-6). The hTERT protein is the catalytic, 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 (7-10). Inter-
estingly, overexpression of hTERT or c-Myc (which transacti-
vates the hTERT promoter) can substitute for E6 in the immor-
talization of primary HFKSs, indicating that telomerase activation
constitutes a major immortalizing function of E6 (11, 12). Our
previous studies and those of other laboratories indicate that
E6-mediated hTERT transactivation is independent of its ability
to degrade p53 or interact with PDZ proteins (11-16). However,
hTERT transactivation by E6 is dependent upon its binding the
cellular ubiquitin ligase, E6AP (13, 14, 17-20). There appear to
be two critical targets for E6/E6AP on the hTERT promoter,
Myc (12, 15, 16) and NFX-1 (13, 18, 21), which transactivate and
transrepress the promoter respectively. The model for E6 reg-
ulation of the hTERT promoter is likely to be quite complex and
it is anticipated that there might be additional targets for E6 on
this promoter.

In addition to activating telomerase, E6 interacts with a
spectrum of cellular proteins that may contribute to HPV
oncogenicity. For example, E6 binds proteins that regulate cell
differentiation, adhesion, polarity, proliferation, apoptosis, gene
transcription, and chromosomal stability (22, 23). E6 interacts
with these target proteins via several mechanisms, including two
known binding motifs [the LXXLL motif (22-26) and the PDZ
domain (22, 23, 27)]. Interestingly, the h"TERT protein has three
potential LXXLL motifs and this observation lead us to explore
a possible direct interaction between the E6 and hTERT pro-
teins. In this study we demonstrate that E6 protein interacts
directly with hTERT protein, telomeric DNA, and active telom-
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erase complexes. These direct interactions may not only be
important for mediating cell immortalization and progression to
cancer, but might also participate in the regulation of HPV
replication.

Results

E6 Protein Associates with hTERT Protein In Vitro and In Vivo. E6
binding to target proteins can be mediated by LXXLL, PDZ, or
additional uncharacterized protein domains (22, 23). Interest-
ingly, hTERT protein contains three potential LXXLL motifs
located between amino acids 149-153, 447-453, and 836-842
and we hypothesized that E6 might interact with hTERT protein
via such domains. To test this possibility, we first performed
GST-E6 pull-down experiments with in vitro translated
hTERT-HA protein. The results in Fig. 14 Left indicate that
GST-E6 was able to bind the hTERT-HA protein, whereas the
GST protein alone was not. In repeat assays (Fig. 1.4 Right), we
also included an empty vector in the translation system as a
control and verified that the GST-EG6 protein did not bring down
any protein that comigrated with hTERT. The apparent vari-
ability in the efficiency of the GST-E6 pull-down experiments
(i.e., Left vs. Right) was due to different ratios of GST-E6 and
hTERT. In the Left, we used ~5-fold more GST-E6 protein
relative to hTERT than that in the Right. Although these in vitro
results suggest a direct interaction between E6 and hTERT, we
cannot dismiss the possibility that other proteins in the transla-
tion mix are necessary for mediating this association.

To verify that the in vitro binding reflected interactions that
occurred in the context of the intact cell, we transfected AU1-
tagged E6 (E6-AU1) and hTERT-HA into COS cells and
performed IP/Western blots using anti-AU1 (for E6) and anti-
hTERT or anti-HA (for hTERT). The anti-hTERT antibody
does not recognize endogenous TERT protein in monkey COS
cells. As anticipated, E6 was precipitated with AU1 antibody, but
not with anti-hTERT in E6-AU1 transfected cells (Fig. 1B, lanes
1 and 2). Similarly, hTERT was immunoprecipitated with anti-
hTERT, but not AU1 antibody in hTERT-HA transfected cells
(Fig. 1B, lanes 3 and 4), thereby establishing the specificity of the
immunprecipitation reactions. In cells cotransfected with E6-
AUl and hTERT-HA, we observed that antibody against E6
(AU1) not only immunoprecipitated E6, but also coprecipitated
hTERT (Fig. 1B, lane 5). Antibody against hTERT (HA)
immunoprecipitated hTERT and coprecipitated E6 (Fig. 1B,
lane 6). Thus, E6 and hTERT are associated in cells and the
complex can be visualized with antibodies against either of the
components. Neither E6 nor hTERT were precipitated with
control IgG (Fig. 1B, lane 7). We have also repeated these
experiments with HA antibody (for hTERT) and have observed
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Fig. 1.

HPV E6 interacts with the hTERT protein. (A) E6 and hTERT proteins associate in vitro. The hTERT gene, appended with the HA epitope at its C terminus,

was expressed in vitro and reacted with purified GST or GST-E6 protein. The captured products were separated on 4-20% SDS/PAGE and blotted with monoclonal
anti-HA antibody (12CA5). pCDNA was used as negative control (Right). (B) E6 (AU1-tagged) and hTERT (HA-tagged or untagged) proteins associate in vivo. Cos
cells were transfected with AU1-tagged E6 and/or HA-tagged hTERT (Left, lanes 1-7) or untagged hTERT (Right, lanes 8—10) and 24 h later extracted with RIPA
buffer. The lysates were subjected to immunoprecipitation (IP) with 1gG, anti-AU1 or anti-hTERT antibodies. The immunoprecipitated proteins were separated

with 4-20% SDS/PAGE gel and blotted with anti-hTERT or anti-AU1 antibodies.

(C) E6 (GFP- or Flag-tagged) and hTERT proteins associate in vivo. Cos cells were

transfected with GFP-E6 (Left) or Flag-E6 (Right) and HA-tagged hTERT. The lysates were immunoprecipitated (IP) with 19G, anti-GFP, anti-Flag, or anti-hTERT
antibodies. The immunoprecipitated proteins were separated with 4-20% SDS/PAGE gel and blotted with anti-hTERT antibody (Upper) or anti-GFP and anti-Flag

antibody to detect E6 protein.

similar results, further verifying the specificity of these interac-
tions. To exclude the possibility that HA tag causes or interferes
with E6/hTERT binding, we cotransfected E6-AU1 and un-
tagged hTERT expression vectors. As shown in the right panel
of Fig. 1B (lanes 8-10), the rabbit and mouse anti-AU1 anti-
bodies precipitated the E6-AU1 protein and coprecipitated the
untagged hTERT protein (lanes 8 and 9). IgG was unable to
immunoprecipitate E6-AUL1 or coprecipitate hTERT (lane 10).
Finally, we repeated these experiments with both GFP- and
Flag-tagged E6 proteins (Fig. 1C) and obtained similar results,
indicating that the AU1 epitope was not responsible for the
interaction between E6 and hTERT.

HFK Cells Immortalized with hTERT-HA Demonstrate that Both hTERT
and E6 Are Intranuclear. Primary HFK cells were immortalized
with E7/hTERT-HA as indicated in Fig. S1. Although publica-
tions have shown the hTERT-HA protein to be defective for
immortalizing fibroblasts (28, 29), this protein is clearly capable
of cooperating with E7 in the immortalization of HFKs and
associating with telomeres (Fig. S2). The resultant HFK cells
were costained with anti-hTERT or anti-HA. The HA-tagged
hTERT protein was recognized by both anti-HA or anti-hTERT
antibodies and localized to the nucleus (Fig. 24), similar to that
observed for untagged hTERT protein (30). To determine
whether E6 colocalized with hTERT in HFK cells or whether it
altered hTERT localization, we cotransfected HFK cells with
hTERT-HA together with either E6-AU1 or GFP-E6. As shown
in Fig. 2B, E6-AUI colocalized with hTERT-HA protein when
detected with either anti-HA (Top) or anti-hTERT (Middle)
antibodies. Direct immunofluoresence microscopy of cells ex-
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pressing GFP-E6 verified that GFP-E6 localized with
hTERT-HA protein (Bottom).

E6 Associates with an Active Telomerase Complex. The telomerase
enzyme is a ribonucleoprotein complex comprised of two core
subunits, h\TERT protein and a template RNA subunit (h"TERC)
(31, 32). Because E6 associates with hTERT, we postulated that
it might also associate with active telomerase complexes that
include hTERT, hTERC, and other accessory proteins (8, 31,
32). We therefore performed immunoprecipation-TR AP assays
with HFK cells that were immortalized with E7/hTERT-HA or
E6-AU1/E7 oncoproteins (Fig. 34). The cells were extracted in
CHAPS buffer and immunoprecpitated with anti-hTERT anti-
body, anti-HA, anti-E6 (AU1) antibody, or normal mouse IgG.
The immunoprecipitates were then assayed by TRAP to detect
telomerase activity. As expected, telomerase activity was de-
tected in both anti-hTERT and anti-HA immunoprecipitates in
E7/hTERT-HA transduced HFK cells whereas the IgG treated
extracts only revealed background activity (Fig. 3B). More
importantly, in HFK cells immortalized with E6-AU1/E7, te-
lomerase activity was not only detected in the hTERT immu-
noprecipitates, but also in E6 immunoprecipitates (Fig. 3C),
indicating that E6 associates with hTERT even when it is present
in an active enzymatic complex. Our IP-TR AP assay is obviously
very sensitive due its PCR-readout and this therefore allows us
to detect low levels of E6/hTERT association in keratinocyte
extracts.

E6 Associates with Telomeres. While active in vitro telomerase
activity (TRAP) can be reconstituted with only three compo-
nents hTERT, hTERC, and dyskeratin, the intact complex at
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Both E6 and hTERT proteins localize to the nucleus. (A) anti-HA antibody recognizes HA-tagged hTERT protein. Stable HFK line immortalized with

E7/hTERT-HA was stained with either anti-HA or anti-hTERT. (B) E6 colocalizes with hTERT in nucleus. AU1 or GFP-tagged E6 and HA-tagged hTERT were
transfected human keratinocytes with LipofectAmine 2000 (Invitrogen). E6 was stained with anti-AU1 (Top) or visualized with GFP (Bottom) (green) and
hTERT-HA was stained with either anti-HA (Top and Bottom) or anti-hTERT (Middle) (red), DNAs were visualized with Hoechst. Merged staining patterns are

shown on the Right.

telomeres is much more complex and highly regulated (8, 31-34).
The telomeric complex consists of six proteins referred to
collectively as “shelterin” (TRF1, TRF2, POT1, TIN2, TPP1,
and RAP1), DNA repair and signaling proteins, and proteins
that bind to the G-strand overhang DNA (POT1 and TPP1) (8,
31-34). Based on the above data showing that E6 can associate
with active telomerase complexes, we proposed that E6 might
also associate with larger protein complexes located at the
telomeric ends of chromosomes. We therefore developed a
quantitative method (Q-telomere-ChIP) to measure the associ-
ation of proteins to telomeric DNA sequences. HFK cells

A Protocol for IP-TRAP assay (in HFK cells)

Cell lysates — Immunoprecipitation —  Telomerase activity

(WTERT, HA, AU1) (TRAP)
B E7 + hTERT-HA HFK cells E6-AU1 + E7 HFK cells
i B 2
P— % g P— B 4= £
TRAP TRAP

Fig. 3. HPV E6 associates with active telomerase complexes in human cells.
(A) An immunoprecipitation and TRAP coupled assay (IP-TRAP). Cells were
extracted with CHAPS buffer and immunoprecipitated with 1gG, or specific
antibody. Then the protein bound beads were assayed by TRAP for telomerase
activity. (B) The epitope-tagged hTERT is present in telomerase complexes.
HFK cells immortalized with hTERT-HA/E7 were subjected to IP-TRAP assay
with 1gG, anti-hTERT, or anti-HA antibodies. Active telomerase complexes
were able to be precipitated with either HA or hTERT antibodies. (C) E6 protein
is present in active telomerase complexes. HFK cellsimmortalized with HPV16
E6/E7 were immunoprecipitated with 1gG, anti-AU1 (for E6) or anti-hTERT
antibodies assayed by TRAP.
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immortalized with hTERT-HA/E7 were extracted and immu-
noprecipitated with IgG, anti-TRF1 (a telomere binding pro-
tein) and anti-HA (for hTERT) by using the ChIP-IT™ Express
Magnetic Chromatin Immunoprecipitation Kit (Active Motif).
ChIP DNAs were subjected to Q-PCR. The signal generated by
control IgG was set to 1 (Fig. 4B). The data clearly demonstrated
that TRF1 (Fig. 4B) and either HA (Fig. 4B) or Flag-tagged
hTERT proteins bound to telomeric DNA sequences. More
importantly, when we immunoprecipitated HFK cells (trans-
duced with E6-AU1/hTERT) with AU1 antibody (for E6) (Fig.
4C), we also observed that E6 protein bound to these same
sequences, albeit at somewhat lower level (Fig. 4C) than ob-
served for TRF1 (Fig. 4B). Thus, E6 not only interacts with

A Protocol for quantitative telomere ChIP assay (in HFK cells)

Cell crosslinking — ChIP lysates — Immunoprecipitation — Telomere-Q-PCR

B - E7 + hTERT-HA HFK cells C E6-AU1 + hTERT HFK cells
5
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Fig. 4. HPV E6 associates with telomeric sequences in human cells. (A)

Quantitative telomeric sequence ChIP assay. We developed a ChIP assay to
detect the association of E6 with the repeat sequences of chromosomal
telomeres. Cells were cross-linked and lysated with ChIP-IT Express Magnetic
Chromatin Immunoprecipitation kits (Active Motif). The ChIP lysates were
precipitated with IgG or the indicated antibodies. The precipitated DNAs were
subjected to real time telomere PCR (53). (B) The epitope-tagged hTERT
proteins associate with telomeres. HFK cells transduced with E7 and hTERT-HA
were used for the above ChlIP assays. Antibody against TRF1 (Telomere repeat
binding factor 1) and normal IgG were used for positive and negative controls,
respectively. The signal from IgG was set to 1. hTERT-HA associated with
telomere sequences in the transduced human cells. (C) E6 associates with
telomeres. ChIP lysates from E6-AU1/hTERT transduced cells were subjected to
telomere binding assays with AU1 antibody for E6 association.
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Fig.5. E6doesnotdegrade hTERT protein in vitro or in vivo. (A) E6 does not
degrade hTERT protein in vitro. hTERT and p53 proteins were made with TNT
IVT kit (Promega) and incubated with either vector or E6 (AU1 tagged) at 25,
30, and 37 °C for 3 h. Products were separated with 4-20% SDS/PAGE gel and
blotted with anti-p53 (middle) and hTERT (Top), respectively. E6 protein was
visualized with anti-AU1 antibody blotting (Bottom). (B) E6 does not degrade
hTERT protein in vivo (HFF). Flag-tagged or untagged hTERT transduced
human foreskin fibroblasts were infected with retrovirus vector (pLXSN) or
retrovirus expressing E6. After G418 selection, SDS lysates were blotted with
anti-hTERT (Top), anti-p53 was used as a positive control for E6-mediated
degradation (Middle) and anti-actin was used for internal control (Bottom).
(C) E6 does not degrade hTERT protein in vivo (HFK). hTERT-HA was trans-
fected into HFK cells along with either control or E6 expression vector. After
24 h, the cells were lysed with SDS buffer and blotted with anti-hTERT (Top)
or anti-actin (Bottom).

hTERT protein, but it also associates with active telomerase
complexes and telomeric DNA sequences.

E6 Does Not Alter the Apparent Stability of hTERT Protein In Vitro or
In Vivo. One of the best characterized functions of E6 protein is
the degradation of p53 tumor suppressor protein via the E6/
E6AP ubiquin ligase and proteosome pathway. This degradation
has been verified both in vitro and in vivo (23, 35, 36). E6 also
targets other interacting proteins (Ada3, hDlg, MAGI, Scribe)
for degradation (22, 23, 37, 38). We therefore asked whether the
observed E6/hTERT interactions alter the stability of hTERT
protein. Our first study was performed in vitro. E6-AU1 and
hTERT-HA protein were synthesized in vitro by using the TNT
in vitro transcription and translation kit (Promega). p53 was also
synthesized in vitro to serve as a positive control for the in vitro
degradation assays. As shown in Fig. 54, all three proteins were
synthesized in vitro and we observed significant degradation of
p53 by E6 at 25, 30, or 37 °C for 3 h. However, we did not see
any change in the amount of hTERT protein when incubated
with E6 protein (Fig. 54). We also performed these assays at 25,
30, and 37 °C for 30 min, 1 h, 2 h, or 3 h and did not detect
degradation of hTERT proteins by E6.

We also examined the ability of E6 to degrade hTERT in cells.
Stable human foreskin fibroblast lines were transduced with
Flag-tagged (Flag-hTERT) or untagged hTERT (in pBABE-
puro vector) and then further transduced with pLXSN or
pLXSN-E6 retroviruses. After G418 selection, cell lysates were
subjected to SDS/PAGE gel and Western blot analysis with
anti-hTERT, anti-p53, and anti-B-actin antibodies. p53 protein
was significantly decreased in E6-expressing cells compared to
control cells. As observed in vitro (Fig. 54), E6 did not degrade
hTERT protein in human fibroblasts (Fig. 5B). Even more
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Fig.6. E6 increases telomerase activity independent of hTERT transcription.
(A) E6 does not alter hnTERT mRNA levels in HFF/hTERT cells. Total RNA was
isolated with TRIzol Reagent (Invitrogen) from two separate hTERT-
transduced (pBABE vector) HFF cell lines with either pLXSN or E6 retroviruses.
Q-RT-PCR (Tagman) was performed to quantify hTERT mRNA. GAPDH was
used as an internal control. (B) E6 increases telomerase activity. CHAPS lysates
from above cell lines were subjected to real time TRAP assays. These experi-
ments were repeated >10 times in three sets of independent infections, at
both early and late times after retrovirus infection.

convincing, E6 did not alter the amount of hTERT-HA in HFK
cells, the natural target for HPV (Fig. 5C). Thus, E6 interacts
with h"TERT protein in vitro and in vivo, but without detectable
degradation. This is not without precedence since E6 can bind
some target proteins, such as p300, IRF-3, Myc, and USP15,
without promoting degradation (6, 26, 39-41).

E6 Increases Telomerase Activity Independently of Transcription Reg-
ulation. To examine the functional significance of E6/hTERT
protein interactions, we performed telomerase assays in the
presence and absence of E6. However, in order for us to study
the isolated effects of direct E6/hTERT protein interactions, it
was necessary for us to use a cell line in which the hTERT gene
was nonresponsive to E6. This would thereby allow us to examine
telomerase activity independent of endogenous hTERT tran-
scription. We took advantage of our recent finding that E6 fails
to induce the hTERT gene or to induce telomerase in human
fibroblasts (15). We used human fibroblasts stably transduced
with Flag-tagged hTERT (HFF/hTERT). When E6 was trans-
duced into these cells, p53 was significantly decreased (Fig. 5B),
indicating that it was functional. More importantly, Fig. 6B
illustrates that the telomerase activity increased approximately
3- to 6-fold in the E6-expressing HFF/hTERT cells (compared
to HFF/hTERT cells transduced with control retrovirus). We
have repeated this protocol several times (>10) with each of
three different HFF/hTERT cell lines and have verified en-
hancement of telomerease activity up to 20-fold. To confirm that
E6 was not inducing either the endogenous or exogenous hTERT
gene, we measured hTERT mRNA in these cells with real time
RT-PCR. The amount of hTERT mRNA was not altered by the
expression of E6 (Fig. 6A), indicating that the E6-induced
alterations in telomerase activity were not due to changes in
hTERT gene expression (either exogenous or endogenous). We
conclude that E6 increases cellular telomerase activity not only
through transcriptional activation of the hTERT gene, but also
by a posttranscriptional mechanism that most likely results from
the direct interaction of the E6 and hTERT proteins (Fig. 7).

Discussion

Our findings identify a mechanism by which HPV can directly
modulate telomerase activity and thereby facilitate cell immor-
talization. The observation that E6 mediates telomerase activa-
tion via two separate but related pathways suggests that telom-
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Fig. 7. E6 regulation of hTERT function and its possible roles in cell immor-
talization and HPV biology. Using information from this and previous studies
(6, 13-16, 18, 21, 23, 55), we illustrate how HPV E6 can regulate telomerase,
telomere function, and hTERT function at multiple levels. The top line sum-
marizes the ability of E6 to transactivate the hTERT promoter via interactions
with EBAP/Myc/NFX1-91 and stabilize hTERT mRNA through interactions with
NFX1-123. The second and third lines summarize the findings of the current
study where E6 has been shown to bind directly to hTERT as well as to
telomeric DNA. Hypothetical consequences of these interactions are indi-
cated, including possible alterations in the noncanonical functions of hTERT.

erase is a critical target for HPV. However, it seems unlikely that
the primary intent of increasing hTERT protein and telomerase
activity is to immortalize cells and facilitate oncogenic conver-
sion, since tumorigenic cells are nonpermissive for HPV repli-
cation. Rather, since hTERT expression is a feature of stem cells,
it is possible that E6 mediates the conversion of keratinocytes
into a stem-like phenotype such that it can facilitate HPV
persistence (or latency) in squamous epithelium. It is also
possible that hTERT induction and the resultant increase of
telomerase activity might participate in viral DNA replication.
For example, telomeric proteins regulate episomal maintenance
of the Epstein—Barr virus origin of plasmid replication (42).
Currently we do not know whether the hTERT protein is
overexpressed or activated in the upper levels of the squamous
epithelium where the HPV genome undergoes vegetative DNA
synthesis.

In addition to increasing the canonical, telomere-maintenance
function of hTERT, it is also possible that E6 increases hTERT
protein to mediate noncanonical activities, such as apoptosis
blockade (43-45), gene transcription (43, 46, 47), and cell
proliferation (43, 45, 46), which could have important roles in the
viral life cycle. It is very relevant that hTERT transcriptionally
activates cellular gene sets that are very similar to those induced
by the Wnt pathway (47) and might reflect its ability to convert
primary keratinocytes into a stem-like state (mentioned above).

Our finding that hTERT-HA immortalizes HFK cells in
collaboration with E7 was unanticipated. Several reports indi-
cate that " TERT-HA fails to elongate telomeres and immortal-
ize human fibroblasts (28, 29) or HA1 cells (SV40 T/t trans-
formed human embryonic kidney cell line) (48). Indeed, we have
verified that " TERT-HA fails to immortalize human fibroblasts
(Fig. S1A4). However, this same hTERT-HA construct can
reproducibly and efficiently immortalize HFK cells in coopera-
tion with E7 (Fig. S1B). Even more interesting, and in contrast
to the above cited studies, we also demonstrated that
hTERT-HA does associate with telomeres in both early and late
passages of HFK cells transduced with E7 and hTERT-HA (Fig.
S2). Thus, the hTERT-HA construct is not immortalization-
defective in the keratinocyte system. This might be due to
cooperative interactions with E7 or to noncanonical, telomere-
independent function of hTERT.

In the future it will be important to define whether the EGAP
ubiquitin ligase is essential for E6/hTERT interactions, as well as
the ability of E6 to associate with telomeric DNA and active
telomerase complexes. However, if direct E6/hTERT interac-
tions do indeed play a role in HPV replication or persistence,
then it would be anticipated that the low-risk E6 proteins would

18784 | www.pnas.org/cgi/doi/10.1073/pnas.0906357106

have a similar activity. Because the low-risk E6 proteins do not
bind E6AP, contain a PDZ ligand sequence or bind/activate the
hTERT promoter, then these activities would obviously be
nonessential for viral replication. On a more general level, it is
possible that the transforming proteins of the other small DNA
tumor viruses (e.g., SV40 and Adenovirus) might also interact
with hTERT protein, because they share with HPV the ability to
bind common cellular targets such as p53 and pRb (49-51).

Materials and Methods

Plasmids and Retroviruses. The following plasmids and corresponding retro-
viruses were described in refs. 6, 15, 16, 48, and 52: pJS55 vector, pJS55-16E6-
AU1, pLXSN vector and pLXSN-16E6, pLXSN-E6-AU1, pJS55-hTERT-HA, pBABE-
hTERT, and pBABE-hTERT-HA.

Glutathione S-Transferase (GST) Pull-down Assays. GST-E6 and GST proteins
were expressed in Escherichia coli, induced with IPTG (Sigma), and conjugated
to Glutathione-Agarose beads (Sigma). The expression of GST-E6 and GST
protein was confirmed by SDS/PAGE and Coomassie Blue staining. HA-tagged
hTERT or vector were translated in vitro with TNT T7 Quick Coupled Transcrip-
tion/Translation System (Promega). The same amount of the IVT proteins were
subjected to GST alone or GST-E6 pulldown assays. After electrophoresis with
4-20% of SDS/PAGE, the proteins were transferred to PVDF membranes and
visualized with blotting with anti-HA antibody.

In Vitro Degradation Assays. HA tagged hTERT, p53, and E6 (AU1 tagged)
proteins were made in 50 uL volumes using TNT T7 Quick Coupled Transcrip-
tion/Translation System (Promega). P53 was biotinated during in vitro trans-
lation. The degradation assays were performed in 25 mM Tris-HCl (pH 7.5), 100
mM NaCl, and 3 mM DTT at 25, 30, or 37 °C for 30 min, 1 h, 2 h, or 3 h. The
reaction mixtures were separated with SDS/PAGE gel and blotted with anti-HA
(for hTERT), Transcend HRP-Strepavidin (for p53), or anti-AU1 (for E6).

Cell Culture and Stable Line Selection. Primary human foreskin keratinocytes
(HFKs) and fibroblasts (HFFs) were cultured from neonatal foreskins, as de-
scribed and maintained in keratinocyte growth media (Invitrogen) supple-
mented with gentamycin (50 ug/mL) and complete DMEM, respectively. COS
cells were maintained in complete DMEM. Retrovirus-infected cells were
selected in G418 (50-100 pg/mL) for 5 days or in puromycin (2 ug/mL) for 2-3
days.

Quantitative Telomere Chromatin Immunoprecipitation (ChiIP) Assay. ChIP ly-
sates were made by using ChIP-IT Express Magnetic Chromatin Immunopre-
cipitation kits (Active Motif). ChIP DNAs were subjected to Q-PCR using
primers as below: 5'- CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTT-
GGGTT-3’ and 5'- GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3' for
telomere repeats; 5'- TGTGCTGGCCCATCACTTTG-3’' and 5'-ACCAGCCAC-
CACTTTCTGATAGG-3’ for HBG (a single copy gene as control) (53).

Immunoprecipitation and Western Blot. Cells were lysed after 24 h of transfec-
tion with RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCL, 1% Nonidet P-40,
0.5% sodium desoxycholate, 0.1% SDS and fresh PMSF, protease inhibitor
mixture). Five hundred micrograms of lysate protein was subjected to immu-
noprecipitation with either anti-hTERT antibody (Rockland) or anti-AU1 an-
tibodies (mouse and rabbit, Convance). The immunoprecipitates were sub-
jected to SDS/PAGE and blotted with an anti-hTERT antibody or anti-AU1
antibody.

Immunoprecipitation and Telomeric Repeat Amplification Protocol (TRAP). Cells
were lysed on ice in CHAPS buffer (0.5% Chaps, 10 mmol/L Tris, pH 7.5, 1
mmol/L MgCl2, 1 mmol/L EGTA, 5 mmol/L B-ME, 10% glycerol, 0.1 mmol/L
4-(2-amino-ethyl)benzene-sulfonyl fluoride hydrochloride (AEBSF). Lysates
were immunoprecipitated with anti-hTERT, anti-HA or anit-AU1 (for E6) using
milk-blocked protein G beads. The protein complex bound beads were used
for a regular TRAP assays as described in ref. 7.

Immunofluoresence Microscopy. HFKs that were cotransfected with E6-AU1 (or
GFP-E6) and hTERT-HA plasmid constructs or stable cell lines expressing E7/
hTERT-HA were grown on sterile glass cover slips and fixed in 4% (wt/vol)
paraformadehyde and labeled with the primary and secondary antibodies, as
below. The following primary antibodies were used: anti-AU1 mouse mono-
clonal (Covance 1:7000 dilution of ascites), anti-HA (mouse HA11 for HFK
stable line, Covance 1:1000 dilution; or rabbit HA11 for transiently transfected
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HFK, Covance 1:1000 dilution), anti-hTERT (Rockland 1:500 dilution). The
secondary antibodies (Alexa Fluor 488 donkey anti-mouse IgG and Alexa Fluor
555 donkey anti-rabbit IgG were from Invitrogen) were used at a concentra-
tion of 5 ug/mL. A Zeiss Axioskop microscope and a HAMAMATSU ORCA-ER
Digital Camera were used for visualization and microphotography.

Real-Time Quantitative RT-PCR (QRT-PCR). Real time quantitative RT-PCR for detec-
tion of hTERT mRNA and GAPDH was performed as described in refs. 14, 16, and 54.
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