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Human papillomaviruses (HPVs) belonging to the Betapapillomavirus genus have recently been impli-
cated in squamous cell carcinomas of the skin, though the mechanisms by which they initiate carcino-
genesis are unclear. We show that human foreskin keratinocytes (HFKs) expressing several betapapillo-
mavirus E6 (beta-E6) proteins display life span extension, but not to the extent seen in HFKs expressing
HPYV type 16 E6 (16E6). Additionally, we demonstrate that beta-E6 proteins can differentially activate
telomerase. HFKs expressing 38E6 exhibit significant telomerase activity but to a lesser degree than that
observed with 16E6; however, other beta-E6 proteins, including SE6, 8E6, 20E6, and 22E6, exhibit low or
background levels of telomerase activity. Utilizing glutathione S-transferase pull-down and coimmuno-
precipitation experiments, the beta-E6 proteins were shown to interact with the cellular proteins E6-
associated protein (E6AP) and NFX1-91, two proteins known to be important for telomerase activation by
16E6. Interestingly, the relative strength of the interaction between E6 and E6AP or NFX1-91 was
proportionate to the activation of telomerase by each beta-E6 protein. To address the requirement for
E6AP in telomerase activation by beta-E6 proteins, we utilized a shRNA to knock down endogenous levels
of E6AP. Lysates with decreased levels of EGAP showed a reduced ability to activate telomerase, suggesting
that E6AP is a necessary component. These data suggest that complex formation between E6, E6AP, and
NFX1-91 is a critical step in mediating telomerase activation, which may be one contributing factor to

cellular life span extension during human betapapillomavirus infection.

High-risk human papillomaviruses (HPVs) belonging to the
Alphapapillomavirus genus are known to be a common cause of
cervical cancer through the function of the viral oncoproteins
E6 and E7 (10, 19, 26). More recently, human betapapilloma-
viruses (beta-HPVs; such as HPV types 5, 8, and 38) have been
implicated in skin cancer progression, yet the molecular mech-
anisms of cancer development are still largely unknown. Beta-
HPVs were first isolated from patients with the rare genetic
disorder epidermodysplasia verruciformis, who suffer from
life-long development of benign lesions such as warts but are
also at greatly increased risk for development of squamous cell
skin carcinomas (6-8). Cancers from patients with epider-
modysplasia verruciformis led to the original isolation and
identification of HPV type 5 (HPVS) and HPVS, whereas
benign lesions from these patients contained dozens of differ-
ent beta-HPV types (8). It is still unclear which, if any, beta-
HPVs can be categorized as high risk and what molecular
functions are associated with high-risk phenotypes.

Other evidence supporting a role for beta-HPVs in skin
cancer includes previous reports that expression of HPVS5 E6
(5E6) causes an inhibition of the intrinsic apoptotic cascade
following UV light treatment (14, 15). These studies have
shown that Bak, a BH3-containing proapoptotic factor, is de-
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graded by 5E6, and cells expressing SE6, as well as 18E6,
display less apoptosis than control cells under the same con-
ditions (15). In addition, transgenic mouse studies showed that
expression of the HPVS early proteins (E2, E6, and E7) caused
an increased incidence of benign tumors and squamous cell
carcinomas compared to control mice (33). Others have shown
that the HPV38 E6 and E7 proteins expressed in transgenic
mice are able to cause an increased rate of cell proliferation
and squamous cell carcinomas when treated with a two-stage
carcinogen protocol (9). These data suggest that the oncopro-
teins from some beta-HPVs are able to cause changes in cell
apoptosis, an increase in cellular proliferation, and an in-
creased incidence of tumor development in transgenic mice.
The molecular properties of E6 and E7 from the alpha-
HPVs are well understood in terms of how they cause changes
within the host cell that lead to altered cell growth and immor-
talization. In the high-risk alpha-HPVs, the major oncopro-
teins E6 and E7 play key roles in interfering with cell cycle
checkpoint pathways. The E6 protein functions to degrade p53
and activate telomerase (21, 34), which are key steps in the
immortalization of human foreskin keratinocytes (HFKs). The
E7 oncoprotein from HPV16 is also crucial for cancer devel-
opment through its strong interaction and inactivation of the
tumor suppressor protein Rb (2, 13). In contrast, the mecha-
nistic details of how the beta-HPVs interfere with cell cycle
and apoptotic control to cause altered growth properties and
cancer progression are still unknown. It has been shown that
the beta-E6 proteins do not degrade p53 (3, 14), but others
have suggested that inhibition of p53 may be caused by both
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high- and low-risk HPVs through an interaction with p300
resulting in p53 acetylation and inhibition (30, 39). Stable ex-
pression of both E6 and E7 from HPV38 is known to cause
alterations in cell cycle control and induce long-lasting prolif-
eration of primary keratinocytes in culture (4). In addition,
lysates from 38E6-expressing cells have activated levels of telo-
merase, but not to the extent seen in lysates containing 16E6
(4). These data suggest that although HPV38 E6 does not
cause p53 degradation, it may cause cell changes in conjunc-
tion with E7 that affect cell growth. The E7 proteins from
HPVS5 and HPVS have been shown to have a much weaker
interaction (36) with Rb and can only transform rodent cells in
conjunction with activated H-ras (41). However, others have
shown that HPV38 E7 can inactivate Rb, inducing an aberra-
tion in G,/S phase control (which is not observed with HPV10
or HPV20 E7 proteins) and may play a role in carcinogenesis
(4), suggesting that HPV38 has a growth advantage over other
beta-HPVs.

One critical step in 16E6-driven cell immortalization is the
activation of telomerase (11, 19, 21). It is well understood that
E6 expression during a high-risk alpha-HPV infection causes
upregulation of hTERT mRNA (the catalytic subunit of tel-
omerase) (29, 40) through its interaction with the cellular pro-
tein E6-associated protein (E6AP) (12, 16, 40). E6AP is the E3
ubiquitin ligase that in conjunction with E6 is responsible for
the degradation of several cellular proteins (17, 23, 24, 27, 31),
including p53 (34, 35), during an HPV infection. One protein
known to be important for 16E6-mediated telomerase activity
is NFX1-91 (nuclear factor binding to the X-box protein) (12).
NFX1-91 is a transcriptional repressor that is predicted to bind
to the X-box sequences within the hTERT promoter and cause
repression of hTERT expression in normal cells (12; W. Luo,
M. Xu, D. Elzi, C. Grandori, and D. Galloway, submitted for
publication). Upon 16E6 expression, NFX1-91 becomes ubig-
uitinated and degraded, allowing expression of hTERT mRNA
and activation of telomerase in 16E6-expressing cells (12, 18),
which is a required step in HPV-induced immortalization.

To address the mechanism by which the beta-HPV E6 pro-
teins may be causing molecular changes within cells that lead
to changes in cell growth and cancer predisposition, we exam-
ined the ability of the beta-E6 proteins to prolong primary
keratinocyte life span in culture and activate telomerase. Our
data demonstrate that certain beta-HPV E6 proteins, espe-
cially HPV38 E6, can significantly activate telomerase through
increased hTERT mRNA levels and interact with known com-
ponents involved in 16E6-induced telomerase activation. This
suggests that HPV38 E6 has the ability to alter cellular mech-
anisms similar to 16E6 that drive its ability to expand cellular
life span and create a cell growth advantage above other beta-
HPVs.

MATERIALS AND METHODS

Plasmid design. The E6 gene was amplified from full-length DNA of HPV
types 5, 8, 20, and 38 using PCR with the following primers: SE6 forward,
5'AAAAAGCAGGCTTGGCAATGGCTGAGGGAG 3', and reverse, 5'AGA
AAGCTGGGTGACCTCTTTACCAATCATG 3'; 8E6 forward, 5" AAAAAG
CAGGCTTGGAAATGGACGGGCAGG 3', and reverse, 5" AGAAAGCT GG
GTCTCTTTACCAATCATGATAC 3'; 20E6 forward, 5 AAAAAGCAGG
CTGG GACATGGCTACACCTC 3', and reverse, 5 AGAAAGCTGGGTAT
CATTATTGAAAATGCTTACAC 3'; 38E6 forward, 5" AAAAAGCAGGCTT
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AATCATGGAACTACCAAAAC 3', and reverse, 5" AGAAAGCTGGGTCCA
ATCATTCTATTGCTTTGC 3'.

The E6 genes were then inserted via the Gateway recombination-based system
(Invitrogen) into pLXSN for retroviral transfection and into pDEST15 to pro-
duce a recombinant glutathione S-transferase (GST)-E6 fusion protein. The
hemagglutinin (HA)-tagged versions of HPV 5E6, 8E6, 16E6, and 38E6 were
made by removing the C-terminal stop codon from each of the E6 genes with the
following reverse primers: 5E6, 5" AGAAAGCTGGGTACCAATCATGATAA
AAATGC 3'; 8E6, 5" AGAAAGCTGGGTACCAATCATGATACAAATGC
3'; 16E6, 5 AGAAAGCTGGGTACAGCTGGGTTTCTCTACG 3'; 38E6, 5’
AGAAAGCTGGGTATTCTATTGCTTTGCAATGCC 3'.

PCR products were then inserted into the pLXSN-3HA Gateway vector to
create an E6 protein with a C-terminal HA tag.

shRNA constructs were cloned as described in reference 12. The E6AP
shRNA targeted sequences were as follows: shl, 5'-CTAATAGAACGCTACT
ACCACCAGT 3'; sh2, 5'-AGAGATTGTTGAAGGCCATCACGTAT 3'.
E6AP shRNAs were cloned into pBABE expression constructs for use in the G
protein of vesicular stomatitis virus production protocol.

Tissue culture. Primary HFKs and 293T cells were cultured as described
elsewhere (12). HFKs were derived from neonatal foreskins and grown in Epi-
Life medium supplemented with calcium chloride, human keratinocytes growth
supplement (Cascade Biologics), and penicillin-streptomycin. 293T cells were
grown in Dulbecco’s modified Eagle’s medium (GIBCO-BRL) containing 10%
fetal calf serum and penicillin-streptomycin.

Stable cell lines were produced using transient vesicular stomatitis virus G-
pseudotyped virus as previously described (1). E6 proteins or shRNA sequences
were cloned into LXSN or pBabe vectors as described above. They were co-
transfected with vesicular stomatitis virus G-pseudotyped helper plasmids into
293T cells using Fugene 6 (Roche), and retrovirus was collected at 12, 24, 36, and
48 h posttransfection. Transient virus produced was concentrated by centrifuga-
tion and used to infect HFK monolayers (50 to 60% confluent) in the presence
of Polybrene (8 mg/liter). Four hours postinfection, the Epilife medium was
replaced. The cells were expanded when confluent and were placed under neo-
mycin-G418 selection (50 mg/liter) or puromycin selection (0.5 mg/liter). Cells
were kept under drug selection for 7 days and continually split when they reached
80 to 90% confluence. For each life span experiment, cells derived from the same
human foreskin were infected with each of the beta-E6 proteins. The cells were
grown and selected under identical conditions and were split 1:3 when the plate
confluence was between 70 and 90%.

TRAP assays and real-time PCR. Telomerase activity was detected using the
TRAPeze kit (Chemicon International) as described elsewhere (12). In short,
HFKs expressing the E6 proteins or lacking E6 expression were harvested in
3-[(3-choladmidopropyl)-dimethylammonio]-1-propanesulfoante lysis buffer as
described in the TRAPeze protocol. Cell lysates (0.1 to 2 ug) were incubated
with a [*P]ATP-labeled TS primer, and extension products were amplified via
PCR. Telomeric repeat amplification protocol (TRAP) products were separated
on a 10% nondenaturing polyacrylamide gel and visualized and quantitated via
phosophorimager analysis.

Real-time PCR was used as a quantitative PCR method to detect h"TERT
mRNA levels. HFK cells were lysed with 1 ml of TRIzol reagent (Invitrogen,
Carlsbad, CA) and purified by chloroform extraction and isopropanol precipita-
tion. One microgram of total RNA was used to synthesize cDNA with random
hexamer primers and a SuperScript II reverse transcriptase system (Invitrogen).
Real-time PCR was performed on hTERT and 36b4 with sequence-specific
primers previously described (11) using Sybr green on an ABI Prism 9700 and
analyzed with SDS 2.2.2 software. Data analysis was performed using the com-
parative C method to determine relative expression levels using 36b4 as an
internal control. PCRs were done in triplicate, and error bars represent 95%
confidence intervals of the ratio hTERT/36B4 as calculated by using the root
mean square.

Western blot analysis and coimmunoprecipitation assays. Western blots were
probed with the antibodies anti-HA (for Western blot assays; Roche), anti-HA
(for coimmunoprecipitations; Covance), nucleolin (C23 [MS-3]; Santa Cruz Bio-
technology), E6GAP (Ab-Nova), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; AbCam). Coimmunoprecipitation assays were conducted as previ-
ously published (12).

GST protein purification and GST pull-down assays. BL21-Al Escherichia
coli cells were freshly transformed with the GST-E6 constructs and selected
overnight at 37°C on LB plates containing 50 pg/ml ampicillin. Isolated
colonies were used to inoculate 20 ml LB broth containing 200 wg/ml car-
benicillin and grown overnight with shaking at 37°C. Ten ml of the overnight
culture was added to 1 liter of fresh LB-carbenicillin and incubated at 37°C
with shaking for 2.5 h. Cultures were then transferred to room temperature
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FIG. 1. Expression of E6 proteins extends the life span of primary keratinocytes in culture. A. Primary keratinocytes expressing beta-E6
proteins were grown in culture to compare their growth properties to control cells containing an LXSN empty vector. Cells were passaged at 80%
confluence and recorded for population doublings under normal cell growth conditions. Error bars were calculated using the standard deviation
of three independent experiments. B. P values for each E6 cell line compared to each other and to an LXSN control are shown. The P values were
calculated using a one-way analysis of variance with Bonferroni post hoc analysis. NS, not significant.

and incubated for 30 min with shaking, after which the optical density at 600
nm of all cultures was between 0.4 and 0.6. L-Arabinose was added to each
culture at a final concentration of 0.2% to induce protein expression, followed
by growth for 4 h at room temperature with shaking. Bacterial cells were then
harvested by centrifugation at 6,000 rpm for 15 min at 4°C, and the resulting
pellets were stored at —20°C. Bacterial pellets were resuspended in phos-
phate-buffered saline, 50 mM EDTA, and protease inhibitor tablets (PBS-P;
Roche) and lysed via two passages through a microfluidizer, followed by a
30-min incubation with 0.1%Triton X-100 at 4°C with end-over-end rotation.
Bacterial lysates were centrifuged at 14,000 rpm in a JA17 rotor for 15 min at
4°C, and the pellets were discarded. The resulting supernatants were added to
preequilibrated glutathione-Sepharose bead slurries and incubated at 4°C for
1 h with end-over-end rotation. The bead slurries were then washed four
times with PBS-P, followed by two consecutive elutions of the bound GST
proteins with 20 mM glutathione-50 mM Tris-Cl for 1 h at 4°C with end-
over-end rotation. The elutions for each GST-E6 protein were combined and
dialyzed using Zeba Desalt spin columns (Pierce) in a protein buffer (5 mM
Tris, 100 mM KCI, 0.5 mM EDTA, 1 mM dithiothreitol, 5% glycerol, 0.1%
NP-40, and protease inhibitor tablets). The concentration and purity of each
GST-E6 protein was analyzed by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis and subsequent staining with GelCode Blue re-
agent (Pierce).

GST pull-down assays were performed with 2 pg of fusion protein incubated
with in vitro-translated radiolabeled proteins in binding buffer (1% NP-40 alter-
native, 2 mM dithiothreitol, Complete mini protease inhibitor tabs, PBS) to a
final volume of 200 wl and incubated with agitation for 1 h at 4°C. E6AP and
NFX1-91 proteins were in vitro translated using the T7 TNT Quick-coupled kit
(Promega) in wheat germ extracts. Glutathione-Sepharose beads in binding
buffer (30 pl) were added to each reaction mixture and incubated at 4°C for
another 2 h. The beads were washed three times in binding buffer, and bound
proteins were eluted by boiling in Laemmli sample buffer (20 pl). The entire
elution was separated on a SDS-polyacrylamide gel, and radiolabeled proteins
were visualized by phosphorimager analysis.

RESULTS

Expression of beta-E6 proteins causes life span extension
and telomerase activation in primary keratinocytes. To exam-
ine what effect the beta-E6 proteins have on cell growth in
vitro, we stably expressed several beta-E6 proteins in primary
human foreskin keratinocytes and passaged these cells until
they stopped dividing. When compared to control cells that
contained an LXSN vector, the keratinocytes expressing E6
proteins had varied degrees of life span extension (Fig. 1A).
The beta-E6 proteins tested with the highest degrees of life
span extension (8E6 and 38E6) grew for an average of 21 and
24 population doublings, respectively, which is significantly
(P < 0.4 and P < 0.001) longer than the LXSN control (17
population doublings). Expression of other beta-E6 proteins,
such as 5 and 20, had a very modest effect on life span exten-
sion (19 and 18 population doublings), and these were not
shown to have statistical significance compared to LXSN con-
trol cells. However, even beta-E6-expressing cells that could
prolong cellular life span (8 and 38) did not grow as long as
cells expressing 16E6, which grew for an average of 28 popu-
lation doublings (P < 0.0001). Error bars were calculated
based on the standard deviations from three independent ex-
periments. To determine if the differences in population dou-
blings among the E6 cell lines were statistically significant at 66
days, a one-way analysis of variance with Bonferroni post hoc
analysis was used. Data shown in Fig. 1B suggest that the life
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spans of primary keratinocytes expressing beta-E6 proteins are
significantly different from control cells but are also different
from each other.

Next, we wanted to explore the mechanisms utilized by the
beta-E6 proteins to extend the life span of keratinocytes. It has
been well demonstrated that 16E6 activates telomerase
through E6AP-mediated degradation of NFX1-91 (12, 18), and
this is essential for HFK immortalization (16, 17, 20). To ex-
amine telomerase activation by the beta-E6 proteins, lysates
from HFKs expressing several of the beta-E6 proteins were
harvested and analyzed in TRAP assays. In these assays, a
higher level of TRAP activity is indicated by the accumulation
of higher-molecular-weight extension products. Figure 2A
shows telomerase activity of different cell lysates containing
either 16E6, beta-E6 proteins (38, 8, 5, 20), or a negative
control lysate containing LXSN. Keratinocytes containing an
LXSN control vector were used as a negative control to deter-
mine background levels of telomerase activity, as primary
keratinocytes do not have significant levels of active telomerase.
Lysates from cells expressing 16E6 showed high levels of
TRAP activity, as expected (21). Interestingly, some of the
beta-E6-expressing cells also demonstrated TRAP activity
above background levels (Fig. 2A). Of the beta-E6 lysates
tested, cells expressing 38E6 had the highest levels of telo-
merase activity (50 to 70% of that seen with 16E6). Lysates
from cells expressing S8E6 displayed modest levels of telomerase
activity, approximately 20% of that observed with 16E6 lysates
(Fig. 2B). However, other beta-E6 proteins, including SE6 and
20E6, exhibited very low or background levels of telomerase
activity (Fig. 2A and B). TRAP activity among the beta-E6-
containing lysates was quantitated in relation to the telomerase
activation observed with 16E6-containing lysates. Quantitation
of TRAP activity was performed on reaction mixtures with
decreasing amounts of protein lysate and showed that TRAP
activity is proportionate to the amount of protein used in each
assay (Fig. 2B).

It is known that 16E6 transcriptionally activates hTERT
mRNA (12, 21), and so we examined the induction of hTERT
mRNA using quantitative real-time PCR (qPCR) in HFKs
expressing beta-E6 proteins. To compare the different E6-
expressing lysates for hTERT mRNA amplification, the
hTERT expression level in 16E6 lysates was set to 100%. As
expected, cells expressing 38E6 showed an increased level of
hTERT mRNA above background, but not as high as the
hTERT mRNA induction observed in 16E6 cells (approxi-
mately 30%) (Fig. 2C). In addition, cells expressing 8E6 also
showed a slight increase in hTERT mRNA levels (13% of what
was observed in 16E6 cells), as well as cells expressing SE6.
Keratinocytes expressing 20E6 did not show any significant
increase in hTERT mRNA compared to the LXSN control
cells. Thus, hTERT mRNA levels were also increased by ex-
pression of a subset of beta-E6 proteins, although not as dra-
matically as by 16E6 expression. These data confirm that 38E6-
expressing cells activate telomerase, and the results indicate
that this activation is through induction of hTERT mRNA
levels. Additionally, these data suggest that both SE6 and 8E6
exhibit a weak ability to activate hTERT transcription and that
qPCR analysis is perhaps a more sensitive technique to detect
low levels of hTERT induction.

To confirm that the observed differences in telomerase ac-
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tivity are not due to differences in E6 expression, we analyzed
levels of E6 RNA expression in HFKSs using reverse transcrip-
tase PCR amplification. RNA was harvested from cell lines
expressing the beta-E6 proteins, 16E6, or LXSN cells as a
negative control. cDNA was synthesized and E6 was amplified
using sequence-specific primers showing that all HFKSs express-
ing E6 contained E6 RNA that was not observed in the LXSN
cell lines, and the levels of RNA expression among the beta-E6
cells were similar (Fig. 2D). To confirm that equal starting
material was used, the 36b4 gene transcript was amplified as a
control (Fig. 2D). In addition, we examined protein expression
levels of HA-tagged forms of several E6 proteins. Primary
HFKs that stably expressed HA-tagged E6 proteins were ex-
amined by Western blot analysis with a monoclonal antibody to
the HA epitope (Fig. 2E). Each of the cell lines tested dis-
played E6 expression that was not observed in LXSN control
HFKs. Although levels of HA-E6 protein varied between the
different cell lines, the differences in protein expression did not
correlate with differences seen in TRAP activity.

Protein interactions between E6 and cellular proteins cor-
relate with telomerase activation. To examine the mechanism
of telomerase activation by the beta-E6 proteins, interaction
studies were carried out with cellular proteins that are known
to be important for telomerase activation by 16E6. Since the
beta-E6 proteins had differential effects on telomerase activa-
tion, the interaction studies were focused on 5E6, 8E6, 20E6,
and 38E6. We hypothesized that the differences seen in telo-
merase activation between alpha- and beta-E6 proteins and
within different beta-E6 types may be due to differences in the
relative strengths of protein-protein interactions.

In coimmunoprecipitation experiments, the interaction of
stably expressed beta-E6 proteins with the endogenous cellular
protein E6AP was examined in cultured keratinocytes. HFK
lysates expressing HA-tagged E6 were immunoprecipitated
with a monoclonal antibody to HA and then examined for the
presence of endogenous E6AP (Fig. 3A). LXSN control cells
did not immunoprecipitate with E6AP. The E6 proteins that
activated telomerase, such as 8E6, 38E6, and 16E6, were able
to interact with endogenous E6AP; however, SE6 did not in-
teract detectably with E6AP. The reverse interaction was
tested by immunoprecipitating protein complexes with the
E6AP antibody and detecting HA-E6 through Western blot
analysis with the HA monoclonal antibody. Similarly, LXSN
cells and SE6 cell lysates showed no significant levels of inter-
action, whereas 8E6, 38E6, and 16E6 could coimmunoprecipi-
tate with endogenous E6AP (Fig. 3B). Because we were not
able to create a cell line that expresses an HA-tagged form of
20E6, this was not included in the coimmunoprecipitation ex-
periments.

To confirm these interactions in vitro, we carried out GST
pull-down experiments with recombinant, purified GST-tagged
E6 proteins and in vitro-translated radiolabeled E6AP. The
GST proteins used in these assays are shown in a Coomassie-
stained gel to demonstrate they are of equal concentration and
purity (Fig. 3E); each lane represents 25% of the GST protein
used in each pull-down experiment. GST and a GST-tagged
form of the viral protein 16E7 were used as negative controls
for nonspecific protein-protein interactions; E7 was chosen as
an additional control because it is of similar size to E6 and is
not known to interact with E6GAP. The two negative controls,
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FIG. 2. Primary keratinocytes expressing beta-E6 proteins displayed activated telomerase and induction of hTERT mRNA. A. Lysates from
stable HFK cell lines expressing 16E6 or beta-E6 proteins or cells containing an empty LXSN expression vector (negative control) were analyzed
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lysates. The band denoted by an asterisk denotes a control PCR product to show that all samples amplified to equal levels. Decreasing amounts
of protein lysate (from 1 to 0.04 pg) were added to TRAP reaction mixtures. B. TRAP activity was quantitated from three independent experiments
using Quantity One software. TRAP activity from 16E6 lysates was set to 100 to determine relative levels of telomerase activity in other
E6-containing lysates. C. qPCR of hTERT mRNA in E6-expressing HFKs. hTERT levels in 16E6-expressing cells were set to 100 to compare the
relative levels of hTERT expression in other E6 cell lines. D. Real-time PCR of E6 proteins stably expressed in HFKs. 36b4 was amplified as a
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GST and GST-E7, showed a background level of interaction
with E6AP; however, the beta-E6 proteins showed differential
interactions with E6AP (Fig. 3C). To quantitate the differences
observed in protein-protein interactions, the levels of interac-
tion above the GST negative control from five independent
pull-down experiments were determined (Fig. 3D). 5E6 did not
interact with E6AP in the GST pull-down assays above back-
ground levels. In contrast, 8E6 and 20E6 interacted very
weakly with EGAP. When the experiment was repeated several
times, the interaction between 20E6 and E6AP was variable
and not statistically above background levels. However, the
interaction between S8E6 and E6AP was very weak but repro-
ducibly above background levels (P < 0.04). 38E6 interacted
significantly with E6AP (P < 0.001), and 16E6 showed a strong
interaction above GST (P < 0.001) as expected (Fig. 3D).
Together, these binding assays confirmed that beta-E6 proteins
could differentially interact with the cellular protein E6AP, and
these differences directly correlate with their ability to activate
telomerase. Of the beta-E6 proteins tested, 38E6 displayed the
strongest interaction with E6AP in primary cell lysates and in
GST pull-down assays proportionate to its ability to activate
telomerase.

Another endogenous protein previously shown to interact
with the E6-E6AP complex and to be required for telomerase
activation by 16E6 is the cellular protein NFX1-91 (12, 18).
NFX1-91 functions as a repressor of hTERT expression, and
16E6-dependent degradation of NFX1-91 has been shown to

relieve this repression and cause telomerase activation. To test
if the beta-E6 proteins can interact with NFX1-91, GST pull-
down assays with GST-tagged E6 proteins and in vitro-trans-
lated radiolabeled NFX1-91 were performed (Fig. 3F). As
predicted, 38E6 and 16E6 interacted with NFX1-91 signifi-
cantly above background levels of GST alone, correlating with
their ability to efficiently activate telomerase. However, SE6,
8E6, and 20E6 displayed no interaction with NFX1-91, sug-
gesting that their reduced ability to interact with NFX1-91
correlates with their poor ability to activate telomerase. This is
an additional piece of evidence suggesting that complex for-
mation between E6 and the cellular proteins E6AP and
NFX1-91 is a critical step in mediating telomerase activation,
which may be one contributing factor to cellular life span
extension during beta-HPV infection.

Beta-E6 proteins utilize E6AP to mediate telomerase acti-
vation similar to 16E6. Previous studies showed that 16E6
activates telomerase through E6AP-mediated degradation of
the cellular protein NFX1-91, and this is essential for cell
immortalization (12, 22). To address the requirement for
E6AP in telomerase activation by the beta-E6 proteins, we
utilized shRNAs to knockdown endogenous levels of E6AP.
Western blot analysis with an antibody specific to EOGAP was
used to determine levels of protein knockdown following
shRNA treatment. LXSN cells showed endogenous levels of
E6AP (Fig. 4A, lane 1), which are similar to cells containing an
empty pBABE vector (shRNA-). Cells that stably express ei-
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FIG. 4. Knockdown of E6AP reduces telomerase activity in 16E6-,
38E6-, and 8E6-expressing HFKs. A. shRNAs were stably expressed in
E6-expressing HFKs. Knockdown was confirmed by Western blot anal-
ysis with E6AP antibody; GAPDH was used as a loading control.
LXSN cells containing no shRNA were used as a positive control for
E6AP expression. The shRNA- cells, containing an empty pBABE
vector, show endogenous E6AP levels. B. 16E6, 8E6, and 38E6 cells
expressing SiRNA-, shRNA 1, or shRNA 2 were examined for TRAP
activity and compared to LXSN cells as a negative control (lane 1).
TRAP-postive lysates were used as a positive control in lane 11. The
amplified extension products were quantitated using Quantity One
software following phosphorimager scanning shown at the bottom of
the gel. 16E6 with -shRNA, 8E6 with -shRNA, and 38E6 with -shRNA
were set to 100 to compare the decrease in TRAP activity following
E6AP shRNA treatment.

ther 8E6, 38E6, or 16E6 were transduced with constructs ex-
pressing either shRNA-, shRNA 1, or shRNA 2, which have
previously been shown to decrease E6AP expression levels
(12). Our lab has previously shown that shRNA 1 is effective in
decreasing E6AP mRNA levels by approximately 70%,
whereas shRNA 2 can reduce the levels of E6AP and telom-
erase activity in 16E6 cells, but to a lesser extent (12). Our
studies confirmed this and found that in cells expressing 16E6,
shRNA 1 was more efficient at decreasing E6AP levels than
shRNA 2 compared to control cells. In cells expressing SE6
and 38E6, both shRNA 1 and shRNA 2 decreased levels of
E6AP compared to the shRNA- (Fig. 4A).

To examine the effect of reducing E6AP levels on telomer-
ase activation in beta-E6 versus 16E6 cells, TRAP assays were
performed. 16E6 lysates containing the sShRNA- showed high
levels of telomerase activity in TRAP assays, as expected (Fig.
4B, lane 2), and shRNA 1, which significantly reduced E6AP
levels, concomitantly decreased the levels of telomerase activ-
ity (Fig. 4B, lane 3). In contrast, lysates from cells in which
shRNA 2 did not affect E6AP levels still displayed high levels

J. VIROL.

of telomerase activity, confirming that a decrease in E6AP is
responsible for the downstream effect on telomerase activity.
Using lysates from cells expressing 8E6 and 38E6, those that
had the shRNA- against E6AP displayed moderate levels of
telomerase activity above the LXSN background levels. In both
shRNA 1 and 2 there was a decrease in E6AP levels (Fig. 4A)
and a decrease in TRAP activity (Fig. 4B, lanes 6 and 7 and
lanes 9 and 10) compared to background levels, suggesting
that telomerase activity through 8E6 and 38E6 utilizes the
same E6AP-dependent mechanism as 16E6. This experi-
ment showed that lysates with decreased levels of EOAP were
not able to sufficiently activate telomerase through 16E6 or
beta-E6 proteins, suggesting that E6AP is a necessary compo-
nent.

DISCUSSION

Telomerase activation by HPV16 E6 is thought to be one
critical step in cellular immortalization during infection. Pre-
vious work led to the hypothesis that HPV16 E6 and E7 ex-
pression causes telomerase activation and, in concert with de-
fects in the p53 and Rb pathways, allows cells to bypass
senescence, leading to cellular immortalization (20, 32, 38).
These cells are then at an increased risk for the accumulation
of genetic mutations that can cause cancer progression. Pub-
lished work has shown that E6 and E7 from HPV38 can cause
keratinocyte immortalization when expressed in culture, but
E6 proteins from other beta-HPVs (such as HPV20) do not
cause immortalization (4). This raises the possibility that
unique oncogenic phenotypes caused by HPV38 E6 and E7
may provide a growth advantage to infected cells and cause
HPV38 to pose a greater risk regarding cancer development.

Expression of both E6 and E7 from HPV16 is required to
establish immortalization of primary keratinocytes in cell cul-
ture; however, E6 expression alone will prolong the life span of
cultured cells (19, 25). To directly test the role of beta-E6
proteins in cell growth, we examined the effect of beta-E6
protein expression on keratinocyte life span in culture and
found that the E6 protein from several beta-HPVs allows cul-
tured keratinocytes to grow for considerably more population
doublings than control cells. This raises the question, how does
beta-E6 protein expression prolong the life span of these cells?

Our data suggest that primary keratinocytes expressing beta-E6
proteins that have a prolonged life span in culture, such as
HPV38, also contain high levels of telomerase activity. In ad-
dition, the amount of telomerase activity correlates with the
protein-protein interactions observed between E6, E6AP, and
NFX1-91. Previous work revealed that for HPV16, the E6-
E6AP complex is responsible for ubiquitinating and degrading
a telomerase repressor, NFX1-91 (12, 18, 22), allowing in-
creased synthesis of the hTERT mRNA transcript. Protein
interaction studies showed that beta-E6 proteins, especially
38E6, can form a direct interaction with both E6AP and
NFX1-91, similar to what is observed with 16E6, and that the
stability of the interactions is above what is observed with the
other beta-E6 proteins. This provided initial evidence that
beta-E6 proteins, particularly 38E6, utilize an E6AP- and
NFX1-91-dependent mechanism for telomerase activation. By
decreasing expression of E6AP (using shRNAs), we have
shown that beta-E6 proteins require E6AP to activate telo-
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TABLE 1. Abilities of beta-E6 proteins to activate telomerase and
interact with required cellular proteins”

Extension Interacts  Interacts
E6 protein of life :Cl;ég hT]iinl}]Ec?ilg]NA with with
span E6AP NFX1-91
LXSN - - - - -
HPV5 + - +/— - -
HPV8 ++ + +/—= + -
HPV20 - - - - -
HPV38 +++ ++ ++ ++ ++
HPV16 ++++ +++ +++ ++++ ++

¢ —, no detectable activity; the number of + symbols indicates the relative level
of activity in each assay.

merase. These results argue that the beta-E6 proteins are capable
of activating telomerase with differing efficiencies, and they
utilize similar protein factors that are required by 16E6. It does
not eliminate the possibility that additional factors may be
involved in 16E6- or beta-E6-mediated telomerase activation.

The differences between the beta-E6 proteins in their ability
to extend the life span of keratinocytes, activate telomerase,
and interact with cellular proteins are summarized in Table 1.
In general, the ability of E6 to activate telomerase correlates
with how well it extends the life span of primary keratinocytes
and their ability to interact with E6AP and NFX1-91. HPV8
E6 moderately prolongs the life span of cultured cells and
activates telomerase, as observed through TRAP assays. It is
able to interact with E6AP in primary keratinocytes, as shown
by coimmunoprecipitation assays, but displays weak or no in-
teraction with E6AP and NFX1-91 in GST pull-down assays.
These data suggest that 8E6 cannot efficiently interact in in
vitro assays, possibly due to misfolding or low specific activity
levels of our recombinant protein. Alternatively, it is possible
that a cellular interaction with E6AP is required for telomerase
activation and a direct interaction between E6 and NFX1-91
boosts the extent of telomerase activation, leading to activities
observed with 38E6 and 16E6.

The experiments conducted thus far cannot determine if
telomerase activity is the direct cause of the prolonged cellular
life span observed. Previous work suggests that E6 expression
in cell culture may not alone cause telomere extension that
would lead to cellular immortalization (20). 16EG6 cells, despite
high levels of telomerase, still exhibit telomere shortening;
however, it is thought that the cells maintain minimum telo-
mere lengths which allow them to avoid cellular senescence,
immortalize, and recover lengthened telomeres at later popu-
lation doublings in culture (32, 38). There are several possibil-
ities that may explain the connection between E6 protein ex-
pression, telomerase activity, and cellular life span extension.
Firstly, the activation of telomerase has been shown to result in
cellular growth advantages that could cause life span extension
(for review, see references 5 and 37) and in vivo would result
in the accumulation of mutations important for cancer devel-
opment. Alternatively, there is the possibility that E6 protein
expression in primary cells affects cell growth through a mech-
anism independent of telomerase activation. It is known that
several of the beta-E6 proteins cause an increase in cell growth
as well as a decrease in apoptosis, which could explain the role
of E6 protein expression in the cellular life span (4, 14, 15).
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One interesting aspect of beta-E6 protein function is the
possibility that a subset of beta-E6 proteins contain properties
that cause them to function as high risk in skin cancer progres-
sion. Our data suggest that telomerase activation differs be-
tween the beta-E6 proteins, and future work will focus on
determining sequence and structure differences between the
beta-E6 proteins that may provide insight into their functional
differences. A structural model for 16E6 based on nuclear
magnetic structural resonance structural data has recently
been proposed (28). Using this structure, we can identify do-
mains of amino acid sequence similarity (and proposed struc-
tural homology) between 38E6 and 16E6. Future studies will
be required to determine if these domains are responsible for
telomerase activation by 16E6 and 38E6. Our lab and others
have previously utilized mutagenesis to define amino acids
important for protein-protein interactions between HPV16 E6
and E6AP (11). However, the recent information gained from
structural studies on 16E6 have suggested that several of the
mutations affecting E6-E6AP binding may cause overall struc-
tural instability within E6. In the future, it will be important to
identify what amino acids are crucial for the protein-protein
interactions and how these residues are conserved among the
beta-E6 proteins.

HPV38 has been shown to have additional unique charac-
teristics, such as cellular immortalization and high levels of
telomerase activation, which may create a cell growth advan-
tage over other beta-HPVs. Our work provides strong evidence
that telomerase activation by E6 from some of the beta-HPVs
(especially HPV38) is one plausible mechanism that imparts a
cellular growth advantage for immortalization and potential
cancer development.
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