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Recent analyses have identified a number of binding partners for E6, including E6AP, ERC55, paxillin, hDlg,
p300, interferon regulatory factor 3, hMCM7, Bak, and E6TP1. Notably, association with E6 targets p53,
E6TP1, myc, hMCM7, and Bak for degradation. However, the relative importance of the various E6 targets in
cellular transformation remains unclear. E6 alone can dominantly immortalize normal human mammary
epithelial cells (MECs), permitting an assessment of the importance of various E6 targets in cellular trans-
formation. Studies in this system indicate that E6-induced degradation of p53 and E6 binding to ERC55 or
hDlg do not correlate with efficient immortalization. Here, we have examined the role of E6TP1, a Rap
GTPase-activating protein, in E6-induced immortalization of MECs. We tested a large set of human papillo-
mavirus type 16 E6 mutants for their ability to bind and target E6TP1 for degradation in vitro and in vivo. We
observed a strict correlation between the ability of E6 protein to target E6TP1 for degradation and its ability
to immortalize MECs. Recent studies have identified telomerase as a target of E6 protein. Previous analyses
of E6 mutants have revealed this trait to closely correlate with MEC immortalization. We examined our entire
panel of E6 mutants for rapid induction of telomerase activity and found in general a strong correlation with
immortalizing ability. The tight correlation between E6TP1 degradation and MEC immortalization strongly
supports a critical role of functional inactivation of E6TP1 in E6-induced cellular immortalization.

The human papillomaviruses (HPVs) have been strongly
implicated in the pathogenesis of tumors as well as benign
warts of oral and urogenital epithelium (36, 37). Those asso-
ciated with carcinomas, such as HPV type 16 (HPV16) and
HPV18, are classified as high-risk HPVs, whereas those asso-
ciated with benign lesions, such as HPV11 and HPV6, are
referred to as low-risk HPVs (36, 37). Two early genes of the
high-risk HPVs, E6 and E7, are essential and sufficient for
oncogenic transformation of cells in vitro (10, 22), and their
expression is an invariant feature of HPV-associated human
epithelial malignancies (2, 27). Both E6 and E7 genes are
required for efficient immortalization of cervical keratinocytes,
imposing limitations on elucidation of the biochemical path-
ways selectively targeted by these two oncogenes. However, as
we demonstrated earlier, E6 alone can efficiently immortalize
normal human mammary epithelial cells (MECs) (3, 4, 31).
This single-gene immortalization model provides a valuable
system to dissect the biochemical pathways involved in E6-
induced transformation (3, 4, 7, 21, 31).

E6 protein is a small polypeptide of 151 amino acids, with no
known intrinsic enzymatic activities. It is generally accepted
that E6 functions as a dominant oncogene by interacting with
and altering the function of critical cellular proteins. In the last
few years, a large number of cellular proteins have been re-
ported to interact with high-risk HPV E6 proteins. These in-

clude p53 (11), E6BP (E6-binding protein or ERC55, a puta-
tive calcium-binding protein) (5), paxillin (a focal adhesion
protein involved in transducing signals from the plasma mem-
brane to the actin cytoskeleton) (29), hDlg (the human homo-
logue of the Drosophila melanogaster discs large tumor sup-
pressor protein) (16, 20), interferon regulatory factor 3 (a
component of virus-activated transcription factor complex)
(24), multicopy maintenance protein 7 (a subunit of the repli-
cation licensing factor M) (18), Bak (bcl-2 homologous antag-
onist/killer, a protein that promotes apoptosis) (28), p300 (a
transcriptional coactivator) (23, 35), E6TP1 (E6-targeted pro-
tein, a Rap GTPase-activating protein [GAP] homologue) (9),
and PKN (a Rho-regulated serine threonine kinase) (9a). The
relative contribution of the various E6 targets in cellular trans-
formation is an area of intense investigation, but a clear con-
sensus is lacking at present. The interaction of HPV E6 protein
with the p53 tumor suppressor protein has been most widely
analyzed thus far (7, 8, 15, 21). Interaction of E6 with p53 is
indirect, mediated by the ubiquitin ligase E6AP, which binds to
both E6 and p53 (11–13, 26). Bound E6 targets the p53 tumor
suppressor protein for E6AP-mediated ubiquitination, fol-
lowed by proteasome-mediated degradation. Our previous mu-
tational analysis of HPV16 E6 demonstrated a strong correla-
tion between p53 degradation and immortalization of MECs
by E6 (7). Similarly, other investigators have shown that the
HPV E6-induced in vivo p53 degradation closely correlates
with abrogation of actinomycin D-induced growth arrest in
human keratinocytes (8). However, we and others have re-
cently isolated three distinct E6 mutants (8S9A10T, F2V, and
Y54H) that are unable to target p53 for degradation but retain

* Corresponding author. Mailing address: Department of Radiation
Oncology, Box 824, New England Medical Center, 750 Washington St.,
Boston, MA 02111. Phone: (617) 636-4776. Fax: (617) 636-6205. E-
mail: VBAND@lifespan.org.

4459



their ability to immortalize MECs (15, 21). Thus, it is clear that
E6-induced immortalization of MECs can proceed in the ab-
sence of p53 inactivation. These results suggest that other E6
targets may play a critical role in E6-induced cellular transfor-
mation.

Recent studies have implicated telomerase as one such tar-
get (15, 17). It has been shown previously that introduction of
E6 into MECs leads to increased telomerase activity (17).
Mutational analysis demonstrated that E6 mutants that in-
creased the telomerase activity were able to induce MEC im-
mortalization, whereas E6 mutants that did not induce telo-
merase activity were defective in immortalization (15, 17).
Notably, certain immortalization-competent E6 mutants that
did not target p53 for degradation were capable of increasing
telomerase activity (15). Based on these studies, it was con-
cluded that activation of telomerase, but not p53 degradation,
is required for E6-induced immortalization of MECs. How-
ever, one mutant, D118-122, reportedly failed to induce telo-
merase activity but still retained its ability to immortalize
MECs (7, 15, 17). Recent studies of E6 mutants suggest that
binding of E6 to hDlg, E6BP, and interferon regulatory factor
3 is not essential for E6-induced immortalization (15, 21, 24).
These studies underscore the need for in-depth studies of

various E6 targets to critically delineate their roles in cellular
transformation.

E6TP1 is a novel cellular target of high-risk HPV E6 pro-
teins which was recently isolated in our laboratory using a yeast
two-hybrid approach (9). E6TP1 shows high sequence homol-
ogy with Rap GAPs, including SPA-1, Rap1GAP, and tuberin
(9). The cellular targets of these GAPs are the Rap family of
Ras-related small G proteins (19, 25, 32). Although earlier
studies suggested that Rap may function as an antagonist of
Ras (14), a large number of recent studies have clearly shown
that Rap participates in a signaling cascade that promotes cell
proliferation, and overexpression of Rap1 was shown to onco-
genically transform cells (1, 30, 34). Thus, Rap-specific GAPs,
such as E6TP1, are likely to negatively regulate the mitogenic
signaling pathways mediated by Rap. Targeting of such cell
growth suppressor proteins by E6 could represent an impor-
tant element in cellular transformation.

In this study, we have examined the ability of a large panel
of E6 mutants to bind and target E6TP1 for degradation and
have related these traits to E6-induced telomerase activity and
immortalization of human MECs. The panel of mutants in-
cluded two immortalizing mutants that are defective for p53
degradation, as well as a mutant that was reported to be de-

TABLE 1. Summary of E6TP1 binding, degradation in vitro and in vivo, p53 degradation in vivo, telomerase activation,
and MEC immortalization by HPV16 E6 mutants

Construct E6TP1 binding
in vitroa

E6TP1
degradationb p53 degradation

in vivo in MECsc
Telomerase
activationd

MEC
immortalizationc

E6
proteine

In vitro In vivo

HPV16 E6 10.7 (100) 1 1 1 1 1 1
HPV6 E6 0.6 (5.6) 2 2f 2 2 2 1f

F2V 10.1 (94) 1 1 2 1 1 1
K34E 7.5 (70) 1f 1f 1 1 1 1f

Q35R 9.9 (92) 1f 1 1 1 1 1
Y54H 2.4 (22.4) 1 1 2 1 1 1
Y84C 8.8 (82.2) 1f 1 1 1 1 1
I101V 4.8 (44.8) 1f 1f 1 1 1 1f

R124G/H126R 4.1 (38.3) 2 2 2 2 2 1
W132R 6.8 (63.5) 2 2 2 2 2 1
C111Y/Q116H/R117K/R124stop 0.8 (7.4) 2 2 2 2 2 1
Q90R/C111R/E113stop 2.1 (19.6) 2f 2f 2 2 2 1f

K94stop 2 (18.6) 2 2 2 2 2 2
C63S 3.5 (32.7) 2f 2f 2 2 2 1f

C63R/Y70C/K72R/T86S 0.6 (5.6) 2f 2f 2 2 2 1f

C103R/D120G/I128M/R131P 6.1 (57) 2f 2f 2 2 2 1f

C136G 10.5 (98) 2 2 2g 2 2g 1
D9-13 1.1 (10.2) 2 2 2 2 2 1
D73-77 10.8 (101) 2 2 2 2 2 1
D101-105/N127D 5.8 (54.2) 2 2 2g 2 2g 1
D106-110/E113G 8.6 (80.3) 2 2 2g 2 2g 1
D111-115/N127K 7.2 (67.3) 2 2 2 2 2 1
D118-122 12.8 (119) 2 1 1 1h 1 1
D123-127 6.7 (62.9) 2 2 2 2 2 1
D128-132 6.4 (59.8) 2 2 2 2 2 1
D143-147 11.3 (105) 1 1 1g 1 1g 1

a Binding of GST-E6TP1-C378 to HPV16 E6 or its mutants (Fig. 1). Percent binding was calculated by densitometry in comparison with input signals. Values in
parentheses are percent binding compared to wild-type HPV16 E6 (considered 100%).

b Data for in vitro and in vivo degradation of E6TP1 are from three independent experiments (Fig. 2 and 3).
c p53 degradation data and immortalization data from references 7, 8, 15, and 21.
d Induction of telomerase activity from three independent transient-transfection experiments (Fig. 5).
e E6 expression data from Fig. 3B and reference 9. 1 and 2, ability and inability, respectively, of a mutant E6 protein to function in the assay indicated at the top

of the column.
f Data from reference 9.
g Data from experiments done in this study.
h No to very little telomerase activity was detected in cells transiently transfected with this mutant (Fig. 5A); however, once cells were immortal, a high level of

telomerase activity was detected (Fig. 5B).
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fective in inducing telomerase activity but was still capable of
immortalizing MECs. In this panel of mutants, we observed a
perfect correlation between the ability of HPV16 E6 mutants
to target E6TP1 for degradation and their ability to immortal-
ize MECs, suggesting that loss of E6TP1 function is crucial for
cellular immortalization.

In vitro binding of HPV16 E6 mutants to E6TP1. We and
others have previously characterized a large panel of HPV16
E6 mutants, and the abilities of these mutants to bind to E6AP,
E6BP, and p53 have been well defined (6–8, 15, 21). Here, we
have utilized this panel of E6 mutants to analyze the require-
ment for E6TP1 degradation in E6-induced immortalization of
MECs.

As a first step, we examined the ability of various E6 mutants
to bind to E6TP1, an interaction mediated by the C-terminal
194 amino acids of E6TP1 (9). Binding between E6 proteins
and E6TP1 was assessed in vitro using a glutathione S-trans-
ferase (GST) fusion protein incorporating the C-terminal 378
amino acids of E6TP1 (GST-E6TP1-C378) and proteins gen-
erated by in vitro translation of the wild type or mutants of
HPV16 E6 in a wheat germ lysate system in the presence of
[35S]cysteine, as described previously (9). For each E6 protein,
the extent of binding was quantified relative to its input con-
trol, which was resolved side by side with the binding reaction.
The data are presented as percent binding relative to input of
labeled E6 protein as well as relative to binding of wild-type E6
(within parentheses in Table 1). Binding of representative E6
mutants to GST-E6TP1-C378 is shown in Fig. 1, and the entire
data are summarized in Table 1. Only a small fraction of
E6 mutants (C111Y/Q116H/R117K/R124stop, Q90R/C111R/
E113 stop, K94 stop, D9-13, and C63R/Y70C/K72R/T86S)
show low binding to E6TP1 (binding comparable to that of
low-risk HPV6 E6, ,20% compared to wild-type HPV16 E6).
The vast majority of remaining mutants showed substantial
binding to E6TP1, providing a large panel of mutants for anal-
ysis of E6TP1 degradation and its correlation with immortal-
ization of MECs.

In vitro and in vivo degradation of E6TP1 protein by HPV16
E6 mutants. Earlier analysis of a small set (four immortalizing
and four nonimmortalizing) of HPV16 E6 mutants suggested a
correlation between degradation of E6TP1 and immortaliza-
tion of MECs by E6. To more critically establish this correla-
tion, we examined the entire panel of E6 mutants used above
(8 immortalizing and 16 nonimmortalizing) for their ability to
induce E6TP1 degradation.

To assess the ability of E6 and its mutants to induce E6TP1
degradation in vitro, both the E6 proteins and E6TP1 were in
vitro translated in the presence of [35S]cysteine. The labeled
proteins were incubated together overnight at 30°C, and the
level of labeled E6TP1 remaining at the end of incubation with
E6 protein was determined in comparison with incubation in
the absence of E6, as described earlier (9). As shown in Fig. 2,
upper panel, and summarized in Table 1, incubation of E6TP1
with wild-type HPV16 E6 led to its complete degradation
within the incubation period utilized (Fig. 2, lane 2, upper
panel). In contrast, and as anticipated (9), no degradation of
E6TP1 was observed upon incubation with HPV6 E6 (Fig. 2,
lane 3, upper panel). Out of 12 amino acid substitution mu-
tants, six were able to induce degradation of E6TP1, whereas
the other six were defective (Fig. 2, upper panel, and Table 1).

The three truncation mutants of E6 (C111Y/Q116H/R117K/
R124stop, K94stop, and Q90R/C111R/E113stop) were defec-
tive in inducing degradation of E6TP1. Only one of nine small
deletion mutants of E6, D143-147, was able to induce E6TP1
degradation in vitro (Fig. 2 and Table 1). All of the E6 mutants
were expressed at comparable levels, as shown in Fig. 2, lower
panel. Thus, representative panels of E6 mutants that were
either capable or incapable of inducing E6TP1 degradation in
vitro were defined.

Next, we examined the ability of HPV16 E6 mutants to
induce E6TP1 degradation in vivo, when expressed in mam-
malian cells. This was particularly important since previous
studies have shown discrepancies between E6-induced p53
degradation in vitro and that in vivo (8, 21). pSG5 expression

FIG. 1. In vitro binding of wild-type and mutant HPV E6 proteins
to E6TP1. The HPV16 E6, HPV6 E6, and HPV16 E6 mutant proteins
were generated by in vitro translation in the presence of [35S]cysteine
using a wheat germ lysate-based coupled transcription-translation sys-
tem. The 35S-labeled in vitro-translated proteins were incubated with 1
mg of GST or GST-E6TP1-C378 fusion proteins in 300 ml of lysis buffer
for 2 h at 4°C. Bound 35S-labeled proteins were resolved by SDS–17%
PAGE and visualized by fluorography. The first lane in each panel
represents 10% of the in vitro-translated protein used for the binding
assay. The films were scanned with an Epson Expression 800 scanner
(Torrance, Calif.), and the density of the bands was quantified with
NIH Image. Percent binding (shown on the right) was calculated in
comparison with signals of 10% input lane.
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FIG. 2. In vitro degradation of E6TP1 by wild-type and mutant HPV E6 proteins. (Upper panel) HPV16 E6, HPV6 E6, HPV16 E6 mutants,
and E6TP1 were translated in vitro in rabbit reticulocyte lysate in the presence of [35S]cysteine. Aliquots of 35S-labeled E6TP1 were incubated with
water-primed lysate (control) or indicated wild-type or mutant E6 proteins overnight at 30°C in a 10-ml reaction mixture. The E6TP1 remaining
at the end of the degradation assay was resolved by SDS–6% PAGE and visualized by fluorography. The arrow indicates the E6TP1 protein. (Lower
panel) Aliquots of HPV16 E6, HPV6 E6, and HPV16 E6 mutant proteins were resolved by SDS–17% PAGE and visualized by fluorography.
Arrows indicate different sizes of E6 proteins.

FIG. 3. (A) In vivo degradation of E6TP1 by wild-type and mutant HPV E6 proteins. 293T cells were plated overnight at 2 3 106 cells per
100-mm-diameter dish (two dishes for each construct) and cotransfected with 10 mg of pSG5-E6TP1 and 10 mg each of the indicated E6 mutants
in pSG5 vector using the calcium phosphate coprecipitation method. The total DNA amount was kept constant at 20 mg. The cells in one dish each
were harvested 48 h after transfection, and 100-mg aliquots of lysate were fractionated by SDS–6% PAGE and transferred to a polyvinylidene
difluoride membrane. Membranes were immunoblotted with rabbit anti-E6TP1 antibody followed by enhanced chemiluminescence detection. The
arrow indicates the E6TP1 protein. (B) Expression of mutant E6 protein in transfected 293T cells. Paired dishes of 293T transfectants shown above
were labeled with [35S]cysteine, and lysates were immunoprecipitated with an anti-E6 antibody. Bound proteins were resolved by SDS–12% PAGE
and visualized by fluorography. The nature of multiple-size polypeptide seen in certain lanes is undetermined.
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constructs encoding E6TP1 and various HPV16 E6 mutants
were cotransfected into 293T cells by the calcium phosphate
method (33), cells were lysed after 48 h, and the lysates were
subjected to immunoblotting using a rabbit anti-E6TP1 anti-
body. Under the conditions utilized, immunoblotting with this
antibody did not detect endogenous E6TP1 in 293T cells (data
not shown), allowing an assessment of the effect of E6 coex-
pression on the levels of introduced E6TP1. As shown in Fig.
3A, all of the E6 mutants capable of inducing degradation of
E6TP1 protein in vitro were capable of inducing degradation
of E6TP1 in vivo as shown by a marked decrease in the steady-
state E6TP1 levels. Notably, however, one E6TP1-binding E6
mutant, D118-122, which was unable to induce degradation of
E6TP1 in vitro, reproducibly induced a marked decrease in
E6TP1 levels in vivo. This result is reminiscent of previous
results, which show discrepancies between in vitro and in vivo
p53 degradation by certain E6 mutants (8, 21). Importantly, all
the E6 mutants that could induce E6TP1 degradation either in
vitro or in vivo were able to bind to E6TP1 to some extent.
However, our analyses indicate that binding of E6 to E6TP1
is not sufficient for E6TP1 degradation. Six deletion mutants
(D73-77, D101-105/N127D, D106-110/E113G, D111-115/N127K,
D123-127, and D128-132) and three point mutants (C103R/
D120G/I128M/R131P, C136G, and W132R) could bind to
E6TP1 efficiently but were unable to target E6TP1 for degra-
dation (Fig. 3A and Table 1). Similar results were obtained
when these mutants were inoculated onto another cell line,
C33A, a cervical carcinoma cell line (data not shown). These
data suggest that binding of E6 to E6TP1 is required but not
sufficient to target E6TP1 for degradation. All E6 mutants
except K94stop used in this study are expressed in 293T cells
(Fig. 3B). Although the expression levels of E6 protein varied
among different E6 mutants, there was no correlation between
the amount of E6 protein and the abilities of the mutants to
degrade E6TP1 (Fig. 3 and Table 1).

The panel of E6 mutants well characterized with respect to
E6TP1 (above) and p53 (7–9, 15, 21; also Table 1) degradation
allowed a direct correlation between the loss of E6TP1 versus
the loss of p53 and E6-induced cellular immortalization. As
summarized in Table 1, a direct one-to-one correlation be-
tween in vivo E6-induced loss of E6TP1 and E6-induced im-
mortalization of MECs is observed. Interestingly, the one E6
mutant (D118-122) that did not induce detectable E6TP1 deg-
radation in vitro but did so in vivo is capable of immortalizing
MECs. None of those mutants that failed to induce E6TP1
degradation in vivo were capable of efficiently immortalizing
MECs. Three E6 mutants, W132R, C63S, and R124G/H126R,
which were unable to degrade E6TP1 either in vitro or in vivo,
were able to inefficiently immortalize MECs. As shown earlier
(7), W132R immortalized MECs in one out of four experi-
ments, C63S immortalized MECs in one out of three experi-
ments, and R124G/H126R immortalized MECs in one out of
six experiments (7). Furthermore, immortalization with these
mutants was preceded by a long crisis period, whereas wild-
type E6 and other immortalizing mutants induced immortal-
ization without any crisis period (7). Thus, E6TP1 degradation
correlates with efficient E6-induced immortalization of MECs.

Notably, the correlation between E6-induced loss of E6TP1
and MEC immortalization emerged as stricter than even that
between E6-induced p53 degradation and immortalization

(Table 1). Interestingly, two of the E6 mutants used here, F2V
and Y54H, are known to be defective for p53 degradation (21).
As shown in Fig. 2 and 3, F2V and Y54H targeted E6TP1 for
degradation to an extent similar to that with wild-type HPV16
E6 in both in vitro and in vivo assays.

Enhanced degradation of E6TP1 protein in the presence of
HPV16 E6. The experiments described above showed that E6
was able to induce a dramatic decrease in the levels of E6TP1
protein. To further evaluate if the lower levels of E6TP1 pro-
tein in the presence of E6 are due to protein degradation or to
change at the mRNA level, the following experiments were
done. 293T cells were transfected with E6TP1 with or without
E6. As shown in Fig. 4A, similar levels of E6TP1 mRNA were
observed in two sets of transfectants, suggesting that the E6-
induced decrease in E6TP1 levels was not due to decreased
transcription.

Despite our repeated efforts, we have thus far been unable
to generate an anti-E6TP1 antibody of a sufficient titer to rec-
ognize the endogenous E6TP1 protein. We have so far made
over 10 antipeptide antibodies and one GST-E6TP1 fusion
protein antibody, but all of these antibodies were not suitable
for detection of the endogenous E6TP1 protein. Therefore, to
determine the E6TP1 protein stability, pSG5 expression con-
structs encoding hemagglutinin (HA)-tagged E6TP1 and HPV16

FIG. 4. (A) E6TP1 mRNA expression in the presence or absence
of HPV16 E6. 293T cells were cotransfected as described above with
E6TP1 and vector or HPV16 E6. After 48 h, total RNA was prepared
by the guanidinium-isothiocyanate method. Twenty micrograms of to-
tal RNA from these cells was probed with 32P-labeled full-length
E6TP1 probe and visualized by autoradiography. 36B4 was used as a
loading control. (B) Pulse-chase analysis of E6TP1. 293T cells were
cotransfected with 2.5 mg of HA-tagged E6TP1 and 5 mg of vector or
HPV16 E6. After 48 h, cells were metabolically pulse-labeled with 300
mCi of [35S]methionine plus [35S]cysteine for 30 min and chased for the
indicated time periods (shown in minutes). Equal amounts of radio-
labeled lysates (based on the amount of total protein) were immuno-
precipitated with anti-HA antibody (12CA5) and analyzed by SDS-
PAGE, followed by fluorography.
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E6 were cotransfected into 293T cells. After 48 h, cells were
metabolically labeled with [35S]methionine and [35S]cysteine
for 30 min, followed by chase for various time periods. Equal
amounts of radiolabeled lysates (based on the amount of to-
tal protein) were immunoprecipitated with anti-HA antibody
(12CA5) and analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by fluorog-
raphy. The results of a representative experiment are shown in
Fig. 4B. E6TP1 in E6-cotransfected cells showed a dramatic
decrease in the protein turnover (half-life of approximately
15 min) compared to that in vector-cotransfected cells (half-
life of .2 h) (Fig. 4B). These data clearly demonstrate that E6
induces degradation of E6TP1 protein.

Effect of HPV16 E6 mutants on telomerase activity upon
transient transfection in MECs. Recent reports indicate that,
while p53 degradation and binding to hDlg or E6BP did not
fully correlate with E6-induced immortalization of MECs, the

FIG. 5. Induction of telomerase activity in MECs upon introduc-
tion of the wild-type or mutant HPV E6 proteins. (A) Normal MECs
(76N) were plated at 5 3 105 per 100-mm-diameter dish and trans-
fected with 5 mg of pSG5 constructs encoding wild-type E6 or its
mutants using Fugene-6 reagent. At 48 h after transfection, the cells
were harvested in trypsin-EDTA, counted, and lysed. Telomerase ac-
tivity was measured using the TRAP assay method (Intergen, Pur-
chase, N.Y.). Lysates from 20,000 cells were used for each assay. The
negative control was lysis buffer, and the positive control was lysates
from 500 telomerase-positive cells, provided by the manufacturer. The
arrow indicates internal control. (B) Comparison of telomerase activ-
ities of MECs immortalized by D118-122 at passage 10 (about 30
population doublings) and MECs immortalized by wild-type E6 at the
same passage. The experimental conditions were the same as described
for panel A.
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ability of E6 to induce telomerase activity showed a stronger
correlation (15, 21). Therefore, we wished to characterize the
E6 mutants used in our analyses for their ability to induce
telomerase activity so that the importance of E6TP1 degrada-
tion relative to the induction of telomerase could be compared
in a single study. In order to reliably compare the abilities of
E6 mutants to induce telomerase activity independent of their
ability to induce immortalization, we established a transient-
transfection protocol using Fugene-6 to transfect normal MECs.
This method led to reproducible transfection of more than
20% of cells when cells were analyzed 48 h after transfection of
a b-galactosidase reporter (data not shown). Using this trans-
fection protocol, wild-type HPV16 E6 or its mutants were in-
troduced into normal MEC strain 76N, and telomerase activity
was assayed 48 h after transfection. As shown in Fig. 5 and
summarized in Table 1, similar to wild-type HPV16 E6, all of
the E6 mutants capable of immortalizing MECs (F2V, K34E,
Q35R, Y54H, Y84C, I101V, and D143-147) induced telome-
rase activity. As expected, all of the nonimmortalizing mutants
failed to induce telomerase activity. The mutants that were
able to induce telomerase activity included F2V and Y54H,
which did not induce p53 degradation but were able to induce
E6TP1 degradation. One mutant, D118-122, which was previ-
ously reported not to activate telomerase in a transient expres-
sion system, also did not induce telomerase activity in our
transient-transfection system (Fig. 5A). However, analysis of
D118-122-immortalized MECs clearly showed telomerase ac-
tivity comparable to that observed in wild-type E6-immortal-
ized cells (Fig. 5B). These results indicate that transient-trans-
fection experiments may not be sensitive enough to detect
low-level induction of telomerase by certain E6 proteins. Im-
portantly, D118-122 was able to induce E6TP1 degradation and
to immortalize MECs. Overall, our data indicate strong con-
cordance between the induction of telomerase activity and
E6TP1 degradation on one hand and efficient E6-induced im-
mortalization of MECs on the other.

Although the exact mechanism of E6-induced E6TP1 deg-
radation and its role in MEC transformation are not yet un-
derstood, we speculate that E6-induced immortalization may
involve deregulation of Rap signaling pathways, and by impli-
cation, E6TP1, a negative regulator of Rap GTPase, may func-
tion as a negative regulator of the mitogenic signaling pathway
mediated by Rap. E6-targeted degradation of E6TP1 would
then be expected to promote mitogenic signaling and to facil-
itate immortalization by E6. The tight linkage of E6TP1 deg-
radation and telomerase induction during E6-induced immor-
talization of MECs is intriguing. At present, there is no direct
biochemical connection between these pathways. Given that
E6TP1 is likely a regulator of Rap, a Ras-like small G protein
involved in regulating cell proliferation, a signaling pathway
connecting Rap and regulation of telomerase activity may ex-
ist. Further analyses will be required to establish if such a
connection indeed exists.
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