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The Human Papillomavirus 16 E7 Oncoprotein Attenuates AKT
Signaling To Promote Internal Ribosome Entry Site-Dependent
Translation and Expression of ¢-MYC

Sydney Webb Strickland, Scott Vande Pol
Department of Pathology, University of Virginia, Charlottesville, Virginia, USA

ABSTRACT

While the role of high-risk human papillomavirus (HPV) oncoproteins E6 and E7 in targeting p53 and retinoblastoma (Rb) has
been intensively studied, how E6 and E7 manipulate cellular signaling cascades to promote the viral life cycle and cancer devel-
opment is less understood. Keratinocytes containing the episomal HPV-16 genome had decreased activation of AKT, which was
phenocopied by HPV-16 E7 expression alone. Attenuation of phosphorylated AKT (pAKT) by E7 was independent of the Rb deg-
radation function of E7 but could be ablated by a missense mutation in the E7 carboxy terminus, H73E, thereby defining a novel
structure-function phenotype for E7. Downstream of AKT, reduced phosphorylation of p70 S6K and 4E-BP1 was also observed
in E7-expressing keratinocytes, which coincided with an increase in internal ribosomal entry site (IRES)-dependent translation
that enhanced the expression of several cellular proteins, including MYC, Bax, and the insulin receptor. The decrease in pAKT
mediated by E7 is in contrast to the widely observed increase of pAKT in invasive cervical cancers, suggesting that the activation
of AKT signaling could be acquired during the progression from initial productive infections to invasive carcinomas.

IMPORTANCE

HPYV causes invasive cervical cancers through the dysregulation of the cell cycle regulators p53 and Rb, which are degraded by
the viral oncoproteins E6 and E7, respectively. Signaling cascades contribute to cancer progression and cellular differentiation,
and how E6 and E7 manipulate those pathways remains unclear. The phosphoinositol 3-kinase (PI3K)/AKT pathway regulates
cellular processes, including proliferation, cell survival, and cell differentiation. Surprisingly, we found that HPV-16 decreased
the phosphorylation of AKT (pAKT) and that this is a function of E7 that is independent of the Rb degradation function. This is
in contrast to the observed increase in AKT signaling in nearly 80% of cervical cancers, which typically show an acquired muta-
tion within the PI3K/AKT cascade leading to constitutive activation of the pathway. Our observations suggest that multiple
changes in the activation and effects of AKT signaling occur in the progression from productive HPV infections to invasive cervi-
cal cancers.

he causative link between human papillomavirus 16 (HPV-16)

infection and the development of cervical cancer is well estab-
lished (reviewed in reference 1). High-risk alpha genera HPV E6
and E7 oncoproteins interact with and degrade p53 and retino-
blastoma (Rb), respectively, to alter cell cycle regulation (reviewed
in references 2, 3, and 4). However, less is known about the inter-
action of E6 and E7 with cellular proteins that manipulate cellular
signaling cascades. We sought to examine the role of HPV-16, and
specifically E7 (here 16E7), in manipulating cellular signaling
pathways critical to the survival of the cell and initially focused
upon the phosphoinositol 3-kinase (PI3K)/AKT pathway.

AKT was originally identified as the causative agent in the acute
transforming retrovirus AKT8, which causes spontaneous lym-
phomas in mice (5). Human homologues of v-akt were identified
as AKT1 and AKT2, and further studies found AKT1 to be upregu-
lated in gastric adenocarcinomas, further validating the oncogenic
potential of AKT (5). Taken together, these results showed that
AKT alone could act as a transforming oncogene.

AKT can be activated by several upstream signaling receptors
that result in the activation of PI3K (6). Once activated, PI3K
phosphorylates the inositol PIP2 to PIP3. The presence of PIP3 in
the cellular membrane recruits PH domain-containing proteins,
including both AKT and PDKI1. AKT activation is achieved
through the sequential phosphorylation of two AKT sites: T308
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(located within the catalytic domain) and $S473 (located within the
regulatory domain). Once recruited to the plasma membrane by
PIP3, AKT undergoes a conformational change whereby the PH
domain no longer covers the catalytic domain, leaving T308 ac-
cessible to be phosphorylated. Two kinases are responsible for the
phosphorylation of the activation sites: PDK1 phosphorylates
T308, and mammalian target of rapamycin complex 2 (mTORC2)
phosphorylates S473, both of which are needed for full activation
(6). Once fully activated, AKT plays a role in multiple downstream
cellular processes, including cell survival, protein translation, me-
tabolism, and proliferation (reviewed in reference 7). AKT both
activates and inhibits multiple proteins directly to alter its down-
stream signaling cascade. The vast array of cellular processes that
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AKT manipulates informs its importance in the overall fate of the
cell.

AKT regulates protein translation through phosphorylation of
the downstream target mMTORC1 and subsequent activation and
inhibition of p70 S6K and 4E-BP1, respectively (8). While the role
of S6 phosphorylation by S6K remains unclear, 4E-BP1 has a clear
role in the regulation of translation, as it binds eukaryotic initia-
tion factor 4E (eIF4E) to prevent its association with the transla-
tion initiation complex, thereby inhibiting cap-dependent trans-
lation (8, 9). In the unphosphorylated state, 4E-BP1 is active and
binds to eIF4E. However, once phosphorylated, 4E-BP1 is inhib-
ited, and cap-dependent translation can be initiated through the
interaction of e[F4E with the translation initiation complex and
the mRNA cap (8).

Cap-dependent translation is activated when growth factors
bind and activate upstream signals feeding through the PI3K/
AKT/mTOR signaling cascade. In times of nutrient deprivation or
under stress conditions, cap-dependent translation is inhibited by
4E-BP1. However, a subset of cellular proteins is still translated
during these times through cap-independent mechanisms via in-
ternal ribosomal entry sites (IRES) (10). IRES elements were first
described in poliovirus, where viral proteins degrade translational
regulators and inhibit cap-dependent translation, which then pro-
motes the translation of viral proteins under the influence of the
IRES sequence (11). Later studies utilized poliovirus’s inhibition
of cap-dependent translation to determine if there was a set of
cellular proteins that are translated during poliovirus infections.
These data demonstrated that cellular proteins associated with the
polysomes even in the presence of poliovirus, suggesting that
IRES-dependent translation was not exclusive to viral mRNAs
(12). Using a ¢cDNA microarray, mRNAs that associated with
polysomes in the presence of poliovirus were identified, including
c-MYC. Further studies showed diverse cellular mRNAs that con-
tain IRES elements within their 5" untranslated regions (UTRs),
further demonstrating the potential of IRES-dependent transla-
tion to regulate cellular protein expression (13).

Given the importance of the AKT signaling pathway on cellular
processes, we investigated if HPV-16, and specifically E7, manip-
ulated the AKT signaling cascade.

MATERIALS AND METHODS

Cell culture. Normal immortalized keratinocytes (NIKS) are spontane-
ously immortalized foreskin keratinocytes that are both feeder cell and
growth factor dependent for proliferation and support of the complete
HPV life cycle (14). NIKS were cocultured with mitomycin C-treated 3T3
cells in F medium as described previously (14). NIKS were retrovirally
transduced with replication-defective murine retroviruses or transfected
with the HPV-16 genome as previously described (14, 15). To investigate
AKT phosphorylation, 4 X 10° trypsinized NIKS cells were plated on
6-well plates (day 1) together with mitomycin C-treated feeder cells. Ap-
proximately 48 h later, 3T3 cells were removed by light trypsinization, and
the remaining keratinocytes were cultured in F medium for another 10 h
(day 3, morning). The subconfluent, transduced NIKS were then placed
into starvation medium (F medium without fetal bovine serum [FBS],
epidermal growth factor [EGF], or insulin) for 12 h. Transduced NIKS
were then stimulated with complete F medium for 5, 10, 15, 20, 30, or 360
min. Cells were then washed with ice-cold phosphate-buffered saline
(PBS) and then lysed in 1% SDS. Primary keratinocytes were obtained
from neonatal foreskins collected anonymously from the University of
Virginia Medical Center following a previously described protocol (16).
Primary keratinocytes were cultured in F medium with mitomycin C-
treated 3T3 cells.

5612 jviasm.org

Journal of Virology

Western blotting. SDS-lysed NIKS cell lysates were equalized for pro-
tein concentration with Bio-Rad protein assay reagents. Equal amounts of
protein-normalized samples were loaded onto SDS-acrylamide gels, elec-
trophoresed, and transferred onto polyvinylidene difluoride (PVDF)
membranes. Blots were probed with the indicated antibodies: from Cell
Signaling (antibody number in parentheses), pAKT T308 (2965), pan-
AKT (2920), ¢-MYC (2276), insulin receptor (3020), Rb 4H1 (9309),
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (3683), p70 S6K
T389 (9205), p4EBP1 S65 9451, and 4EBP1 9644; from Sigma, tubulin
(T9026); from BD Biosciences, pl6 (550834) and Bax (610982); from
Thermo Scientific, actin (ACTNO05) (MS-1295-P1) and p53 (MAIl-
19055). HPV-16 E7 was obtained from 2 sources: Santa Cruz (sc-6981)
and Invitrogen (catalog no. 28-0006). The Total S6K antibody was a gift
from Janet Cross at the University of Virginia.

Luciferase assays. Retrovirally transduced NIKS were plated as de-
scribed above and transfected with the CrPV IRES Reporter (17) on day 2.
Forty-eight hours later, subconfluent, transduced NIKS, with feeder cells
removed, were starved for 12 h and then harvested in 1X passive lysis
buffer; lysates were analyzed using the Promega dual-luciferase reporter
assay system (catalog no. E1960).

RT-PCR. Retrovirally transduced NIKS were plated as described
above, but harvested following a TRIzol RNA harvest protocol (Invitro-
gen). cDNA was then generated via first-strand cDNA synthesis using a
Moloney murine leukemia virus (M-MLV) reverse transcription (RT)
protocol. Quantitative real-time PCR (qPCR) was prepared using the pre-
viously synthesized cDNA and the SSO Advanced SYBR green Supermix
(Bio-Rad catalog no. 1725264). The primers utilized were Bax (5'-CATG
TTTTCTGACGGCAACTTC-3" and 5'-AGGGCCTTGAGCACCAGTT
T-3'), insulin receptor (5'-CTGCACAACGTGGTTTTCGT-3" and 5'-A
CGGCCACCGTCACATTC-3'), c-MYC (5'-TCAAGAGGCGAACAC
ACAAC-3" and 5'-GGCCTTTTCATTGTTTTCCA-3"), hypoxanthine
phosphoribosyltransferase (HPRT) (5'-TGACACTGGCAAAACAATGC
A-3"and 5'-GGTCCTTTTCACCAGCAAGCT-3"), AKT1 (5'-ATGAGCGA
CGTGGCTATTGTGAAT-3" and 5'-GAGGCCGTCAGCCACAGTCTGGA
TG-3"), AKT2 (5'-ATGAATGAGGTGTCTGTCATCAAAGAAGGC-3' and
5'-TGCTTGAGGCTGTTGGCGACC-3"). Relative values were analyzed us-
ing the AAC; method (where C is threshold cycle) and using HPRT as a
control.

7-Methyl-GTP binding. The ability of 4EBP-1 to bind the mRNA cap
structure was assessed through a 7-methyl-GTP binding assay as de-
scribed previously (18). Briefly, NIKS were plated as described for previ-
ous experiments and lysed in buffer D (50 mM HEPES [pH 7.4], 40 mM
NaCl, 2 mM EDTA, and 0.1% Triton X-100). Cell lysates were incubated
with 7-methyl-GTP-Sepharose Beads (a gift from Thurl Harris at the Uni-
versity of Virginia) for 1 h at 4°C. 7-Methyl beads were washed three
times, and bound proteins were analyzed via SDS-PAGE and Western
blotting.

RESULTS

HPV-16E7 attenuates the activation of AKT. AKT signaling is
typically activated in invasive squamous cell carcinomas, includ-
ing cervical cancer (19). Surprisingly, we observed that in normal
immortalized human foreskin keratinocytes (NIKS) transfected
with the episomal HPV-16 genome, phosphorylation of AKT at
T308 (pAKT) was attenuated upon stimulation with F medium
(Fig. 1A).

To elucidate if HPV-16E7 was playing a role in the attenuation
of AKT signaling, we retrovirally transduced NIKS with HPV-16
E7 (16E7) alone and found that pAKT T308 was again attenuated
(Fig. 1B), demonstrating that 16E7 alone could phenocopy the
attenuation of pAKT observed in NIKS transfected with the com-
plete HPV-16 genome. This phenotype was replicated in primary
keratinocytes maintained in F medium (Fig. 1C). The second AKT
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FIG 1 Papillomavirus E7 attenuates pAKT T308. (A) HPV-16 attenuates pAKT T308. Immortalized keratinocytes (NIKS) transfected with the HPV-16 genome
were plated in coculture with mitomycin C-treated NIH 3T3 cells; 48 h later, NIH 3T3 cells were removed, and HPV-16 NIKS were placed back in F medium.
Approximately 10 h later, HPV-16 NIKS were starved in F medium lacking FBS, insulin, and EGF for 12 h and then stimulated with complete F medium for the
indicated time, harvested in 1% SDS, protein normalized, and then analyzed via Western blotting. Samples were normalized to actin and the highest value.
Statistics were calculated from four independent experiments (¥, P < 0.05; **, P < 0.01), with Western blots from a single representative experiment shown. (B)
NIKS retrovirally transduced with 16E7 attenuate pAKT T308. NIKS transduced with vector or 16E7 were plated and harvested as described for panel A. Samples
were normalized to actin and the highest value. Statistics were calculated from three independent experiments. The vertical bar in the Western blot represents the
removal of the of a redundant time point (*, P < 0.05; **, P < 0.01). (C) E7 attenuates pAKT T308 in primary keratinocytes. Primary keratinocytes retrovirally
transduced with Vec or 16E7 were plated and harvested as described for panel A in F medium. Statistics were calculated from four independent experiments. *,
P <0.05;**, P <0.01. (D) pAKT S473 is attenuated by 16E7 in keratinocytes. Retrovirally transduced NIKS were plated and harvested as described for panel A.

The Western blot shown is representative of three independent experiments.

activation site, pAKT 5473, showed a similar attenuation trend
(Fig. 1D).

Culture conditions modulate the effect of E6 upon AKT acti-
vation. The attenuation of pAKT T308 was unexpected, since it
was previously reported that HPV-16 E6 increased pAKT T308
(18). To examine the role of E6 and the contributions that culture
conditions might play in AKT activation, NIKS cells expressing
16E6 or 16E7 alone or together were examined for AKT activation
in either F medium or keratinocyte serum-free medium (KSFM).
Our studies were performed in F medium containing serum, EGF,
insulin, feeder cells, and higher calcium levels than KSFM (20).
16E7 attenuated pAKT T308 in both KSFM and F medium (Fig.
2A to F), while 16E6 activated pAKT-T308 only in KSFM and not
in F medium or in the presence of E7 (Fig. 2A to F). In NIKS,
PAKT T308 levels remained elevated even after starvation in
KSFM medium (Fig. 2B), while in F medium, pAKT T308 levels
were attenuated after starvation (Fig. 2A). An initial increase
above the basal level of pAKT T308 was observed at 5 min in
KSFM medium (not shown in Fig. 2B); however, at 15 min the
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levels had dropped below the basal level (Fig. 2B). Thus, basal
activation and the kinetics of pAKT T308 activation and subse-
quent inactivation are different in F medium versus KSFM. Be-
cause KSFM does not allow for adherens junction formation, ke-
ratinocyte stratification (21), or papillomavirus replication, our
remaining experiments were performed in F medium.

E7 proteins from various papillomavirus genera attenuate
AKT phosphorylation. To determine if other high-risk HPV E7
proteins also attenuated pAKT-T308, we compared 16E7 with
HPV-18 E7 (18E7) and found that both repressed pAKT T308
(Fig. 3A). Examining other papillomavirus genera, 16E7, HPV-1
E7, and cotton-tailed rabbit papillomavirus all significantly re-
pressed pAKT-T308 while HPV-6 and HPV-8 E7 proteins, while
trending down, did not reach statistical significance (Fig. 3B).

Attenuation of pAKT is independent of the Rb degradation
function of E7. The CR2 region of E7 that binds to retinoblastoma
(Rb) family proteins is well conserved between HPV-16 and
HPV-1 E7, and the two demonstrate a similar binding affinity for
Rb (22). However, unlike HPV-16 E7, HPV-1 E7 does not degrade
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FIG 2 16E6 does not alter E7-mediated pAKT attenuation. (A) Retrovirally transduced keratinocytes with 16E7 or 16E6 were plated and harvested as described
for Fig. 1A. Statistics were calculated from three independent experiments. Bar represents the removal of a redundant time point. (B) Retrovirally transduced
keratinocytes with 16E7 or 16E6 were plated and harvested as described for Fig. 1A, except that cells were maintained in KSFM. Statistics were calculated from
three independent experiments. (C) Retrovirally transduced keratinocytes with 16E7 or 16E6 were plated and subsequently harvested 3 days later in 1% SDS.
Statistics were calculated from three independent experiments. (D) Retrovirally transduced keratinocytes with 16E7 or 16E6 were plated and harvested as
described for panel B. Statistics were calculated from three independent experiments. (E) Retrovirally transduced keratinocytes with 16E7 or 16E7/16E6 were
plated and harvested as described for Fig. 1A. Statistics were calculated from three independent experiments. (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). (F)
Retrovirally transduced keratinocytes with 16E7 or 16E7/16E6 were plated and harvested as described for Fig. 2B. Statistics were calculated from four indepen-

dent experiments. (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).

unphosphorylated Rb (22). Cottontail rabbit papillomavirus E7,
while cancer associated, has a lower binding affinity LxCxE motif
than does HPV-16 E7, suggesting that the Rb-binding function of
E7 might be independent of the pAKT attenuation phenotype
(22). To explore how E7 decreased the phosphorylation of AKT,
we utilized several 16E7 mutants and determined their effect on
AKT phosphorylation. 16E7 D21G converts the high-affinity 16E7
Rb-binding site to the low-affinity Rb-binding site found in the
low-risk HPV-6 E7 (23). 16E7 D21G no longer degraded Rb but
retained the ability to decrease pAKT T308 (Fig. 4A). Next, we
examined the effect of mutating surface-exposed side chains

5614 jviasm.org

Journal of Virology

within the carboxyl zinc-structured domain of 16E7. Three 16E7
mutants (K60E, D62K, and R66E) decreased pAKT T308 to the
same extent as wild-type (WT) 16E7; however, a single mutant,
H73E, restored pAKT T308 to that of vector-transduced NIKS
(Fig. 4B). The 16E7_H73E mutant retained the ability to degrade
unphosphorylated Rb, similar to WT 16E7 (Fig. 4C).

In cervical carcinomas, p16 is utilized as a marker of the pres-
ence of high-risk HPV, as studies have shown that high-risk HPV
E7 induces overexpression of pl6 in keratinocytes and depen-
dence upon p16 expression for viability of E7-expressing kerati-
nocytes (24, 25). A recent study demonstrated that this phenotype
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FIG 3 The attenuation of pAKT by E7 varies across papillomavirus genera. (A) The AKT attenuation phenotype is conserved in high-risk 18E7. NIKS retrovirally
transduced with either HPV-16 E7 or HPV-18 E7 were plated and harvested as described for Fig. 1A. Samples were normalized to actin and the highest value.
Statistics were calculated from three independent experiments (*, P < 0.05; **, P < 0.01). (B) The AKT attenuation phenotype is not exclusive to high-risk E7
types. NIKS retrovirally transduced with the E7 genes from the indicated papillomavirus types were stimulated for 6 h following 12 h of starvation and harvested
as described for Fig. 1A. Samples were normalized to actin and the highest value. Statistics were calculated from four independent experiments (¥, P < 0.05).

was independent of Rb degradation by E7 and could be mapped to
the E7 induction of KDM6A and KDM6B to induce demethyla-
tion at the pl6 promoter, resulting in increased p16 expression
(26). In order to determine if decreased pAKT T308 was associ-
ated with the induction of p16, lysates from NIKS transduced with
Vec, WT 16E7, or 16E7_H73E were examined for p16 expression;
WT E7 and 16E7_H73E equally induced p16 compared to vector-
transduced NIKS (Fig. 4D). This demonstrated that neither the
degradation of Rb nor the induction of p16 was associated with
the attenuation of pAKT T308.

Finally, to make sure that 16E7_H73E retained its phenotype
when expressed from the complete HPV-16 genome, NIKS trans-
fected with the HPV-16 genome harboring the 16E7 H73E muta-
tion reversed the pAKT phenotype of WT HPV-16 and activated
PAKT T308 to the levels of untransfected NIKS upon stimulation
with F medium (Fig. 5A). HPV-16_H73E retained Rb and p53
degradation similar to HPV-16 (Fig. 5B). The expression levels of
16E7 and 16E7_H73E from the complete genome were similar
(Fig. 5A). Taken together, these results demonstrated that the at-
tenuation of pAKT was independent of the other viral early gene
products, was independent of the Rb degradation function of E7,
was independent of p16 induction, mapped to a previously un-
characterized site in the zinc-structured domain of E7, and could
be specifically ablated by the 16E7_H73E mutation.

HPV-16 E7 alters protein translation. We next investigated
the downstream effects of the E7-mediated attenuation of pAKT
T308. AKT regulates protein translation through phosphorylation
of the downstream effector mTORCI1, which subsequently acti-
vates and inhibits p70 S6K and 4E-BP1, respectively. The activat-
ing phosphorylation site of S6K T389 and the inhibitory phos-
phorylation site of 4E-BP1 S64 were reduced in 16E7-expressing
NIKS (Fig. 6). Decreased phosphorylation of 4E-BP1 results in its
binding to and sequestrating eIF4E away from the translational
initiation complex, resulting in the inhibition of cap-dependent
translation (27). Thus, we wanted to determine if E7 altered the
ratio of IRES to cap-dependent translation. To elucidate the ratio
of IRES- to cap-dependent translation, we used a bicistronic re-
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porter containing the cricket paralysis virus (CrPV) IRES (17). In
NIKS expressing 16E7, compared to vector-transduced NIKS, the
ratio of IRES to cap-dependent reporter was significantly shifted
toward more-IRES-dependent translation (Fig. 7), suggesting that
the decrease in AKT activation, mediated by E7, shifted cellular
translation toward IRES-mediated translation.

HPV-16E7 increases protein expression of IRES containing
mRNAs. Many cellular proteins translated under the influence of
IRES elements are proteins involved in processes such as apoptosis
and mitosis, when signaling from growth factor receptors is low.
When cap-dependent translation is decreased, translation ma-
chinery is readily available for IRES-dependent translation. IRES
containing mRNAs include c-MYC and the insulin receptor (13),
both of which were increased in 16E7 NIKS compared to vector-
transduced NIKS (Fig. 8A and B). The levels of the c-MYC protein
were also increased in NIKS containing the complete HPV-16
genome in a comparison of vector-transduced NIKS with NIKS
harboring HPV-16 E7_H73E (Fig. 8E). While the protein levels
were significantly increased, there was no significant change in the
RNA levels of insulin receptor or c-MYC (Fig. 8D). 16E7_H73E,
which reversed the pAKT attenuation phenotype, did not en-
hance the expression levels of c-MYC (Fig. 8C). Taken to-
gether, these data demonstrate that the pAKT attenuation me-
diated by 16E7 enhanced the expression of this set of cellular
proteins whose mRNAs contain an IRES element. We found that
Bax, a Bcl-2 family member, was also enhanced at the translational
level in E7-expressing NIKS in a manner similar to that of insulin
receptor and c-MYC (Fig. 8A to D). Although Bax has not yet been
described as having an IRES element, our data suggest this possi-
bility.

Rapamycin treatment does not alter the enhanced expres-
sion of IRES-containing mRNAs. Rapamycin treatment inhibits
cap-dependent translation through inhibition of mTORCI, lead-
ing to the dephosphorylation of both S6K and 4EBP-1 (28, 29).
Treatment of 16E7-transduced NIKS in the presence or absence of
growth factors with rapamycin did not blunt the enhanced expres-
sion of cMYC, insulin receptor, or Bax (Fig. 9A). Of note, rapa-
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The 16E7 pAKT attenuation phenotype can be ablated by mutation of the C terminus of E7. Results show the Western blot analysis of the C-terminal domain E7
mutants retrovirally transduced into NIKS that were processed as described for Fig. 1A. Samples were normalized to actin and the highest value. Statistics were
calculated from three independent experiments (*, P < 0.05). (C) The AKT attenuation phenotype is independent of the E7-mediated degradation of Rb. Results
show the Western blot analysis of NIKS retrovirally transduced with E7 zinc-structured domain mutants that were plated and harvested as described for Fig. 1A.
Samples were normalized to actin and the highest value. Statistics were calculated from three independent experiments (*, P < 0.05). (D) The AKT attenuation
phenotype is independent of the E7-mediated induction of p16. Results show the Western blot analysis of 16E7 mutants retrovirally transduced in NIKS that were
plated and harvested as described for Fig. 3A. Samples were normalized to actin and the highest value. Shown is a Western blot that was representative of two

independent experiments.

mycin treatment of vector-transduced NIKS slightly induced the
protein expression of cMYC and insulin receptor, over the time
course of this experiment, further suggesting that inhibition of
cap-dependent translation enhances IRES-dependent translation
of these proteins.

When 4EBP-1 is bound to eIF4E, eIF4G is blocked from
interacting with the complex to initiate cap-dependent trans-
lation. 16E7 increased 4EBP-1 binding to the 7-methyl RNA
cap structure, through interaction with eIF4E (Fig. 9B), which
corresponded to our data showing decreased p4EBP-1 S65
phosphorylation in cells expressing 16E7 (Fig. 6). Taken to-
gether, these data suggest that E7 attenuated p4EBP-1 S65,
which led to increased cap association of 4EBP-1, inhibition of
cap-dependent translation, and enhanced expression of IRES-
containing mRNAs.

AKT transcription is unchanged in E7-expressing keratino-
cytes. Enhanced AKT signaling promotes keratinocyte differenti-
ation, and pharmacologic inhibition of AKT signaling reduces
keratinocyte differentiation (30, 31). Paralleling our results, an-
other group has shown a downregulation in AKT1 mRNA medi-
ated by cutaneous HPV-8 E2 (32). They hypothesized that this
decrease in AKT1 altered the normal keratinocyte differentiation
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pathway that weakened the top epidermal layer to promote viral
release. However, we did not observe a significant decrease in the
expression of AKT1 mRNAs or a significant increase in the expres-
sion of AKT2 mRNAs (Fig. 10).

DISCUSSION

Because activated PI3K has been described as characteristic of in-
vasive cervical cancers (33), we expected to observe activation of
AKT by the HPV-16 genome. To our surprise, we have shown that
HPV-16 attenuates pAKT T308 and that this phenotype can be
mapped to E7 alone (Fig. 1). Several other human and animal
papillomavirus E7s also exhibit this phenotype, including HPV-18
E7, HPV-1 E7, and cottontail rabbit papillomavirus E7 (Fig. 3).
In contrast to our results, previous studies have shown that
16E7 augments the activation of AKT, promoting an increase in
downstream signaling (34, 35). However, in our hands we observe
that high-risk and some low-risk E7s attenuate AKT signaling. We
realize that experimental differences such as culturing keratino-
cytes in medium with serum, mitomycin C-treated 37T3 cells, and
calcium (F medium) compared to serum-free and low-calcium
medium formulations (KSFM) may contribute to the variance in
observations. In the first study (34), the effects of E7 were assessed
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FIG 5 HPV-16E7_H73E reverses pAKT attenuation mediated by HPV-16. (A) NIKS cells transfected with the HPV-16 genome or HPV-16 E7_H73E genome
were plated and harvested as described for Fig. 1A. Samples were normalized to actin and the highest value. Statistics were calculated from three independent
experiments (¥, P < 0.05). (B) HPV-16 E7_H73E NIKS degrade p53 and unphosphorylated Rb to the same extent as HPV-16 NIKS. NIKS cells transfected with
the HPV-16 genome or HPV-16 E7_H73E genome were plated and harvested as described for Fig. 1A. Samples were normalized to actin and the highest value.
Statistics were calculated from five independent experiments (¥, P < 0.05; **, P < 0.01).

in HEK 293 cells transiently transfected with E7; thus, the effects of
E7 in that system must be interpreted in the context of E7 time
course, E7 expression levels, the coexpression of adenoviral onco-
proteins, and nonkeratinocyte cell lines (34). In the second study

(35), the effects of E7 alone in organotypic cultures were examined
and pAKT was assessed using phosphospecific antibodies to serine
473 (35). Although we show parallel effects on pAKT S473 versus
T308 (Fig. 1), we chose to ascertain T308 phosphorylation because
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FIG 6 HPV-16 E7 decreases phosphorylation of downstream AKT effectors. Results show the Western blot analysis of immortalized keratinocytes retrovirally
transduced with HPV-16 E7. Transduced NIKS were processed as described for Fig. 1A. Western blots are representative of 5 independent experiments. Western
blots shown are a single blot exposure with the removal of redundant time points. Statistics were calculated from three independent experiments (*, P < 0.05).
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it is the initial activating phosphorylation that enables subsequent  state. Reinforcing our interpretation is the observed decrease in
$473 phosphorylation. Since both T308 and S473 phosphoryla-  the phosphorylation of both S6K and 4E-BP1 (both targets of AKT
tions are required for full AKT activation (6), the decrease of T308  signaling) in cells expressing 16E7 (Fig. 6). Studies by another
phosphorylation in E7-expressing cells represents the activation — group showed that HPV-16 E6 augments AKT and mTORC1 sig-
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FIG 8 HPV-16 E7 enhances protein expression from cellular IRES containing mRNAs. (A) 16E7 enhances the protein expression from three IRES-containing
mRNAs. Results show the Western blot analysis of transduced NIKS plated and harvested as described for Fig. 1A. Results from a representative experiment in
a cohort of three independent experiments are shown. (B) IRES containing mRNAs have significantly enhanced protein levels in 16E7 NIKS cells. Values were
normalized to vector-transduced cells. Results shown represent the quantitation of three independent experiments (*, P < 0.05). (C) A single point mutation in
E7 reverses the enhanced expression of IRES-containing proteins. Results show the Western blot analysis of retrovirally transduced NIKS that were plated and
harvested as described for Fig. 1A. Results show a representative experiment at 30 min from a set of three independent experiments. (D) Relative RNA levels of
IRES-containing proteins remain unchanged in 16E7 NIKS. Transduced NIKS were plated as described for Fig. 1A, and RNA was harvested according to a TRIzol
protocol. Values were normalized to vector-transduced cells. Statistics were calculated from three independent experiments each performed in duplicate and
showed no significant differences between samples. (E) HPV-16 E7_H73E reverses the enhancement of the c-MYC protein observed in HPV-16-transfected
keratinocytes. NIKS containing the complete HPV-16 genome or the HPV-16 E7_H73E genome were processed as described for Fig. 1A. Shown is a represen-
tative figure from two independent experiments.
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naling to promote cap-dependent translation (18, 36). As noted in
Results, the ability of 16E6 to augment pAKT is manifested in
low-calcium medium (KSFM), a medium formula that alters cell
adhesion and ablates adherens junctions and stratification. In our
system, the pAKT attenuation phenotype from E7 persists even in
the presence of E6 (Fig. 2E and F) and in keratinocytes expressing
the full HPV-16 genome (Fig. 1A). This suggests that any role that
E6 may be playing in augmenting mTORCI signaling and cap-
dependent translation can be overcome by the presence of E7 in
our system.

Our mutational analysis revealed a single point mutant,
H73E, that reversed the pAKT attenuation phenotype indepen-
dently of the Rb degradation function of E7 (Fig. 4). In other
studies, 16E7 H73E has been shown to dimerize in vivo and
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FIG 10 AKT RNA levels are unchanged in E7 keratinocytes. Retrovirally
transduced keratinocytes with 16E7 were plated and harvested as described for
Fig. 1A, except that total RNA was harvested following a TRIzol protocol.
Statistics were calculated from three independent experiments and showed no
significant difference between the samples.
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transform baby rat kidney cells in cooperation with activated
Ras to the same extent as WT E7; however, no biologic function
has been associated with this residue until our findings (37, 38).
H73E is conserved only with HPV-1 E7, while HPV-18 and
cottontail rabbit papillomavirus E7, which also suppress
PAKT, have alternate amino acids at this position. This sug-
gests that H73E could be one among several amino acids that
contribute to the phenotype. Further studies are required to
fully delineate the surfaces of E7 involved in the AKT attenua-
tion phenotype.

While there are many cellular functions regulated by AKT
signaling, our initial focus was on translational regulation. We
showed that two indirect downstream targets of AKT, S6K and
4E-BP1, had reduced phosphorylation at their activation and
inhibitory sites, respectively (Fig. 6). 16E7 alters the translation
of a specific subset of proteins, including c-MYC and insulin
receptor (Fig. 8), which were identified as containing 5’ IRES
elements (13). Other groups have shown that in cells with in-
creased phosphatase and tensin homolog (PTEN) activity, AKT
phosphorylation is reduced and c-MYC translation under the
influence of its IRES elements is increased (39), which is con-
sistent with our results. We hypothesize that induction of c-
MYC could alter the expression of a c-MYC target gene set,
which could influence metabolism, cell survival, protein trans-
lation, or proliferation (7). If metabolism genes are in fact up-
regulated by the enhanced protein expression of c-MYC, this
could contribute to the induction of the Warburg effect medi-
ated by E7 (40). The enhanced expression of Bax could also
contribute to the known phenotype of E7 sensitization of ke-
ratinocytes to apoptosis (41). Like c-MYC, the vascular endo-
thelial growth factor (VEGF) also contains a 5" IRES element in
its mRNA. 16E7-transduced keratinocytes secrete more VEGF
than vector-transduced keratinocytes (42), and our work sug-
gests a potential mechanism for increased protein translation
of VEGF in 16E7 keratinocytes. Increased AKT activity has also
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been shown to decrease IRES-dependent translation of VEGF
(43), which corresponds to our model of attenuated AKT sig-
naling augmenting IRES-dependent translation. Taken to-
gether, these studies suggest that VEGF could also be an IRES-
influenced protein augmented by the E7-mediated AKT
attenuation phenotype that we have described.

Beyond papillomaviruses, there is precedence for viral onco-
genes manipulating AKT activation. In polyomavirus, small t
(PyST) has recently been shown to block differentiation by bind-
ing to and recruiting the activity of PP2A to AKT (44). In contrast,
simian virus 40 (SV40) small and large T antigens together immor-
talize keratinocytes, promote anchorage-independent growth, and
activate AKT; the SV40 large T antigen has been implicated as well
in the activation of AKT (45). These disparate effects upon AKT
signaling must be interpreted in light of the variable and com-
bined effects of these viral oncoproteins. Although HPV-16 E7 has
been reported to interact with PP2A leading to the activation of
AKT (34), these results have been controversial, with a recent
study finding no association of 16E7 with PP2A and no findings of
PP2A components as E7-associated proteins (46—48). Finally, the
manipulation of AKT by HPV-8 E2 has been reported (32); in that
study, E2 repressed the mRNA abundance of AKT. Although this
is an interesting parallel observation, we did not observe signifi-
cant changes in AKT1 or AKT2 RNA levels in E7-expressing cells
(Fig. 10).

As noted above, PI3K is activated in most cervical cancers
(49). However, our data present a paradox, in that the en-
hanced AKT activation that is observed in invasive cancers
would be predicted to drive keratinocyte differentiation. We
can thus speculate that during the progression of HPV-16-
infected keratinocytes from low-grade to high-grade lesions,
changes in the effect of AKT upon cellular differentiation
might precede any enhancement of AKT activation, changing
AKT from a driver of keratinocyte differentiation to a driver of
cancer cell phenotypes. More experiments are required to fully
develop this hypothesis.

We have shown that HPV-16 attenuates pAKT T308 and that
this can be mapped to 16E7. We have also shown that both high-
and low-risk E7 types attenuate pAKT and that this phenotype is
independent of the Rb degradation function of E7. The AKT at-
tenuation phenotype can be ablated by a single point mutation
within the carboxy terminus of E7 and is not dependent upon the
E7-mediated induction of demethylases to induce epigenetic re-
programming. The phosphorylation of two downstream proteins
of AKT (S6K and 4E-BP1) is attenuated, leading to a shift in pro-
tein translation toward IRES-dependent translation. The shift en-
hances the protein translation of several cellular proteins without
altering their transcription, including c-MYC, insulin receptor,
and Bax. The AKT attenuation is a novel phenotype of E7 and
demonstrates a role for E7 in the manipulation of signal transduc-
tion cascades, thereby altering the regulation of cellular transla-
tion.
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