JOURNAL OF VIROLOGY, Sept. 2010, p. 9398–9407
0022-538X/10/$12.00 doi:10.1128/JVI.00974-10
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Vol. 84, No. 18

The Human Papillomavirus Type 16 E6 Oncoprotein Activates
mTORC1 Signaling and Increases Protein Synthesis䌤†
Jennifer M. Spangle and Karl Münger*
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erences 25 and 42). High-risk HPV E6 proteins cause proteasomal degradation of p53 through association with the cellular
ubiquitin ligase E6AP (57). In addition to p53, other high-risk
HPV E6-associated cellular proteins, including PDZ proteins,
such as hDlg, hScribble, MUPP1, and MAGI 1 that bind to E6
through a carboxyl-terminal PDZ binding domain, may also be
degraded by the E6/E6AP complex (19, 21, 29, 32, 33, 47, 61).
High-risk HPV E6 proteins also transcriptionally activate
hTERT, the catalytic protein subunit of human telomerase
(30).
HPVs initially infect basal epithelial cells, where the viral
episome is maintained extrachromosomally at a low copy number. High-level viral genome replication and production of
progeny virus, however, is confined to the outer, terminally
differentiated layers of the infected squamous epithelium,
where metabolic activity of the host cells and nutrient availability are presumably more limited. Moreover, HPV16 E7
expression may induce metabolic stress by inducing the “Warburg effect,” a switch from an oxidative phosphorylation-based
mode to a glycolytic mode of glucose metabolism (67). Consistent with this notion, we reported that HPV16 E7 expression
in human keratinocytes triggers an autophagy-like process
(65), which may serve to generate metabolites that can be used
for energy-consuming processes, including viral replication.
The mammalian target of the rapamycin complex 1 (mTORC1)
signaling cascade serves as a metabolic sensor, integrating a
diverse array of signals, including nutrient and growth factor
availability. mTORC1 signaling regulates a variety of cellular
processes, including cell growth, viability, and proliferation, at

Human papillomaviruses (HPVs) are small DNA viruses
with a pronounced tropism for epithelial cells. Of the greater
than 200 HPV types that have been identified, a subgroup
specifically infects mucosal epithelia. These mucosal HPVs are
classified as “low-risk” and “high-risk,” depending on the propensity for malignant progression of the lesions that they
cause. Low-risk HPVs, such as HPV type 6 (HPV6) and
HPV11, cause genital warts, whereas high-risk HPVs, such as
HPV16 and HPV18, cause squamous intraepithelial lesions,
which can undergo malignant progression. High-risk HPVs are
associated with greater than 99% of cervical carcinomas and
are also associated with other anogenital tumors and approximately 25% of oral cancers (reviewed in references 43 and
58). During carcinogenic progression the HPV genome frequently integrates into a host cell chromosome, resulting in
persistent and dysregulated expression of the HPV E6 and E7
proteins. High-risk HPV E6 and E7 proteins have oncogenic
activities and are necessary for the induction and maintenance
of the transformed phenotype of cervical cancer cells (reviewed in reference 43). The best described cellular targets of
the HPV E6 and E7 oncoproteins are the tumor suppressors
p53 and retinoblastoma (pRB), respectively (reviewed in ref-
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The mammalian target of rapamycin (mTOR) kinase acts as a cellular rheostat that integrates signals from
a variety of cellular signal transduction pathways that sense growth factor and nutrient availability as well as
intracellular energy status. It was previously reported that the human papillomavirus type 16 (HPV16) E6
oncoprotein may activate the S6 protein kinase (S6K) through binding and E6AP-mediated degradation of the
mTOR inhibitor tuberous sclerosis complex 2 (TSC2) (Z. Lu, X. Hu, Y. Li, L. Zheng, Y. Zhou, H. Jiang, T. Ning,
Z. Basang, C. Zhang, and Y. Ke, J. Biol. Chem. 279:35664–35670, 2004; L. Zheng, H. Ding, Z. Lu, Y. Li, Y. Pan,
T. Ning, and Y. Ke, Genes Cells 13:285–294, 2008). Our results confirmed that HPV16 E6 expression causes
an increase in mTORC1 activity through enhanced phosphorylation of mTOR and activation of downstream
signaling pathways S6K and eukaryotic initiation factor binding protein 1 (4E-BP1). However, we did not
detect a decrease in TSC2 levels in HPV16 E6-expressing cells. We discovered, however, that HPV16 E6
expression causes AKT activation through the upstream kinases PDK1 and mTORC2 under conditions of
nutrient deprivation. We show that HPV16 E6 expression causes an increase in protein synthesis by enhancing
translation initiation complex assembly at the 5ⴕ mRNA cap and an increase in cap-dependent translation. The
increase in cap-dependent translation likely results from HPV16 E6-induced AKT/mTORC1 activation, as the
assembly of the translation initiation complex and cap-dependent translation are rapamycin sensitive. Lastly,
coexpression of the HPV16 E6 and E7 oncoproteins does not affect HPV16 E6-induced activation of mTORC1
and cap-dependent translation. HPV16 E6-mediated activation of mTORC1 signaling and cap-dependent
translation may be a mechanism to promote viral replication under conditions of limited nutrient supply in
differentiated, HPV oncoprotein-expressing proliferating cells.
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MATERIALS AND METHODS
Plasmids. Plasmids used in this study include the retroviral vectors pLXSN
(control), pLXSN HPV16 E6, pLXSN HPV16 E7, and pLXSN HPV16 E6/E7
(22); a set of human ␤-actin-promoter-driven expression vectors, p1318 (control), p1435 (HPV16 E7), p1436 (HPV16 E6), p1321 (HPV16 E6/E7), and p1319
(HPV16 early coding region) (46); a pCMV Bam Neo-based vector (2), pCMV
HPV16 NE6 (with Flag-hemagglutinin [HA] epitope tags fused to the amino
terminus of HPV16 E6); and the pCMV Bam Neo N control plasmid (2, 46). The
pFR_CrPV_xb bicistronic firefly/Renilla luciferase reporter plasmid (50) was
used for translation reporter assays and was obtained from Phil Sharp through
Addgene (plasmid 11509).
Cell lines and culture. 293, 293T, and U2OS cells (ATCC) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Invitrogen) supplemented with
10% fetal bovine serum (FBS), 50 U/ml penicillin, and 50 g/ml streptomycin.
RKO pC (pCMV control cells) and RKO 10.2 (HPV16 E6-expressing) cells (28)

were generously provided by Kathleen Cho (University of Michigan, Ann Arbor,
MI) and maintained in modified McCoy’s medium (Invitrogen) supplemented
with 10% newborn calf serum (NCS), 50 U/ml penicillin, 50 g/ml streptomycin,
and 500 g/ml G418.
Primary human foreskin keratinocytes (HFKs) were isolated from anonymous
newborn circumcisions as previously described (41) and maintained in keratinocyte serum-free medium (KSFM) supplemented with human recombinant epidermal growth factor 1-53, bovine pituitary extract (Invitrogen), 50 U/ml penicillin, 50 g/ml streptomycin, 20 g/ml gentamicin, and 1 g/ml amphotericin B.
HPV oncogene-expressing HFK populations were generated by infection with
the corresponding LXSN-based retroviral vectors and selected and maintained
as previously described (52). All experiments were performed with HFKs passaged less than 10 times. For growth factor withdrawal experiments, HFKs were
seeded onto poly-D-lysine-coated plates (BD). For nutrient deprivation assays,
90% confluent HFKs were washed twice with phosphate-buffered saline (PBS),
followed by incubation in PBS for 15 to 30 min prior to lysis.
Western blotting and antibodies. Cell lysates were prepared by incubating the
cells in ML buffer (300 mM NaCl, 0.5% Nonidet P-40 [NP-40], 20 mM Tris-HCl
[pH 8.0], 1 mM EDTA supplemented with one complete EDTA-free protease
inhibitor cocktail tablet [Roche] per 25 ml lysis buffer, and one PhosSTOP
phosphatase inhibitor cocktail tablet [Roche] per 5 ml lysis buffer) (41). Cells
were then scraped and lysates cleared by centrifugation at 16,110 ⫻ g for 10 min
at 4°C. Protein concentrations were determined using the Bradford method
(Bio-Rad). Proteins were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Immobilon-P; Millipore). The membranes
were blocked in 5% nonfat dry milk in TBST (137 mM NaCl, 2.7 mM KCl, 25
mM Tris [pH 7.4], 0.1% Tween 20) and probed with the appropriate antibody.
The following primary antibodies were used at a 1:1,000 dilution unless otherwise
specified: ␤-actin (1501; Chemicon), p53 (Ab-6; Calbiochem), SGK1 (ab43606;
Abcam), Firefly luciferase (ab498; Abcam), Renilla luciferase (PM047; MBL),
SGK1 S422 (1:500 dilution; sc-16745-R; Santa Cruz), Flag (3165; Sigma), mTOR
(2972), mTOR S2448 (2971), S6K (9202), S6K T389 (9206), S6 (2317), S6
S235/36 (4858), S6 240/44 (4838), TSC2 (3635), 4E-BP1 (9644), 4E-BP1 T37/46
(2855), 4E-BP1 S65 (9451), 4E-BP1 T70 (9455), Akt (9272), Akt S473 (4060),
Akt T308 (9275), eIF4G (2498), and SGK1 T256 (2939), all from Cell Signaling
Technology. Secondary anti-mouse and anti-rabbit antibodies conjugated to
horseradish peroxidase (Amersham) were used at dilutions of 1:10,000 and
1:15,000, respectively. Proteins were visualized by enhanced chemiluminescence
(PerkinElmer) and exposed on Kodak BioMax XAR film or electronically acquired and quantified with a Kodak Image Station 4000R equipped with Kodak
Imaging Software, version 4.0.
7-Methyl-GTP binding assays. Proteins that interact with a synthetic 7-methylGTP RNA cap structure were purified as previously described (31). In brief,
250-g aliquots of cell lysates were precleared with 25 l Sepharose prewashed
in buffer D (50 mM HEPES, pH 7.4, 40 mM NaCl, 2 mM EDTA, 0.1% Triton
X-100) for 1 h and combined with 30 l of a 50% slurry of 7-methyl-GTP–
Sepharose (GE Healthcare, United Kingdom) prewashed in buffer D and incubated for 1 h at 4°C. After washing the resin three times with buffer D, samples
were analyzed by SDS-PAGE and immunoblotting.
Transfections and luciferase assays. U2OS cells were transfected in six-well
plates in triplicate for luciferase reporter assays using FuGene6 reagent (Roche).
One microgram of pFR_CrPV_xb was cotransfected with 2 g p1318, p1435,
p1436, p1319, or p1321. HFKs were transfected in six-well plates in triplicate
(seeded at 300,000 cells/well) using FuGene6 reagent (Roche) with 0.5 g
pFR_CrPV_xb and 1.5 g of the previously described plasmids. Both U2OS cells
and HFKs were lysed 48 h posttransfection in 450 l passive lysis buffer (dual
luciferase reporter kit; Promega) per well. The supernatants were subjected to
the dual luciferase reporter assay. The fold change in activity was determined by
calculating the ratio of firefly luciferase activity to Renilla luciferase activity
compared to control vector-transfected cells. At least three independent experiments were performed.
Real-time qRT-PCR. Total RNA was extracted from U2OS cells cotransfected
as described above with pFR_CrPV_xb and either p1318 or p1436 using the total
RNA isolation mini kit (Agilent). Quantitative reverse transcription-PCR (qRTPCR) was performed using a 7300 real-time PCR system (Applied Biosystems)
and SYBR green fluorescence. Primers for firefly luciferase and Renilla luciferase were as follows: firefly luciferase Fwd, 5⬘-CCTCTGGATCTACTGGGTTA
CCTAAG-3⬘; firefly luciferase Rev, 5⬘-TCTGGCATGCGAGAATCTGA-3⬘;
Renilla luciferase Fwd, 5⬘-GAATTTGCAGCATATCTTGAACCAT-3⬘; Renilla
luciferase Rev, 5⬘-GGATTTCACGAGGCCATGATAA-3⬘. For cDNA synthesis
and quantitative PCR, the QuantiTect SYBR green RT-PCR kit (Qiagen) was
used. Cycling parameters were as previously described (41). Dissociation curve
analysis (95°C for 15 s, 60°C for 15 s, and 95°C for 15 s) was performed at the end
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least in part through the activation of protein translation (reviewed in reference 38). mTORC1 kinase activity is negatively
regulated through TSC1/TSC2-mediated inhibition of the Ras
homologue and the mTOR activator Rheb (63). TSC2 itself
is regulated through phosphorylation at multiple sites by a
diverse set of kinases, including AKT (reviewed in reference
38). TSC2 phosphorylation by AKT inhibits TSC2, releasing
mTOR from repression for subsequent activation of downstream signaling cascades that regulate protein translation—
the ribosomal S6 protein kinase (S6K) and the eukaryotic
initiation factor binding protein 1 (4E-BP1) pathways (reviewed in references 38 and 39).
Previous studies have suggested that HPV16 E6 may activate
mTORC1 signaling (37). A yeast two-hybrid screen with E6 as
the bait identified peptides corresponding to TSC2 and the
E6-associated GTPase activating protein (GAP) E6TP1 (12,
17). Subsequent studies suggested that HPV16 E6 may bind
and degrade TSC2 through an E6AP-dependent mechanism,
thereby activating mTORC1 (64). These latter studies, however, were performed by transient transfection, and it remained unclear in cells with stable expression of E6 whether
TSC2 levels are decreased, whether increased mTORC1
activity can be detected, whether this is relevant in the
context of a nutrient-deprived state, and if the increase in
mTORC1 signaling in E6-expressing cells results in a corresponding increase in cap-dependent translation.
Here we report that HPV16 E6 expression does not cause
a reduction in the steady-state levels of TSC2, but instead
HPV16 E6 activates mTORC1 as a result of increased AKT
activity through the PDK1 and mTORC2 pathways. Moreover,
mTORC1 activity is sustained in HPV16 E6-expressing primary human foreskin keratinocyte (HFK) populations under
conditions of nutrient deprivation. Furthermore, HPV16 E6
expression causes activation of the S6K and 4E-BP1 translation regulatory pathways, causes enhanced binding of translation initiation factors to a synthetic cap structure, and increases
cap-dependent translation as measured by luciferase reporter
assays. The HPV16 E6-mediated increases in binding of translation initiation factors to the cap and cap-dependent translation are rapamycin sensitive, suggesting a connection between
the HPV16 E6-mediated increase in mTORC1 activation and
enhanced cap-dependent translation. Lastly, coexpression of
the HPV E7 oncoprotein does not affect these processes, suggesting that the ability of E6 to activate mTORC1 signaling
and cap-dependent translation may be relevant in the context
of an HPV infection.

9399

9400

SPANGLE AND MÜNGER
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of 40 cycles to verify PCR product identity. qRT-PCR was performed for each
sample in triplicate, and data were analyzed using the threshold cycle (2⫺⌬⌬CT)
method (35).

RESULTS
mTORC1 signaling is increased in HPV16 E6-expressing
cells. The tuberous sclerosis tumor suppressor 2 (TSC2), sometimes also referred to as tuberin, is a negative regulator of
mTORC1 activity (Fig. 1A). Previous studies suggested that
the HPV16 E6 oncoprotein may be able to associate with TSC2
(12, 37). Moreover, transient expression studies in HEK 293
cells suggested that HPV16 E6 not only binds to but can also
enhance E6AP-mediated TSC2 degradation, thereby activating mTORC1 signaling (64). Based on these findings, we evaluated mTORC1 signaling in RKO human colon cancer cells
with stable expression of HPV16 E6 (RKO E6) (28) as well as
control RKO cells. RKO cells have intact p53 and pRB tumor
suppressor pathways, and previous work has shown that p53
activities are lost upon E6 expression (23, 28). Consistent with
the published results (37), RKO E6 cells showed evidence of
increased mTORC1 activity as evaluated by phosphorylation
of the mTOR kinase at serine residue 2448 (S2448) (Fig. 1B).
TSC2 steady-state levels, however, were not decreased in RKO
E6 cells compared to those in control cells (Fig. 1C). In

contrast, p53 tumor suppressor levels were dramatically decreased in RKO E6 cells, indicating that there are no defects
in E6/E6AP-induced proteasomal degradation in these cells
(Fig. 1B).
To determine whether the observed increased mTOR S2448
phosphorylation causes increased mTORC1 activity, we evaluated the phosphorylation status of downstream mTORC1
phosphorylation targets in RKO E6 and control RKO cells.
The eukaryotic translation initiation factor 4E binding protein
1 (4E-BP1) regulates formation of the mRNA cap structure.
Hypophosphorylated 4E-BP1 inhibits functional interaction
of eukaryotic translation initiation factor 4E (eIF4E) with
the 5⬘ mRNA cap structure (reviewed in reference 26).
Upon mTORC1 activation, 4E-BP1 is sequentially phosphorylated by mTOR at at least four residues. 4E-BP1 phosphorylation at threonine 37 (T37) and T46 serve as priming
phosphorylation events that are required for subsequent
phosphorylation and activation at T70 and S65. Hyperphosphorylated 4E-BP1 is released from the cap, allowing for recruitment of eIF4E and other translation initiation factors to
the 5⬘ mRNA cap (20). Consistent with increased mTORC1
activity in RKO E6 cells, phosphorylation of 4E-BP1 at T37/46,
S65, and T70 was strikingly increased in these cells (Fig. 1D).
The S6 kinase (S6K) is another well-established mTORC1
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FIG. 1. HPV16 E6 expression activates mTOR1, 4E-BP1, S6K, and S6 phosphorylation through a TSC2-independent mechanism. (A) Schematic diagram of mTORC1 signaling. See text for details. (B to E) Western blot analysis of mTOR phosphorylation (B), TSC2 expression (with
quantifications shown below) (C), 4E-BP1 phosphorylation (D), and S6K and S6 phosphorylation (E) in HPV16 E6-expressing and control RKO
cells. A p53 blot is shown in panel B to document HPV16 E6 expression, and actin blots are shown as loading controls. Also shown are results from
Western blot analysis of 4E-BP1 (F) and TSC2 expression and S6K and S6 phosphorylation (G) (with quantifications shown below) in HPV16
E6-expressing and control (LX) primary human foreskin keratinocyte cultures (HFKs). A p53 blot is shown in panel F to document HPV16 E6
expression, and actin blots are shown as loading controls.
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FIG. 2. HPV16 E6 expression causes increased S6K, S6, and 4EBP1 phosphorylation through mTORC1 activation. Western blot analysis of mTORC1 downstream signaling components in RKO control
and HPV16 E6-expressing RKO cells, treated with dimethyl sulfoxide
(DMSO) or 100 nM rapamycin (Rap) for 1 h prior to lysis. Relative
levels of unphosphorylated and phosphorylated species of S6 and 4EBP1 are indicated. Actin blots are shown as loading controls.

ylation of the PDK1 substrate serum- and glucocorticoid-inducible kinase 1 (SGK1). Consistent with increased PDK1
activity, SGK1 T256 phosphorylation was increased in RKO
E6 compared to that in RKO control cells (Fig. 3B).
Given that RKO cells are a colon cancer-derived line that
may harbor mutations that may cause aberrant AKT phosphorylation, we next evaluated AKT T308 and S473 phosphorylation in HPV16 E6-expressing primary HFK and control
HFK populations. When grown in growth factor containing
keratinocyte serum-free medium, AKT was phosphorylated at
T308 and S473 in HPV16 E6-expressing HFKs as well as control HFKs (data not shown). To assess AKT phosphorylation
in these cells under conditions of nutrient deprivation, we
incubated HPV16 E6-expressing and control HFKs in phosphate-buffered saline (PBS) for 15 or 30 min. Under these
conditions, we detected increased AKT S473 and T308 phosphorylation in HFK E6 compared to that in control HFKs (Fig.
3C). Similar results were obtained when these cells were
treated with Earle’s balanced salt solution containing 1 mg/ml
glucose (data not shown). These results suggest that AKT S473
and T308 phosphorylation is maintained in HPV16 E6-expressing HFKs under conditions of limited growth factor availability.
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substrate. Once phosphorylated at T389 by mTORC1, S6K
activates and phosphorylates the ribosomal subunit 6 (S6), an
important factor in ribosome biogenesis and a component of
the 40S ribosome, at serines 235, 236, 240, and 244 (14). Phosphorylated S6 is incorporated into the 40S ribosome at the
mRNA binding site and has been correlated with an increase in
protein synthesis (reviewed in reference 27). Phosphorylation
of S6K at T389 and its substrate S6 at S235/236 and S240/244
was markedly increased in RKO E6 cells compared to that in
control RKO cells (Fig. 1E). These results further support the
notion that HPV16 E6 expression in RKO cells causes increased mTORC1 signaling.
To ensure that the observed activation of mTORC1 by
HPV16 E6 is not specific to the RKO cell line, we performed
similar experiments in HPV16 E6-expressing primary HFK
populations. Compared to control vector-transfected HFKs,
HFK E6 cells showed increased phosphorylation of 4E-BP1
(Fig. 1F) as well as S6K and its substrate S6, while TSC2
steady-state levels were unchanged (Fig. 1G). Similar results
were obtained with a second independently derived set of HFK
E6 and HFK control populations (data not shown). Of note, in
some experiments we also found evidence for increased S6K
and S6 steady-state levels in HKF E6 populations (Fig. 1G),
which in combination with mTORC1 activation, as evidenced
by increased 4E-BP1 phosphorylation (Fig. 1F), may contribute to the increased detection of S6 phosphorylation at S235/36
and S240/44.
In order to confirm that the observed effects on 4E-BP1,
S6K, and S6 phosphorylation are a result of mTORC1 activation, we treated RKO E6 and RKO control cells with 100 nM
of the mTORC1 inhibitor rapamycin for 1 h. Phosphorylation
of S6K, S6, and 4E-BP1 was decreased in RKO E6 cells, but to
a lesser extent in RKO cells. These results are consistent with
our model that HPV16 E6 expression in RKO cells causes
mTORC1 activation (Fig. 2).
In combination, these results show that HPV16 E6 expression causes increases mTORC1 activity through a mechanism
that does not appear to involve TSC2 degradation.
HPV16 E6-mediated mTORC1 activation is mediated by
PDK1 and mTORC2 activation. Since we found no evidence
for decreases in TSC2 steady-state levels in HPV16 E6-expressing cells (Fig. 1C and G and Fig. 3D) and we did not
detect an association of HPV16 E6 with TSC2 by immunoprecipitation experiments (data not shown), we evaluated alternative signaling events upstream of mTORC1 activation.
Members of the AKT serine/threonine kinase family are
important activators of mTORC1 signaling (reviewed in reference 49). 3-Phosphoinositide-dependent kinase 1 (PDK1) is
downstream of phosphoinositide 3-kinase (PI3K) and activates
AKT by T308 phosphorylation, which in turn causes mTORC1
activation (1), and the mTORC2 kinase complex activates
AKT by S473 phosphorylation (Fig. 3A) (56). Hence, we assessed AKT T308 and S422 phosphorylation in RKO E6 and
RKO control cells. RKO E6 cells showed increased AKT T308
phosphorylation compared to control RKO cells. In contrast,
RKO E6 and RKO control cells each showed high levels of
AKT S473 phosphorylation, which may explain why there is
only a modest increase in mTOR S2448 phosphorylation in
RKO E6 cells (Fig. 1B). To confirm that PDK1 activity is
increased in RKO E6 cells, we also evaluated T256 phosphor-
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To assess whether sustained AKT S473 and T308 phosphorylation in HPV16 E6-expressing HFKs is a result of sustained
PDK1 and mTORC2 activity, respectively, we evaluated SGK1
phosphorylation. PDK1 phosphorylates SGK1 at T256 (3),
whereas mTORC2 phosphorylates SGK1 at S422 (18). Consistent with our model, SGK1 S256 and S422 phosphorylation
was sustained in HFK E6 cells under conditions of nutrient
deprivation (Fig. 3C). Moreover, S6K T389 phosphorylation
was detected in HFK E6 cells but not in HFK control cells
under conditions of nutrient deprivation. Of note, TSC2 levels
were not decreased in HFK E6 cells undergoing growth factor
restriction as a result of PBS treatment (Fig. 3D).
These results suggest that HPV16 E6 expression activates
mTORC1 at least in part through PDK1- and mTORC2-mediated AKT phosphorylation and that this activation is sustained during conditions of nutrient deprivation.
HPV16 E6 expression increases the assembly of the translation initiation complex at the mRNA cap. 4E-BP1 phosphorylation by mTORC1 allows association of translation initiation
factors to the 5⬘ mRNA cap structure, thereby activating capdependent translation (reviewed in reference 26). To evaluate
whether HPV16 E6 expression enhances the assembly of the
translation initiation complex at the mRNA cap, we performed
in vitro cap-binding assays. Lysates from RKO E6 and RKO
control cells were incubated with 7-methyl-GTP–Sepharose,
and association of initiation factor eIF4G was evaluated by
Western blotting. As expected, we detected increased eIF4G
binding to the synthetic cap structure with lysates from RKO
E6 cells compared to those from RKO control cells (Fig. 4). To
determine whether the increase in eIF4G binding observed
with RKO E6 cell lysates is caused by increased mTORC1
activity, we also performed experiments with cell lysates prepared from RKO E6 and RKO control cells that were treated
with the mTORC1 inhibitor rapamycin for 1 h prior to har-

vesting. Inhibition of mTORC1 abrogated eIF4G binding to
the cap structure in RKO E6 cells (Fig. 4).
These results show that binding of translation initiation factors to the 5⬘ mRNA cap is increased in HPV16 E6-expressing
cells and that this most likely represents a consequence of
mTORC1 activation.
HPV16 E6 expression causes increased translation of capped
mRNA. Given the observed increased binding of eIF4G to a
synthetic cap in vitro with RKO E6 cells, we next determined if
HPV16 E6 expression might increase cap-dependent translation. The U2OS human osteosarcoma line was used for the
initial experiments because it contains wild-type p53 and is
highly transfectable. We performed dual luciferase reporter
assays utilizing a bicistronic reporter vector, pFR_CrPV_xb

FIG. 4. Increased binding of the translation initiation factor eIF4G
to a synthetic 7-methyl-GTP (7MeGTP) mRNA cap structure in
HPV16 E6-expressing RKO cell lysates, which is sensitive to rapamycin treatment. Control and HPV16 E6-expressing RKO cells were
treated with dimethyl sulfoxide (DMSO) or 100 nM rapamycin (Rap)
for 1 h prior to lysis. Cap binding assays were performed as described
in Materials and Methods. Levels of eIF4G in a 50-g sample, representing 25% of the cap-binding reaction, together with an actin blot,
are shown in the top panel (Input). Blot results for cap-bound eIF4G
are shown in the bottom panel.
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FIG. 3. HPV16 E6 expression causes AKT activation. (A) Schematic diagram of AKT phosphorylation through PDK1 and mTORC2 pathways.
(B) Western blot analysis of AKT phosphorylation in control and HPV16 E6-expressing RKO cells. SGK1 is phosphorylated by PDK1 at T256 and
is included as a control for PDK1 activation in HPV16 E6-expressing RKO cells. Actin blots are shown as loading controls. (C) Sustained AKT
activation in control (LX) and HPV16 E6-expressing HFK populations under conditions of nutrient deprivation. SGK1 is phosphorylated by PDK1
at T256 and by mTORC2 at S422 and is included as a control for PDK1 and mTORC2 activation in HPV16 E6-expressing HFKs. Actin blots are
shown as loading controls. (D) Sustained S6K activation in control (LX) and HPV16 E6-expressing HFK populations under conditions of nutrient
deprivation. A TSC2 blot with quantification is shown to document similar expression in the two cell populations after nutrient deprivation; an actin
blot is shown as a loading control.
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(50), which drives expression of the firefly and Renilla luciferase genes from a minimal thymidine kinase promoter.
Firefly luciferase is translated by a cap-dependent mechanism, whereas translation of Renilla luciferase is through a
cap-independent mechanism from a cricket paralysis virus
(CrPV) internal ribosomal entry site (IRES) (Fig. 5A, top).
Coexpression of HPV16 E6 caused a 3.56-fold ⫾ 0.68-fold
increase in firefly luciferase activity compared to control vector
cotransfection. In contrast, Renilla luciferase activity was
increased only 1.22-fold ⫾ 0.24-fold compared to vector cotransfection. When normalized to Renilla luciferase activity,
HPV16 E6 cotransfection caused a statistically significant 2.92fold ⫾ 0.33-fold (P ⬍ 0.0001) increase in firefly luciferase
activity (Fig. 5A, bottom) compared to vector-transfected cells.
To confirm that the HPV16 E6-mediated increase in cap-dependent translation is not a result of transcriptional regulation
or aberrant splicing of the bicistronic mRNA, we performed
quantitative real-time reverse transcription-PCR for firefly and
Renilla luciferases. These experiments showed that the mRNA
levels of firefly and Renilla luciferase were unchanged (data
not shown). Moreover, we also directly evaluated steady-state

levels of firefly and Renilla luciferase proteins by Western
blotting in U2OS cells that were transiently cotransfected with
the reporter plasmid and HPV16 E6 or the control vector.
Consistent with the enzyme activity results, expression of
HPV16 E6 caused an increase in steady-state levels of firefly
but not Renilla luciferase levels (Fig. 5B). We also performed
cap-binding experiments, and similar to what we observed in
RKO cells with stable expression of HPV16 E6 (Fig. 4), transient expression of HPV16 E6 in U2OS cells caused increased
association of eIF4G with a synthetic mRNA cap structure
(Fig. 5C). To confirm that mTORC1 signaling is necessary for
the HPV16 E6-mediated increase in cap-dependent translation, dual luciferase reporter assays were performed with cells
that were treated with 100 nM rapamycin for 18 h prior to
harvesting. Results from these experiments show that capdependent translation is reduced in rapamycin-treated
HPV16 E6 cells as well as in control vector-transfected
U2OS cells (Fig. 5D). To further confirm that HPV16 E6
expression increases mTORC1 activity in U2OS cells and
that this is inhibited by rapamycin treatment, we also evaluated mTORC1-dependent S6K phosphorylation at T389.
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FIG. 5. HPV16 E6 expression causes as increase in cap-dependent translation, which is sensitive to rapamycin treatment. (A) Diagram of
bicistronic firefly Renilla reporter plasmid, pFR_CrPV_xb, used for these experiments. Firefly luciferase is translated through a cap-dependent
mechanism, whereas Renilla luciferase is expressed from an internal ribosomal entry site (IRES) through a cap-independent mechanism (top).
HPV16 E6 expression causes an increase in firefly but not Renilla luciferase activity (bottom). U2OS cells were transfected with control or HPV16
E6 expression vector, and lysates were processed for Renilla and firefly luciferase assays at 48 h posttransfection. The data are presented as the
change of firefly and Renilla luciferase activities normalized to control vector-transfected cells (left and middle) and the fold change of normalized
firefly compared to normalized Renilla luciferase activity (FF/Ren) (right). The bar graphs represent averages and standard deviations of four
experiments, each performed in triplicate. The asterisk denotes statistical significance (P ⬍ 0.0001). (B) Western blot analysis of firefly and Renilla
luciferase expression in U2OS cells transiently transfected with the indicated plasmids. U, untransfected cells. (C) Western blot analysis of eIF4G
binding to a synthetic 7-methyl-GTP (7MeGTP) mRNA cap upon transient transfection of HPV16 E6 or control vector in U2OS cells. (D) HPV16
E6-mediated increase in cap-dependent translation is rapamycin sensitive. U2OS cells were transfected with pFR_CrPV_xb and the indicated
plasmids; 18 h prior to lysis, cells were treated with dimethyl sulfoxide (DMSO) or 100 nM rapamycin (Rap). The graph represents averages and
standard deviations of four experiments, each performed in triplicate. (E) Western blot analysis of S6K phosphorylation in U2OS cells transiently
transfected with HPV16 E6 or control vector. One hour prior to lysis, cells were treated with DMSO or 100 nM rapamycin (Rap). Decreases in
p53 levels are shown to document HPV16 E6 expression, and an actin blot is included as a loading control. (F) Transient transfection of HPV16
E6 activates cap-dependent translation in primary HFKs. Cells were transfected with pFR_CrPV_xb and the indicated plasmids and processed for
Renilla and firefly luciferase assays at 48 h posttransfection. Firefly and Renilla luciferase activities were normalized to control vector-transfected
cells and are presented as fold changes of normalized firefly relative to normalized Renilla luciferase activity. The bar graph represents the average
and standard deviation of four experiments, each performed in triplicate; asterisks indicate statistical significance (P ⫽ 0.0001).
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As expected, transient expression of HPV16 E6 caused S6K
T389 phosphorylation that was reduced upon treatment with
rapamycin (Fig. 5E).
To assess whether HPV16 E6 expression can cause increased
cap-dependent translation in biologically relevant cells, we performed dual luciferase reporter assays in primary HFKs. Similar to what we observed with U2OS cells, cotransfection of
HPV16 E6 caused a statistically significant 3.49-fold ⫾ 0.56fold (P ⫽ 0.0001) increase in firefly luciferase compared to that
in control vector-transfected cells (Fig. 5F).
Hence, HPV16 E6 expression can increase cap-dependent
translation and mTORC1 signaling is necessary for HPV16 E6
to modulate this process.
HPV16 E7 coexpression does not affect E6-induced activation of mTORC1 and cap-dependent translation. Since HPV
E6 and E7 oncoproteins are coexpressed in high-risk HPVassociated lesions and cancers, we also evaluated mTORC1
signaling and cap-dependent translation in HPV16 E6/E7-coexpressing cells. Phosphorylation of S6K at T389 by mTORC1
was increased in HFK populations with coexpression of
HPV16 E6/E7, similar to that in HPV16 E6-expressing HFKs
(Fig. 6A). While expression of HPV16 E7 alone did not affect
cap-dependent translation, expression of HPV16 E6/E7 or the
entire HPV16 early coding region in U2OS cells caused statistically significant (2.40-fold ⫾ 0.30-fold [P ⫽ 0.0013] and 2.36fold ⫾ 0.23-fold [P ⫽ 0.0005], respectively) increases in firefly
luciferase activity, similar to that of E6 cotransfection (2.97fold ⫾ 0.31-fold [P ⬍ 0.0001]) (Fig. 6B).
Hence, HPV16 E7 coexpression does not markedly affect
the ability of HPV16 E6 to activate mTORC1 activity and to
augment cap-dependent translation.
DISCUSSION
Previous reports have suggested that mTOR is activated in
cells transiently expressing HPV16 E6, as indicated by an increase in S6K phosphorylation (37). This activity was attributed to the ability of HPV16 E6 to interact with and accelerate

TSC2 degradation through an E6AP-dependent pathway (64).
In our experiments, TSC2 steady-state levels were unaltered in
HPV16 E6-expressing RKO cells and HFKs relative to that in
control cells (Fig. 1C and G and Fig. 3D) and upon transient
transfection of HPV16 E6 in HEK293 or U2OS cells (data not
shown). Moreover, we did not detect association of HPV16
E6 with TSC2 by immunoprecipitation experiments (data not
shown). Hence, the reported E6AP-mediated TSC2 degradation by HPV16 E6 is not a rate-limiting mechanism by which
HPV16 E6 expression causes mTORC1 activation in our experimental systems.
Here we report that cells with stable HPV16 E6 expression
show evidence of active mTORC1 signaling, as evidenced by
activation of the S6K and 4E-BP1 downstream cascades (Fig.
1). Most importantly, mTORC1 activity is sustained in HPV16
E6-expressing HFKs under conditions of nutrient deprivation
(Fig. 3). In contrast to the previously published studies, we did
not find any evidence for HPV16 E6 binding to TSC2 and/or
lowering its steady-state levels in the cells that we studied
(Fig. 1C and G and Fig. 3D). Our results, however, suggest
that HPV16 E6 expression causes mTORC1 activation, at least in
part, through an AKT-dependent mechanism. HPV16 E6 expression in primary human epithelial cells caused AKT activation
through at least two distinct pathways, PDK1 and mTORC2 (Fig.
3C). As with mTORC1, our results show that AKT remains
active in HPV16 E6-expressing HFKs under conditions of nutrient deprivation. HPV16 E6 expression also caused an increase in cap-dependent translation (Fig. 5 and 6). This effect
correlated with increased binding of translation initiation factors to a synthetic cap (Fig. 4 and 5C) and was inhibited by the
mTORC1 inhibitor rapamycin (Fig. 4 and Fig. 5D and E),
suggesting that HPV16 E6-mediated activation of translation
may represent a consequence of mTORC1 activation.
The HPV16 E6 and E7 oncoproteins play important functions during the viral life cycle (15, 60). Whereas HPVs initially
infect proliferative basal epithelial cells, high-level viral genome replication and synthesis of viral progeny is restricted to
terminally differentiated epithelial cells. The HPV E6 and E7
proteins contribute to the viral life cycle by uncoupling the
process of epithelial cell differentiation from cell cycle withdrawal. The HPV E7 protein, in particular, through degradation of the retinoblastoma tumor suppressor pRB and the
related family members p107 and p130, causes increased transcription of E2F-responsive genes, many of which encode enzymes that are rate limiting for cellular DNA synthesis (reviewed in references 24, 36, and 43). Since HPV genome
replication is acutely dependent on expression of host cellular
replication proteins, one might envision that the ability of
HPV16 E6 to activate translation of capped mRNAs represents an additional facet of this strategy in order to ensure
adequate expression of cellular proteins that are necessary for
viral genome replication. In addition, or alternatively, the ability of HPV16 E6 to activate protein synthesis may also contribute to high-level synthesis of viral proteins, particularly the
L1 and L2 capsid proteins that need to be abundantly expressed during productive viral replication. While there is no
direct evidence for such a mechanism, translational control of
the L1 capsid protein synthesis has been suggested by results
from experiments where HPV31 episome-containing human
epithelial cells were induced to undergo differentiation by sus-
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FIG. 6. HPV16 E7 coexpression does not affect E6-induced S6K
T389 phosphorylation or cap-dependent translation. (A) Western blot
analysis of S6K T389 phosphorylation in HFK populations with stable
expression of HPV16 E6 or HPV16 E6/E7 or control vector (LX)transduced HFKs. An actin blot is shown as a loading control.
(B) U2OS cells were transiently transfected with pFR_CrPV_xb and
human ␤-actin-promoter-driven expression vectors for HPV16 E6, E7,
E6/E7, the entire HPV16 early coding region (ER), or empty vector as
a control and processed for Renilla and firefly luciferase assays at 48 h
posttransfection. Firefly and Renilla luciferase activities were normalized to control vector-transfected cells and are presented as fold
changes of normalized firefly relative to normalized Renilla luciferase
activity. The bar represents the average and standard deviation of four
experiments, each performed in triplicate; asterisks indicate statistical
significance (P ⱕ 0.0013).
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through sestrin 1 and sestrin 2. These two proteins are transcriptional targets of p53 and activate the AMP-responsive
protein kinase (AMPK). AMPK phosphorylates and activates
the mTOR inhibitor TSC2, thereby inhibiting mTOR (4). E6/
E6AP-mediated p53 degradation may therefore be predicted
to short-circuit this regulatory loop and may contribute to
sustained mTORC1 activity.
In addition, several PDZ proteins have been implicated in
mTOR signaling. Inactivation of hScribble, which is targeted
for degradation by HPV16 E6 (47), was shown to dysregulate
MAP kinase signaling (10), which is predicted to activate
mTORC1. More recently, Sabatini’s group identified a novel
mTORC1/mTORC2-associated inhibitor, DEPTOR, which
contains a PDZ domain (51) and thus may be a potential
candidate for HPV16 E6 association and degradation.
Our results show that HPV16 E6 expression in primary
epithelial cells activates AKT through at least two pathways,
PDK1 and mTORC2, but the exact mechanism remains unknown. PDK1 is downstream of PI3K signaling. Several transforming viral proteins have been reported to activate PI3K,
including SV40 small tumor antigen and the mouse polyomavirus middle tumor antigen (reviewed in reference 7). Our
future experiments will explore whether PI3K is activated by
HPV16 E6 expression. A number of scenarios are possible,
including activation of upstream signaling events, direct activation of PI3K, or inhibition of the phosphatase and tumor
suppressor PTEN. Alternatively, HPV16 E6 may activate
PDK1 by a PI3K-independent mechanism. Importantly, PDK1
also activates kinases other than AKT, including SGK1 (Fig. 3)
and the Rho/Rac effector target PKN (9), a serine/threonine
protein kinase, with a catalytic domain that is similar to that of
protein kinase C. Interestingly, PKN has been reported to
associate with high-risk HPV E6 proteins (16). It will be interesting to determine the biological consequences of PDK1mediated activation of kinases other than AKT.
Our results also suggest that HPV16 E6 activates mTORC2
signaling. Recent reports suggest that rictor expression is critical to the activation of mTORC2, with rictor overexpression
activating the kinase complex and resulting in increased cell
growth and motility in gliomas, and rictor short hairpin RNA
(shRNA) knockdown inhibiting cellular proliferation in colon
cancer cell lines (40, 54). Interestingly, the FOXO1 transcription factor regulates rictor transcription, which is in turn regulated by AKT (6). These authors suggest that FOXO1 balances mTORC1 inhibition and mTORC2 activation through
two separable transcriptional activities of FOXO1: direct inhibition of mTORC1 through sestrin-3 gene transcription and
activation of mTORC2 through rictor gene transcription as a
coactivator of a distinct transcriptional activating complex.
Collectively this results in the maintenance of cellular energy
homoeostasis even under conditions of nutrient stress. It is
possible that the HPV16 E6 oncoprotein expression uncouples
these processes through independent activation of mTORC1
and mTORC2. Alternatively, the PDZ protein and mTOR
inhibitor DEPTOR described above inhibits both mTORC1
and mTORC2 and thus should be evaluated as a potential
candidate for HPV16 E6-mediated mTORC2 regulation.
We initiated these studies after we discovered that HPV16
E7 expression in normal human epithelial cells triggers an
autophagy-like response (65). Autophagy is a survival pathway
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pension in methylcellulose-containing medium. Under these
conditions, the authors observed abundant expression of L1encoding mRNAs; however, there was no evidence for L1
protein synthesis (55). There is also evidence for translational
regulation of early protein synthesis during epithelial cell
differentiation in HPV-positive cells. When HPV16-positive
CaSki cervical carcinoma cells were cultured in methylcellulose- or CaCl2-containing medium to induce differentiation,
increased expression of the E7 oncoprotein was observed. This
increase was not at the level of transcription or protein stability, but rather the authors observed an increase in association
of E7-encoding mRNAs to polysomes. These authors also observed sustained phosphorylation of 4E-BP1 upon differentiation of CaSki cells but not with HPV-negative HaCaT cells or
primary HFKs. Moreover, mTORC1 inhibition by rapamycin
treatment reduced 4E-BP1 phosphorylation and HPV16 E7
oncoprotein expression in these cells (48).
Increased mTOR S2448 and S6K T389 phosphorylation was
also observed in HPV-positive high-grade cervical squamous
intraepithelial lesions (13), and there is also evidence for increased AKT phosphorylation in HPV-positive high-grade cervical squamous intraepithelial lesions (44). Given our results, it
is tempting to speculate that these effects may at least in part
represent a consequence of HPV16 E6 expression.
There are several reports that have shown that HPV16 E7
expression may also cause AKT activation (44, 53). Several
mechanisms have been proposed. HPV16 E7 may activate
AKT by a pRB-dependent process, causing p27kip1 cytoplasmic
accumulation and induction of cellular migration (5, 44). It has
also been reported that HPV16 E7 can activate AKT independently of the pRB pathway through binding and inhibition of
protein phosphatase 2A (53). In another study, however, cells
that ectopically expressed HPV16 E7 and activated AKT
showed a significantly higher rate of cellular proliferation and
migration than either AKT or HPV16 E7-expressing cells (8).
These results would suggest that HPV16 E7 expression is not
sufficient to fully activate AKT. While our experiments did not
directly address the possible contribution of HPV16 E7 in
AKT phosphorylation, there was no evidence that coexpression of HPV16 E6 and E7 caused an increase in mTORC1
signaling compared to HPV16 E6-expressing cells (Fig. 6A).
Moreover, HPV16 E7 expression did not increase cap-dependent translation in our reporter assays (Fig. 6B).
Aberrant activation of AKT and mTORC1/2 is frequently
observed in human cancers, and mTORC1 inhibitors have
been evaluated as antineoplastic agents (11, 45, 59). As the
regulation of mTORC2 and its downstream signaling pathways
are increasingly understood, it is becoming apparent that the
development of mTORC2-specific rictor inhibitors may also
limit aberrant cellular growth and proliferation associated with
human cancers. Hence it is conceivable that HPV16 E6mediated AKT and mTORC1 and mTORC2 activation may
also contribute to the transforming activities of HPV16 E6.
If that was the case, inhibition of AKT and mTORC1 and/or
mTORC2 should be evaluated as a therapeutic modality for
HPV-associated lesions and cancers.
Our studies presented here were focused on AKT, but they
do not exclude the possibility that HPV16 E6 expression may
also affect mTORC1 activity through other pathways. Activation of the p53 tumor suppressor inhibits mTORC1 activity
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that allows survival of cells under conditions of metabolic stress
(reviewed in reference 34). While we do not know the exact
mechanism by which E7 expression may trigger such a response, it has been reported that HPV16 E7 expression causes
the “Warburg effect,” a metabolic switch from an oxidative
phosphorylation-based pathway to a glycolytic pathway (67).
While such a switch may offer a number of advantages for a
rapidly proliferating cell, including efficient growth under conditions of lower oxygen concentrations and increased synthesis
of metabolic precursors (62), conversion of glucose to lactate
generates far less energy in the form of ATP than conversion
to CO2 through oxidative phosphorylation. Particularly under
conditions of limiting supply of nutrients, as may be the case in
terminally differentiated cells in a squamous epithelium, autophagy may eventually lead to the demise of the cell. It is thus
tempting to speculate that the ability of HPV16 E6 to activate
mTORC1 signaling, a major regulator of autophagy, may function to dampen the autophagy response to HPV16 E7 expression and limited availability to nutrients. In such a model,
expression of the HPV16 E6 protein would induce a cellular
state of “blissful ignorance” and allow metabolically stressed,
HPV-infected cells to survive long enough to support synthesis
of viral progeny (66).
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