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ABSTRACT Hypoxia is linked to therapeutic resistance and poor clinical prognosis
for many tumor entities, including human papillomavirus (HPV)-positive cancers. No-
tably, HPV-positive cancer cells can induce a dormant state under hypoxia, charac-
terized by a reversible growth arrest and strong repression of viral E6/E7 oncogene
expression, which could contribute to therapy resistance, immune evasion and tu-
mor recurrence. The present work aimed to gain mechanistic insights into the path-
way(s) underlying HPV oncogene repression under hypoxia. We show that E6/E7
downregulation is mediated by hypoxia-induced stimulation of AKT signaling. Ablat-
ing AKT function in hypoxic HPV-positive cancer cells by using chemical inhibitors
efficiently counteracts E6/E7 repression. Isoform-specific activation or downregula-
tion of AKT1 and AKT2 reveals that both AKT isoforms contribute to hypoxic E6/E7
repression and act in a functionally redundant manner. Hypoxic AKT activation and
consecutive E6/E7 repression is dependent on the activities of the canonical up-
stream AKT regulators phosphoinositide 3-kinase (PI3K) and mechanistic target of
rapamycin (mTOR) complex 2 (mTORC2). Hypoxic downregulation of E6/E7 occurs, at
least in part, at the transcriptional level. Modulation of E6/E7 expression by the PI3K/
mTORC2/AKT cascade is hypoxia specific and not observed in normoxic HPV-positive
cancer cells. Quantitative proteome analyses identify additional factors as candidates
to be involved in hypoxia-induced activation of the PI3K/mTORC2/AKT signaling cas-
cade and in the AKT-dependent repression of the E6/E7 oncogenes under hypoxia.
Collectively, these data uncover a functional key role of the PI3K/mTORC2/AKT sig-
naling cascade for viral oncogene repression in hypoxic HPV-positive cancer cells
and provide new insights into the poorly understood cross talk between oncogenic
HPVs and their host cells under hypoxia.

IMPORTANCE Oncogenic HPV types are major human carcinogens. Under hypoxia,
HPV-positive cancer cells can repress the viral E6/E7 oncogenes and induce a revers-
ible growth arrest. This response could contribute to therapy resistance, immune
evasion, and tumor recurrence upon reoxygenation. Here, we uncover evidence that
HPV oncogene repression is mediated by hypoxia-induced activation of canonical
PI3K/mTORC2/AKT signaling. AKT-dependent downregulation of E6/E7 is only ob-
served under hypoxia and occurs, at least in part, at the transcriptional level. Quanti-
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tative proteome analyses identify additional factors as candidates to be involved in
AKT-dependent E6/E7 repression and/or hypoxic PI3K/mTORC2/AKT activation. These
results connect PI3K/mTORC2/AKT signaling with HPV oncogene regulation, provid-
ing new mechanistic insights into the cross talk between oncogenic HPVs and their
host cells.

KEYWORDS AKT, cervical cancer, human papillomavirus, tumor virus

uman papillomaviruses (HPVs) are small double-stranded DNA viruses. They are

grouped into low-risk and high-risk types according to their tumorigenic potential.
High-risk HPV types are of high medical relevance in that they are closely linked to
common oropharyngeal and anogenital cancers (1), accounting for approximately 4.5%
of the total cancer incidence in humans (2). Prophylactic vaccination has proven to be
effective in preventing infection with the most common oncogenic HPV types (3).
However, cervical cancer is expected to remain a significant global health burden for
many years (4, 5), since worldwide vaccination rates are still disappointing and espe-
cially low in developing countries, where cervical cancer incidence is particularly high
(6). Moreover, the available prophylactic vaccines will not prevent cancer progression
in already persistently infected persons, a process which typically occurs over decades
(4, 5). Thus, there is an urgent need for the development of novel therapies, which
should benefit from a better understanding of the biology of HPV-associated cancers.

The growth of HPV-positive tumor cells is considered to depend on the sustained
expression of the two viral oncogenes E6 and E7 (1, 5, 7), since silencing of E6/E7
expression rapidly induces cellular senescence, an irreversible growth arrest (8-11).
Recently, however, it was uncovered that E6/E7 expression is strongly, but reversibly,
downregulated in cervical cancer cells under hypoxia, and yet, induction of senescence
is severely impaired (11). Instead, hypoxic cervical cancer cells enter a dormant state,
characterized by a reversible growth arrest. Upon reoxygenation, the cells reactivate
E6/E7 expression and resume proliferation (11). The dormant state of hypoxic HPV-
positive cancer cells may support immune evasion, therapy resistance, and tumor
recurrence (11) and thereby could contribute to the poor clinical prognosis associated
with tumor hypoxia (12-14). Moreover, these findings indicate the existence of a
hitherto unknown mechanism by which cervical cancer cells efficiently shut down viral
oncogene expression under hypoxic conditions.

The serine-threonine kinase AKT is part of the phosphoinositide 3-kinase (PI3K)/AKT
signaling cascade, which plays a key role in orchestrating the cellular response to
various external and internal stimuli and, consequently, is involved in the regulation of
diverse cellular functions, such as proliferation, survival, and metabolism (15). The
PI3K/AKT pathway is aberrantly activated in a variety of cancers and contributes to the
development and maintenance of tumors and to their resistance toward standard
therapies. Hence, this pathway is a promising target for cancer therapy and is currently
the focus of many clinical studies using PI3K/AKT inhibitors as single agents or in
combination with conventional therapies (16). Cervical cancer patients also show
frequent dysregulation of PI3K/AKT activity and, thus, are subject to PI3K/AKT-targeting
clinical trials (17-19).

Notably, AKT phosphorylation and signaling can also be activated by hypoxia
(20-22). Here, we show that the inhibition of E6/E7 expression in hypoxic cervical
cancer cells is mediated by the hypoxia-induced activation of the PI3K/mechanistic
target of rapamycin (mTOR) complex 2 (mTORC2)/AKT pathway. E6/E7 repression is
conferred by the AKT1 and AKT2 isoforms, which act in a functionally redundant
manner, ultimately leading to the inhibition of the E6/E7 promoter. Hypoxia-linked
E6/E7 repression is glucose sensitive and can be counteracted by PI3K/mTORC2/AKT
inhibitors. Proteome analyses under these different experimental conditions identified
several cellular proteins which potentially represent additional upstream or down-
stream factors involved in hypoxic AKT activation and E6/E7 oncogene repression.
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RESULTS

Hypoxia induces AKT phosphorylation that inversely correlates with E6/E7
expression in a glucose-sensitive manner. To gain insights into the molecular
mechanisms underlying the hypoxic repression of E6/E7, we investigated candidate
pathways known to be important in the cellular adaptation to hypoxia. Since we
previously found no indication for a role of the hypoxia-inducible factors HIF-1a and
HIF-2a in E6/E7 repression (11), we examined another master regulator of hypoxia-
responsive gene regulation, the repressor element 1-silencing transcription factor
(REST), which is, contrarily to HIF, mainly involved in transcriptional repression (23).
However, inhibition of REST expression by small hairpin RNA (shRNA) did not affect the
hypoxic downregulation of E6/E7 (Fig. S1 in the supplemental material), arguing against
a role of REST in this process. Since hypoxic repression of E6/E7 is glucose sensitive, in
that it is diminished when cells are cultured in medium containing unphysiologically
large amounts of glucose (25 mM) (11), we also investigated the ChREBP/MondoA-MIx
transcription factors. These are major orchestrators of glucose-dependent gene regu-
lation, and their activity can be modulated under hypoxia, also in an HIF-independent
manner (24, 25). However, we found no evidence connecting MIx, the obligatory
dimerization partner of ChREBP and MondoA (25), to E6/E7 expression in knockdown
experiments (Fig. S2).

Furthermore, we analyzed the PI3K/AKT pathway, since previous reports describe an
upregulation of AKT activity in hypoxic cells (21, 22). This also holds true for HPV-
positive cervical cancer cells, which show a clear induction of AKT phosphorylation at
residues T308 and S473, starting as early as 30 min to 1 h after exposure to hypoxia
(Fig. 1A). Phosphorylation of both of these residues is required for a complete activation
of AKT (15). Downregulation of E6/E7 protein expression started at 3 to 9 h under
hypoxia (Fig. 1A), thus occurring after induction of AKT activation. Notably, whereas
hypoxia-induced AKT phosphorylation and E6/E7 repression were readily detected in
HPV-positive cancer cells cultured in medium containing physiological serum glucose
concentrations (5.5 mM), both responses were efficiently blocked by a high glucose
supply (25 mM) (Fig. 1B). Hence, the activation of AKT precedes and correlates with
E6/E7 repression in hypoxic cervical cancer cells in a glucose-sensitive manner, raising
the possibility that AKT signaling is involved in hypoxic E6/E7 repression.

Inhibitors of the PI3K/mTOR/AKT pathway reactivate hypoxic E6/E7 express-
ion. To functionally analyze the role of AKT in hypoxic E6/E7 repression, HPV-positive
cancer cells were treated with small molecule inhibitors targeting the PI3K/AKT path-
way and then cultured under normoxia or hypoxia. The AKT-specific inhibitor AKTi VIII
(26), as well as LY294002, an inhibitor of the upstream AKT activator PI3K (27), efficiently
blocked phosphorylation of AKT (Fig. 2A). Under normoxia, no significant effects on E7
protein expression were detected upon treatment with the inhibitors. Importantly,
however, inhibition of AKT phosphorylation under hypoxia efficiently counteracted E7
repression (Fig. 2A), indicating that the hypoxic downregulation of the HPV oncogenes
is mediated through PI3K/AKT signaling.

LY294002, although commonly used to investigate PI3K signaling, can also affect the
activity of mTOR (28) and has various other molecular targets (29, 30). To further specify
the involvement of PI3K in hypoxic E6/E7 repression, we tested the highly selective
class | PI3K inhibitor GDC-0941 (31), which also effectively interfered with hypoxic E7
repression (Fig. S3).

The AKT- and glucose-dependent E6/E7 regulation under hypoxia is not restricted to
cancer-derived HPV-positive cell lines but also observed in HPK Il cells that were
generated by immortalizing primary human keratinocytes with HPV16 DNA and which
express E6/E7 from the authentic viral promoter (Fig. S4) (32).

We extended our studies to two clinically tested compounds: the AKT-specific
inhibitor MK-2206 (33) and the PI3K-specific inhibitor PX-866 (34). Both compounds also
counteracted the hypoxic downregulation of E7 expression in a concentration-
dependent manner (Fig. 2B). Interference with hypoxic E6/E7 repression was also
detectable at the mRNA level for all tested PI3K/AKT inhibitors (Fig. 2C).
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FIG 1 Hypoxia-induced AKT phosphorylation precedes and correlates with E6/E7 repression in a
glucose-sensitive manner. (A) Time-course of hypoxia-induced AKT phosphorylation and E6/E7 repres-
sion. HeLa and SiHa cells were cultured for the indicated time periods under hypoxia, and protein
expression of HIF-1a (hypoxia-linked marker), phosphorylated AKT (P-AKT T308 and P-AKT S473),
pan-AKT (AKT), HPV16/-18 E6, and HPV16/-18 E7 was analyzed by immunoblotting (note that the
phospho-AKT-specific antibodies recognize all three AKT isoforms, AKT1 to -3, when phosphorylated at
corresponding sites, but for simplification, only the phosphorylation sites of AKT1 are indicated through-
out the text). Vinculin, loading control. (B) Immunoblot analyses of HeLa, SW756, and SiHa cells cultured
for 24 h under normoxia (21% O,) or hypoxia (1% O,) in medium containing 5.5 mM or 25 mM glucose.
B-Actin, loading control.

These findings raise the potentially clinically relevant question of whether the
increased E6/E7 expression (a growth-promoting stimulus) under treatment with PI3K/
AKT inhibitors may induce the proliferation of hypoxic HPV-positive cancer cells.
However, HPV-positive cancer cells treated with AKTi VIII did not resume proliferation
under hypoxia (Fig. 2D), despite the increase in E6/E7 expression (Fig. 2A and Q).
Moreover, treatment with AKTi VIII under normoxia inhibited the proliferation of
HPV-positive cancer cells (Fig. 2D), albeit HPV oncogene expression was not downregu-
lated (Fig. 2A and Q).

mTORC2 is the kinase responsible for phosphorylating AKT at S473 during canonical
AKT signaling (35). Treatment with the mTOR inhibitor KU-0063794 prevented hypoxia-
induced AKT phosphorylation at S473 and strongly counteracted the hypoxic repres-
sion of E7 (Fig. 3A). In contrast to KU-0063794, mTORC2 is largely insensitive to
short-term treatment with rapamycin, an inhibitor of mTOR complex 1 (mTORC1) (36).
Rapamycin treatment did not alter AKT activation or block E7 repression under hypoxia
(Fig. 3A). Hypoxia-induced phosphorylation of AKT at T308 was only prevented by high
concentrations of KU-0063794 (5 uM). The phosphorylation status of the mTORC1
targets 4E-BP1, p70S6K, and S6 showed the expected pattern after inhibitor treatment
with phospho-4E-BP, only being blocked by KU-0063794 (37). These results were
mirrored at the mRNA level. Rapamycin only weakly but KU-0063794 strongly coun-
teracted the downregulation of E6/E7 mRNA levels under hypoxia (Fig. 3B). A weak
induction of E6/E7 mRNA expression was detected under normoxia after treatment with
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FIG 2 Inhibition of hypoxia-induced AKT phosphorylation counteracts E6/E7 repression. (A) HPV-positive HelLa, SW756, SiHa, and MRI-H-186
cervical cancer cells were treated with 10 uM AKTi VIII, 20 uM LY294002, or solvent control (DMSO) and incubated at the indicated O,
concentrations for 24 h. Immunoblot analyses of HIF-1a, phosphorylated AKT (P-AKT T308 and P-AKT S473), and HPV16/-18 E7 are shown.
Vinculin, loading control. (B) HeLa and SW756 cells were treated with increasing concentrations of MK-2206 and PX-866 for 24 h and
analyzed by immunoblotting. (C) qRT-PCR analyses of HPV18 E6/E7 mRNA levels in HeLa cells treated with 3 wM MK-2206, 10 uM AKTi VI,
3 uM PX-866, or 20 uM LY294002 for 24 h. Data shown are the mean expression levels under hypoxia relative to the expression levels in
solvent (DMSO)-treated control cells under normoxia (log2). Standard deviations are depicted (n = 3). Asterisks indicate statistically
significant differences as determined by one-way ANOVA (***, P < 0.001). (D) HeLa and SiHa cells were treated with 10 uM AKTi VIIl and
grown for the indicated time periods under hypoxia (top) or normoxia (bottom). Cell numbers relative to the time point 0 h after treatment were
determined by quantitative crystal violet staining. Depicted are the mean values with standard deviations from 3 individual experiments.

the mTOR inhibitors. The functional role of MTORC2 in hypoxia-induced AKT activation
and subsequent E6/E7 repression was further corroborated by clustered regularly
interspaced short palindromic repeat (CRISPR)-CRISPR-associated protein 9 (Cas9)-
mediated knockdown of the mTORC2 component Rictor (15), which also prevented
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FIG 3 mTORC2 activity is required for repression of E6/E7 under hypoxia. (A) Hela cells were treated with
the indicated concentrations of rapamycin or KU-0063794, incubated for 1 h, and then cultured for an
additional 23 h at the indicated O, concentrations. The levels of HIF-1«, P-AKT T308, P-AKT S473, P-4E-BP1,
4E-BP1, P-S6, P-p70S6K, p70S6K, and HPV18 E7 were determined by immunoblotting. Vinculin, loading
control. (B) Concomitant qRT-PCR analyses of HPV18 E6/E7 mRNA levels in Hela cells treated as described
in the legend to panel A. Data shown are the mean expression levels relative to the expression levels in
solvent (DMSO)-treated control cells under normoxia (log2). Standard deviations are depicted (n = 3).
Asterisks indicate statistically significant differences as determined by one-way ANOVA (**, P < 0.01; ***,
P < 0.001; ns, not significant). (C) Rictor expression was silenced in HelLa cells using CRISPR-Cas9 (Rictor
gRNAT1), and the cells cultured for 24 h at the indicated O, concentrations. Control cells were transfected
with the empty vector (vector ctrl). Immunoblot analyses show expression of HIF-1a, P-AKT T308, P-AKT
S473, Rictor, P-S6, and HPV18 E6 and E7. B-Actin, loading control.

increased hypoxic AKT phosphorylation at S473 and counteracted hypoxic E7 repres-
sion but did not alter the phosphorylation status of the mTORC1 downstream target S6
(Fig. 3Q).

Collectively, these results indicate that AKT signaling mediates E6/E7 repression in
hypoxic HPV-positive cancer cells, with PI3K and mTORC2 serving as upstream regula-
tors of hypoxia-induced AKT activation.

Hypoxic E6/E7 repression is mediated by AKT1 and AKT2. The AKT isoforms,
AKT1, -2, and -3, are each encoded by a different gene (15). Both AKT-specific inhibitors
used in the present study (AKTi VIIl and MK-2206) can target all three isoforms, with the
highest affinity for AKT1 and the lowest for AKT3 (38, 39). Thus, we next aimed at
investigating the contribution of the different AKT isoforms to hypoxic E6/E7 regula-
tion.

AKT3 plays a major role in neuronal development and shows an enhanced activity
in many melanomas (40, 41). We did not detect AKT3 expression in Hela cells, in
contrast to MeWo melanoma cells (Fig. S5). Thus, we focused our functional studies on
the more ubiquitously expressed isoforms AKT1 and AKT2 (15).

First, we tested whether increasing the activity of AKT1 or AKT2 could counteract the
elevated E6/E7 expression induced by AKTi VIII treatment in hypoxic HPV-positive
cancer cells. Hence, we overexpressed constitutively active myristoylated forms (42) of
AKT1 and AKT2, alone or in combination, in HelLa cells (Fig. 4A). Ectopically expressed
AKT can be distinguished from endogenous phosphorylated AKT as it has a lower
molecular weight due to deletion of its pleckstrin homology (PH) domain (43). Func-
tionality of the constitutively active AKT proteins was verified by detecting an increase
in phosphorylation of glycogen synthase kinase 3-a and -8B (GSK3-a/pB) (Fig. 4A), a
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FIG 4 Repression of E6/E7 expression under hypoxia is mediated by AKT1 and AKT2. (A) HeLa cells transfected with control vector (pLNCX1) or expression
vectors for constitutively active AKTT and AKT2 (myrAKT1 and myrAKT2), alone or in combination, were treated with the indicated concentrations of AKTi VIII
and cultured for 24 h at 21% or 1% O,. Immunoblot analyses of HIF-1«, P-AKT T308, P-GSK3-«/B, and HPV18 E6 and E7 are shown. Vinculin, B-actin, loading
controls. (B) HeLa AKT1 knockdown single-cell clones (AKT1 gRNA1 and AKT1 gRNA4) of Hela cells or controls containing the empty gRNA expression vector
LentiCRISPRv1 (vector ctrl.) were transfected with siRNAs targeting AKT2 and cultured for 24 h at the indicated O, concentrations. Protein expression of HIF-1¢,
P-AKT T308, P-AKT S473, pan-AKT (AKT), AKT2, and HPV18 E7 were analyzed by immunoblotting. B-Actin, loading control.

well-characterized AKT target (44). Overexpression of constitutively active AKT1, AKT2,
or AKT1 and AKT2 together did not alter E6/E7 expression under normoxia. However,
the AKTi Vlll-mediated increase in E6/E7 expression under hypoxia was clearly dimin-
ished upon overexpression of active AKT1 and AKT2, alone or in combination (Fig. 4A),
indicating functional redundancy of AKT1 and AKT2.

To further explore this issue, AKT1 expression was silenced in Hela cells by the
CRISPR-Cas9 method. Different guide RNAs (gRNAs) targeting AKT1 were used, and
single-cell clone selection was performed. Two different single-cell clones were tran-
siently transfected with small interfering RNAs (siRNAs) targeting AKT2 and cultured
under normoxia or hypoxia. Immunoblot analyses revealed that despite an efficient
reduction in total AKT levels, AKT1 knockdown alone did not deplete phosphorylated
AKT (Fig. 4B). Silencing of AKT2 expression by siRNA in control single-cell clones did not
significantly alter AKT phosphorylation. Notably, however, the combined silencing of
AKT1 and AKT2 efficiently depleted phosphorylated AKT (Fig. 4B). Moreover, whereas a
weak increase in E7 levels was observed upon single knockdown of AKT1, hypoxic E7
repression was more efficiently counteracted upon silencing the expression of both
AKT isoforms. Taken together, these results indicate that AKT1 and AKT2 both mediate
hypoxic E6/E7 repression and act in a functionally redundant manner, while arguing
against the involvement of AKT3.

Hypoxic repression of E6/E7 occurs at the transcriptional level. Since hypoxia-
induced E6/E7 repression is detectable at the mRNA level (11), we investigated whether
hypoxia affects the activity of the HPV18 E6/E7 transcriptional promoter. The activity of
a reporter construct containing the E6/E7 promoter in the context of the complete
825-bp HPV18 transcriptional control region (upstream regulatory region [URR])
(pT8URRL) (45) was significantly reduced under hypoxia (Fig. 5A). This was also ob-
served for a reporter construct which only contains the 230-bp transcriptional enhancer
linked to the promoter-proximal region (PPR), after deletion of the 5’'-terminal 389-bp
portion of the HPV18 URR (p436/18L). The hypoxic repression of the E6/E7 promoter
was counteracted by inhibiting AKT (AKTi VIII) or mTOR (KU-00637794) signaling, as well
as by excess glucose (25 mM) (Fig. 5B). The activity of a further 5’-terminally truncated
construct which only encompasses the PPR (p232/18L) was not reduced under hypoxia
(Fig. 5A), indicating that the HPV enhancer plays a critical role for hypoxic E6/E7
repression. The homologous HPV18 PPR appears to be dispensable for this effect, since
a construct linking the 230-bp HPV18 enhancer to the heterologous HSV TK (thymidine
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FIG 5 Regulation of E6/E7 transcription under hypoxia. (A) Top left, schematic presentation of the 825-bp
HPV18 URR with the central 230-bp enhancer and the promoter proximal region (PPR) containing the
E6/E7 promoter at the 3’ terminus (45). Bottom left, luciferase reporter constructs containing the firefly
luciferase gene under the control of the complete HPV18 URR (p18URRL) or deletion constructs thereof
(p436/18L and p232/18L). Nucleotide positions are according to reference 76. pBL, basic luciferase
plasmid (45). Right, luciferase reporter constructs were analyzed in Hela cells cultured for 24 h under
hypoxia or normoxia. Shown are the relative luciferase activities (RLA) of the individual reporter plasmids
under hypoxia compared to the RLA under normoxia (log2). Standard deviations are depicted (n = 4).
Asterisks above bars show statistically significant differences from the results for pBL as determined by
one-way ANOVA (***, P < 0.001). (B) Effects of 1 uM KU-00637794, 10 uM AKTi VIII, and 25 mM glucose
on the hypoxic repression of p436/18L. Shown are the RLA under hypoxia compared to the RLA of
solvent (DMSO)-treated control cells under normoxia (log2). Standard deviations are depicted (n = 5).
Asterisks above columns show statistically significant differences compared to the results for DMSO-
treated cells as determined by one-way ANOVA (***, P < 0.001). (C) Reporter assays (n = 5) of the HPV18
enhancer (p230s/tk*L) or deletion constructs thereof (p157s/tk*L and p116s/tk*L) upstream from the HSV
TK promoter. pBtk*L, control vector devoid of HPV enhancer sequences (45). Shown are the RLA of the
individual reporter plasmids under hypoxia compared to the RLA under normoxia (log2). Asterisks above
columns show statistically significant differences compared to the results for pBtk*L as determined by
one-way ANOVA (*, P < 0.05; ***, P < 0.001). pGAPDH, positive control.
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kinase) promoter (p230s/tk*L) was also significantly repressed under hypoxia (Fig. 5C).
Further 5'- and 3’-terminal deletions within the HPV18 enhancer showed that a
3'-terminal 157-bp fragment (p157s/tk*L) was sufficient to confer hypoxia-mediated
repression, but a 116-bp 5'-terminal fragment (p116s/tk*L) was not (Fig. 5C).
Glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) promoter activity was
monitored as a positive control and showed the expected stimulation under hypoxia
(Fig. 5C) (46).

Since these findings indicate that the repressive effect of hypoxia involves transcrip-
tional regulation, we also studied potential alterations of the epigenetic status of the
HPV E6/E7 promoter under hypoxia using SiHa cells, which contain only one or two
HPV16 integrates (47). We assessed the methylation of the viral DNA via methylated
DNA immunoprecipitation (MeDIP) (48) and found that methylation levels at the HPV16
URR remained low under hypoxia, suggesting that DNA methylation is not involved in
silencing of E6/E7 expression (Fig. S6A). In line with a previous report (49), the LT and
L2 genes generally exhibited higher DNA methylation levels than the URR (Fig. S6A).
Next, using chromatin immunoprecipitation (ChIP), we analyzed trimethylation of
histone H3 at lysine 4 (H3K4me3) and trimethylation of histone H3 at lysine 27
(H3K27me3), which are linked to active and inactive genes, respectively (50). Enrich-
ment of both H3K4me3 and H3K27me3 was detected at all regions investigated,
including the HPV16 URR (Fig. S6B). This is in line with a global increase in H3K4me3
and H3K27me3 levels observed in SiHa and Hela cells under hypoxia (Fig. S6C).
Notably, H3K4me3 levels at the transcriptionally silenced L7 and L2 genes remained
low, whereas H3K27me3 levels were generally higher at L7/L2 than at the URR (Fig. S6B).
Hence, hypoxic repression of E6/E7 was not associated with an increase in DNA
methylation but was linked to alterations in H3K4me3 and H3K27me3 occupancy at the
viral URR.

Taken together, these data indicate that hypoxic repression of HPV18 E6/E7 occurs,
at least in part, at the transcriptional level and involves the 157-bp 3'-terminal portion
of the viral enhancer.

Proteome analysis of hypoxic HPV-positive cancer cells. Cornerstones of the
regulatory phenomena observed in hypoxic HPV-positive cancer cells are as follows: (i)
hypoxia blocks E6/E7, an effect that can be counteracted by (ii) AKT inhibition and by
(i) high glucose supply. To gain further insights into the underlying regulatory circuits,
mass spectrometry-based quantitative proteome analyses were performed comparing
normoxic and hypoxic SiHa cells and assessing their response toward AKTi VIl and
25 mM glucose under hypoxia (Fig. 6A and B). These experiments should also provide
information about cellular proteins and pathways that are regulated under these
different experimental conditions in parallel or inversely with HPV E6/E7. These path-
ways could be subject to the same regulatory principles as E6/E7 or, alternatively, could
themselves act as upstream regulators or downstream effectors of E6/E7 in hypoxic
HPV-positive cancer cells.

We detected 46 proteins (among a total of 5966 measured proteins) which were
differentially expressed (false discovery rate [FDR] < 0.05) under hypoxic conditions.
Among those, 23 proteins showed =2-fold (log2 fold change of =+1 or =—1) up- or
downregulation (4 upregulated and 19 downregulated). The heat map in Fig. 6C
illustrates changes in the expression of these 23 proteins under hypoxia compared to
their expression under normoxia (Fig. 6C, left columns), as well as their regulation in
hypoxic cells treated with AKTi VIII or high glucose concentrations (25 mM) compared
to that in untreated hypoxic cells (Fig. 6C, right columns; also Table S1). We chose 5 of
these proteins (DKK1, ITM2B, TNFRSF12A, SLPI, and Wnt5a) for further validation by
immunoblot analysis. All factors exhibit concordant changes under the different treat-
ment conditions as observed in the proteome analysis (Fig. S7A). Furthermore, we
tested their expression in Hela cells. Whereas DKK1 protein is undetectable, all four of
the other factors show the same response pattern in Hela cells as in SiHa cells
(Fig. S7B).
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FIG 6 Proteome analyses of proteins differentially expressed under normoxia and hypoxia. TMT-mass
spectrometry analyses of SiHa cells cultured under normoxia and hypoxia and under hypoxia in the
presence of 10 wM AKTi VIIl or 25 mM glucose. (A) Schematic illustration of the four treatment conditions
(conditions 1 to 4) and the corresponding regulation of E6/E7 expression. (B) Accompanying immunoblot
showing protein expression of HIF-1a, P-AKT T308, and HPV16 E7 under the four treatment conditions
(numbered as in panel A) used for proteome analyses. B-Actin, loading control. (C) Heat map (hierarchical
clustering) depicting relative protein expression levels (log2 fold change), filtered for differentially
expressed proteins (FDR < 0.05) under hypoxia (condition 2) compared to normoxia (condition 1) with
a log2 fold change of =+1 or =—1. Upregulation is shown in red, downregulation in blue (see color
scheme at the lower left). The left three columns reflect protein expression under the three different
hypoxic conditions analyzed (untreated [condition 2] or in the presence of AKTi VIII [condition 3] or
25 mM glucose [condition 4]), relative to untreated control cells under normoxia (condition 1). The right
two columns show comparisons of hypoxic cells treated with AKTi VIII (condition 3) or high glucose
(condition 4) relative to untreated hypoxic cells (condition 2).

Collectively, the proteome data indicate that the regulation of several proteins is
partially or fully reverted when hypoxic cells are treated with AKTi VIII or high glucose.
These proteins include factors that are directly linked to the PI3K/AKT signaling
pathway, such as adrenomedullin (ADM) (51), FAM57A (CT120) (52), or metallothionein
2A (MT2A) (53). Furthermore, two inhibitors of canonical Wnt signaling, Wnt5a (54) and
DKK1 (55), were significantly downregulated under hypoxia in an AKT- and glucose-
dependent manner, providing a possible link between AKT and the canonical Wnt
signaling pathway under hypoxia.

DISCUSSION

Hypoxic HPV-positive cancer cells can strongly downregulate HPV E6/E7 oncogene
expression, entering a dormant state, which could be associated with decreased
therapeutic susceptibility to chemotherapy, immunotherapy, and prospective E6/E7
inhibitors (11). This work aimed to gain insights into the underlying mechanism and
reveals that the downregulation of E6/E7 is mediated by the hypoxic activation of the
PI3K/AKT signaling cascade. This conclusion is supported by the findings that (i)
hypoxia-induced phosphorylation of AKT precedes downregulation of E6/E7 and, like
hypoxic E6/E7 repression, is sensitive to high glucose concentrations, (ii) chemical
inhibitors targeting the PI3K/AKT pathway block hypoxic E6/E7 repression, an effect
that is counteracted by increasing AKT signaling in HPV-positive cancer cells, and (iii)
knockdown experiments identify the AKT1 and AKT2 isoforms as being crucial for
hypoxic E6/E7 repression.
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Although individual AKT isoforms can exert specific activities, as indicated by the
different phenotypes of isoform-specific knockout mice (56, 57), our results indicate
functional redundancy of AKT1 and AKT2 during hypoxic E6/E7 repression. The ectopic
expression of either constitutively active AKTT or AKT2 can counteract the elevation of
E6/E7 levels that is induced by AKTi VIII treatment under hypoxia, and the concomitant
ectopic expression of both constitutively active AKT isoforms did not further augment
this effect. Moreover, only the combined knockdown of both isoforms depleted the cell
of phosphorylated AKT and efficiently counteracted E7 repression under hypoxia.
Functional redundancy of AKT1 and AKT2 in hypoxic repression of E6/E7 is in accor-
dance with many overlapping functions of AKTT and AKT2 and with their ability to, at
least partially, compensate for each other, e.g., as indicated by the lethality of knockout
mice lacking both AKT1 and AKT2, in contrast to viable single-isoform knockout mice
(15, 58).

Targeted inhibition of the PI3K/AKT pathway is currently being investigated as a
possible new strategy for cancer therapy in the clinic (16). The observation in this study
that PI3K/AKT inhibitors are linked to increased viral oncogene expression in hypoxic
HPV-positive cancer cells may therefore raise concern, since E6/E7 expression is onco-
genic and represents a strong proproliferative stimulus (1, 7). However, despite the
increased E6/E7 expression levels in hypoxic cervical cancer cells following AKT inhibi-
tion, we found that the cells did not resume proliferation. Moreover, AKT inhibition
efficiently blocks the proliferation of normoxic HPV-positive cancer cells even though
these cells maintain their E6/E7 expression. Collectively, these results indicate that the
antiproliferative effect of AKT inhibition is dominant over the growth-promoting po-
tential of E6/E7 expression, both under hypoxic and normoxic conditions.

Surprisingly, although hypoxia poses an important determinant for the malignant
growth and the therapeutic resistance of tumors (12-14) and the AKT signal cascade is
recognized to play a central role for many cancer entities (15), data on the mechanisms
underlying AKT activation under hypoxia are still sparse. Our findings show that the
phosphorylation of AKT and subsequent E6/E7 repression under hypoxia depend on
active PI3K and mTORC2 as upstream regulators, both representing key players of the
canonical pathway of AKT activation (15). Interestingly, it has recently been reported
that AKT can be inhibited under normoxia in a hypoxia-inducible factor (HIF)-
independent manner via the O,-dependent hydroxylase EgIN1, resulting in enhanced
AKT activation when O, is lacking (59). Whether impaired O,-dependent hydroxylation
of AKT also plays a role in AKT activation and E6/E7 repression in hypoxic HPV-positive
cancer cells remains to be elucidated.

Moreover, our findings link the PI3K/mTORC2/AKT signaling cascade to the regula-
tion of the HPV oncogenes. In line with the potential of the AKT pathway to alter
transcription (15), our results indicate that E6/E7 repression under hypoxia is linked to
transcriptional repression of the E6/E7 promoter. While we did not observe a connec-
tion between DNA methylation and hypoxic E6/E7 repression, we detected increases of
both the repressive histone marker H3K27me3 and the activating histone marker
H3K4me3 at the HPV16 URR. This was associated with a global increase of H3K27me3
and H3K4me3 levels, which could be attributable to reduced activity of O,-dependent
histone demethylases of the JARID1 family and JMJD3 (60-62). Enrichment of
H3K27me3 can correlate with transcriptional repression even in the presence of
H3K4me3 under certain conditions (62), and thereby may contribute to E6/E7 down-
regulation under hypoxia. In addition, distinct cis-regulatory elements of the viral URR
appear to be involved in hypoxia-linked E6/E7 repression, since we found that a 157-bp
3’-terminal fragment of the HPV18 enhancer is sufficient to mediate transcriptional
repression under hypoxia. A detailed analysis of the hypoxic regulation of transcription
factors binding to this region, which, among others, include AP1 family members, Oct1,
NF1, C/EBP proteins, and YY1 (45, 63), and their possible connection to AKT signaling
in hypoxic HPV-positive cancer cells could provide additional mechanistic insights.

Collectively, the findings of this study underline the significance of PI3K/AKT/mTOR
signaling for the virus-host cell cross talk in HPV-positive cancer cells (Fig. 7). We
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FIG 7 Cross talk between oncogenic HPVs and the PI3K/mTOR/AKT signaling cascade. Top, normoxia. Top right, experimental
repression of E6/E7 (e.g., by RNA interference [RNAI] or by the viral transrepressor E2) leads to rapid senescence of HPV-positive cancer
cells (8-10). The efficiency of senescence induction is dependent on intact mTORC1 signaling (11). HIF-T« is unstable under normoxia.
Top left, canonical PI3K/mTORC2/AKT signaling. PI3K via PDK1 (phosphoinositide dependent kinase-1) and mTORC2 activates AKT
signaling through mediating the phosphorylation of AKT1 at amino acids T308 and S473 (and of T309 and S474 for AKT2) (15). Bottom,
hypoxia. Bottom right, HIF-1« is stabilized and stimulates mTORC1-inhibitory REDD1 expression (77). The resulting interference with
mTORC1 signaling leads to impaired senescence (11). Bottom left, E6/E7 repression in hypoxic HPV-positive cancer cells depends on
the hypoxia-induced increase of AKT1 and AKT2 phosphorylation. This regulation requires the function of the canonical upstream AKT
activators PI3K and mTORC2.

previously observed that efficient induction of senescence, which occurs under nor-
moxia upon E6/E7 repression (8-10), is rapamycin sensitive and requires active mTORC1
signaling (11). Under hypoxia, however, mTORC1 signaling is impaired, allowing HPV-
positive cells to evade senescence despite E6/E7 repression (11). In the present work,
we show that the regulation of viral oncogene repression under hypoxia is also
connected to the PI3K/AKT/mTOR regulatory circuit, in this case being rapamycin
insensitive and involving the mTORC2 complex (Fig. 7), as further corroborated by
silencing RICTOR expression. In this cascade, both PI3K and mTORC2 are required as
upstream regulators for the hypoxia-induced activation of AKT1 and AKT2, which
mediate the repression of the viral oncogenes in hypoxic HPV-positive cancer cells.

It is important to note that the modulation of AKT signaling affected viral oncogene
expression only in hypoxic and not in normoxic HPV-positive cancer cells. As a basis for
future studies of this complex regulation, we also performed comparative proteome
analyses of normoxic and hypoxic cells and hypoxic cells treated with an AKT inhibitor
or with high glucose concentrations, the latter two treatments counteracting hypoxic
E6/E7 repression. Conceivably, proteins that are regulated in parallel or inversely with
E6/E7 under these different experimental conditions could represent (i) factors which
are not linked to E6/E7 repression but also underlie AKT-dependent modulation under
hypoxia, (ii) factors acting downstream from AKT and upstream from E6/E7 during
hypoxic E6/E7 repression, or (iii) factors acting downstream from E6/E7 and which are
affected by the downregulation of the viral oncogenes in hypoxic cells. The limited
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number of proteins fulfilling these criteria included Wnt5a and DKK1, which were
downregulated under hypoxia, an effect that was counteracted by AKTi VIIl and high
glucose treatment. Interestingly, both proteins can act as negative regulators of
Wnt/B-catenin signaling (54, 55) and thereby may not only be involved in E6/E7
repression but could also connect AKT and Wnt signaling in hypoxic cells. We also
identified proteins whose expression is altered under hypoxia but not reverted by
treatment with AKTi VIII or high glucose. These factors could comprise upstream
regulators of hypoxic AKT activation. Interestingly, these include RhoB and c-Jun, both
being upregulated under hypoxia and both having the potential to stimulate AKT
signaling, at least under normoxic conditions (64-66). Future studies of these differen-
tially regulated factors are warranted to assess their functional connection to the
hypoxic response of the PI3K/mTORC2/AKT signaling cascade in general, as well as their
contribution to the repression of the E6/E7 oncogenes in hypoxic HPV-positive cancer
cells.

MATERIALS AND METHODS

Cell culture, treatments, and transfections. HPV18-positive HeLa and SW756 and HPV16-positive
SiHa and MRI-H-186 cervical carcinoma cells and MeWo melanoma cells were obtained from the tumor
bank of the German Cancer Research Center (DKFZ) or from the American Tissue Culture Collection. HPK
Il cells were characterized in reference 32. Cells were maintained in Dulbecco modified Eagle medium
(DMEM) or RPMI (MRI-H-186) medium supplemented with 10% fetal calf serum (FCS; Life Technologies),
2 mM L-glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin (Sigma-Aldrich). Standard cell culture
medium had a glucose concentration of 5.5 mM. Cells were either cultured under normoxia (21% O,, 5%
CO,) in a humidified incubator or under hypoxia (1% O,, 5% CO,) in the InvivO, 400 physiological oxygen
workstation (Ruskinn Technology Ltd., Bridgend, United Kingdom).

The following PI3K/AKT/mTOR inhibitors, diluted in dimethyl sulfoxide (DMSO), were used for
treatment: KU-0063794, AKTi VIII (Sigma-Aldrich), LY294002 (Cayman Chemical), rapamycin, MK-2206
(AdipoGen), PX-866 (Focus Biomolecules), and GDC-0941 (Selleck Chemicals).

All plasmids were transfected by calcium phosphate coprecipitation (67). To generate knockdown
cells by the CRISPR-Cas9 technique, transfected cells were selected for up to 5 days using puromycin
(1 wg/ml). Cells were then cultured in standard medium and either used directly as a pool for further
experiments (Fig. 3G also Fig. S4 in the supplemental material) or split for generating single-cell clones
(Fig. 4B). Control cells were transfected with the empty vector containing no guide RNA (gRNA)
sequence. Synthetic siRNAs were transfected using DharmaFECT | (Thermo Fisher Scientific) according to
the manufacturer’s instructions, with a final siRNA concentration of 20 nM.

Plasmids and siRNAs. Synthetic siRNAs were purchased from Life Technologies. shRNAs were
expressed from pSuper (68). The si-/shRNA target sequences were as follows: shREST-1, 5'-GCUUAUUA
UGCUGGCAAAU-3’; shREST-2, 5'-GCUGCGGCUACAAUACUAA-3’; shREST-3, 5'-GUGACUACCAGAACUCGA
A-3'; shMIx-1, 5-UCAUGAAAGUGAACUAUGA-3’; shMIx-2, 5'-CUGACCAGGUCAAGUUCAA-3’; siAKT2-1,
5’-UGACUUCGACUAUCUCAAA-3’; siAKT2-2, 5'-CAACUUCUCCGUAGCAGAA-3’; and si-/shContr-1, 5'-CAG
UCGCGUUUGCGACUGG-3' (contains at least four mismatches to all known human genes). si-/shRNAs
were pooled at equimolar concentrations to minimize off-target effects. gRNAs against AKT1 and AKT3
were expressed from vector LentiCRISPRv1, and gRNAs against Rictor were expressed from Lenti-
CRISPRv2 (kind gifts from Feng Zhang; Addgene plasmids no. 49535 and no. 52961) (69). The following
gRNA target sequences were used: AKT1 gRNA1, 5'-GACGTGGCTATTGTGAAGGA-3’; AKT1 gRNA2, 5'-TG
TCATGGAGTACGCCAACG-3'; AKT3 gRNA1, 5'-GAGAATATATAAAAAACTGG-3'; AKT3 gRNA2, 5'-GCCACT
GAAAAGTTGTTGAG-3’; and Rictor gRNAT1, 5'-TGTCTTCACATGCTTCATCG-3'. Expression vectors for con-
stitutively active AKT1 (myrAKT1) and AKT2 (myrAKT2) were obtained from Addgene (plasmids no. 15989
and no. 27294, respectively; kind gifts from Morris Birnbaum [70]). Luciferase reporter plasmids for the
HPV18 URR (45) and pGAPDH (71) were described previously.

Luciferase reporter assays. For luciferase assays, cells were seeded in 6-cm dishes and transfected
with 3 ug reporter plasmid or basic vector. To adjust for variations in transfection efficiency, 0.2 ug
pCMV-B-galactosidase was included as an internal standard. Cell lysis and measurement of luciferase
activity was carried out 48 h after transfection as previously described (72). Experiments were performed
independently at least 4 times in duplicates, and data are presented as fold changes relative to the results
under hypoxia, after logarithmic transformation. Statistical significance was determined by one-way
analysis of variance (ANOVA) (*, P < 0.05; ***, P < 0.001).

Immunoblot and qRT-PCR analyses. Protein extraction, immunoblotting, RNA extraction, and
quantitative reverse-transcription PCR (qRT-PCR) were performed as described previously (73) and
detailed in Text S1 in the supplemental material.

Determination of cell growth. Cell numbers were quantitated by staining with crystal violet (74).
Experiments were performed at least thrice in quadruplicates. Cells were seeded in 96-well plates and
stained with 30 ul formaldehyde-crystal violet (12 mM crystal violet, 29 mM NaCl, 3.7% formaldehyde,
22% ethanol) 0, 24, 48, and 72 h after treatment. Plates were washed and dried. For quantification of cells,
30 pl 33% acetic acid was added to dissolve cell-bound crystal violet. Absorbance was measured at
570 nm. Data are presented relative to the time point 0 h after treatment.
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TMT-mass spectrometry analyses. Quantitative proteome analyses were performed by tandem
mass tag (TMT)-mass spectrometry (75), as detailed in Text S1.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02323-18.
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