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ABSTRACT Cancer-causing human papillomavirus (HPV) E6 oncoproteins contain a
well-characterized phosphoacceptor site within the PDZ (PSD-95/Dlg/ZO-1) binding
motif (PBM) at the C terminus of the protein. Previous studies have shown that the
threonine or serine residue in the E6 PBM is subject to phosphorylation by several
stress-responsive cellular kinases upon the induction of DNA damage in cervical can-
cer-derived cells. However, there is little information about the regulation of E6
phosphorylation in the absence of DNA damage and whether there may be other
pathways by which E6 is phosphorylated. In this study, we demonstrate that loss of
E6AP results in a dramatic increase in the levels of phosphorylated E6 (pE6) despite
the expected overall reduction in total E6 protein levels. Furthermore, phosphoryla-
tion of E6 requires transcriptionally active p53 and occurs in a manner that is de-
pendent upon DNA-dependent protein kinase (DNA PK). These results identify a
novel feedback loop, where loss of E6AP results in upregulation of p53, leading to
increased levels of E6 phosphorylation, which in turn correlates with increased asso-
ciation with 14-3-3 and inhibition of p53 transcriptional activity.

IMPORTANCE This study demonstrates that the knockdown of E6AP from cervical
cancer-derived cells leads to an increase in phosphorylation of the E6 oncoprotein.
We show that this phosphorylation of E6 requires p53 transcriptional activity and
the enzyme DNA PK. This study therefore defines a feedback loop whereby activa-
tion of p53 can induce phosphorylation of E6 and which in turn can inhibit p53 tran-
scriptional activity independently of E6’s ability to target p53 for degradation.
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Human papillomaviruses (HPV) are the causative agents of cervical cancer and
many other human malignancies. To date, over 200 different HPV types have been

identified, of which only a small subset of 12 (also known as high-risk HPV types) are
defined by the WHO as being cancer-causing. Among these, HPV-16 and HPV-18
account for approximately 80% of the cervical cancer burden worldwide (1, 2). Over
decades, many studies have provided insights into HPV's two oncoproteins, E6 and E7,
as key players in HPV-induced cancer progression. E6 and E7 are the only viral genes
continually maintained and expressed in HPV-positive cervical cancer lesions (3, 4) and
are required for the growth and progression of HPV-positive cervical cancer cells in
vitro and in vivo (5, 6). Inhibition of E6/E7 expression induces cellular senescence and
apoptosis (7, 8), indicating that cervical cancer cells are “E6/E7 oncogene-addicted”
and hence are excellent targets for developing therapeutic interventions to treat HPV-
induced malignancies.
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E6 and E7 function cooperatively, both being required for the induction of malig-
nancy. They do this by interacting with essential cellular regulators of cell growth, prolif-
eration, and apoptosis control (6, 9, 10). HPV E7 targets pRb for proteasome-mediated
degradation and activates several DNA damage response (DDR) pathways (11–13).
Consequently, there is an increase in the protein level of the tumor suppressor p53,
which is involved in controlling the transition from G1 to S phase and G2 to M phase in
the cell cycle (14, 15). Thus, cellular stress generated by HPV E7 leads to p53 activation,
which stimulates the activation of cell cycle checkpoint regulators and apoptotic pro-
teins. To counteract this response, high-risk HPV E6 binds directly to p53 and induces its
ubiquitination and proteasomal degradation through interaction with the E6-associated
protein (E6AP) (10, 16).

The E6 proteins from cancer-causing HPV types, but not from nononcogenic HPV types,
also possess a short carboxy-terminal stretch of amino acids, which confers interaction
with cellular proteins that contain a PDZ domain (16, 17). Through this PDZ-binding motif
(PBM), E6 interacts with various cellular PDZ domain-containing proteins, regulating proc-
esses as diverse as cell polarity, cell signaling, cell attachment, and cell proliferation during
both the viral life cycle and cancer progression (17–19). According to previous studies, an
intact E6 PBM is required for maintaining the viral episome during its life cycle (20, 21). In
addition, some studies have demonstrated that, in cases where the E6 PBM was mutated,
the inactivation of p53 restored the ability of the cell to maintain the HPV genome episo-
mally, thereby suggesting a possible link between the E6 PBM and p53 function (22, 23).
Intriguingly, the E6 PBM is multifunctional, owing to the presence of a phosphoacceptor
site embedded within its core. For some time, the phosphorylation of the E6 PBM at the
T156 residue was thought to be catalyzed mostly by either protein kinase A (PKA) or AKT
activity, depending upon the precise amino acid sequence of the E6 PBM. However, more
recently it was shown that DNA damage results in a dramatic increase in the levels of
phosphorylated E6, which is mediated by the stress-responsive cellular kinases CHK1 and
PKA. (24). In addition, the retention of an intact PBM and phosphoacceptor site within E6
correlates with the ability of E6 to inhibit p53's transcriptional activation of a subset of
p53-responsive promoters, thereby linking regulation of the E6 PBM function with inhibi-
tion of p53 activity (24).

During the course of our studies to better understand the role of phosphoregula-
tion of E6, we made the surprising observation that loss of E6AP resulted in a dramatic
increase in the levels of E6 phosphorylation in HeLa cells. This was found to be de-
pendent upon transcriptionally active p53 and DNA-dependent protein kinase (DNA
PK) and suggests a feedback mechanism whereby activation of p53 results in phospho-
rylation of the E6 PBM, thereby increasing E6’s ability to inhibit p53 transcriptional
activity.

RESULTS
E6 is phosphorylated in the absence of E6AP. Previous studies have shown that

HPV E6 oncoproteins are phosphoregulated by several cellular kinases either directly
or indirectly (24, 25). E6 is very weakly phosphorylated during the normal cell cycle,
but this increases drastically upon the induction of DDR pathways in cervical cancer-
derived cell lines (24). Since loss of E6AP induces a potent stress response, involving
upregulation of p53, induction of apoptosis, and loss of E6 protein (6, 19), we were
interested in investigating how this loss of E6AP might impact signaling to the E6 on-
coprotein. To examine this, we decided to knock down the expression of E6AP and E6/
E7 in cervical cancer-derived HeLa cells, using small interfering RNAs (siRNAs) targeting
E6AP and the E6/E7 oncoproteins. After 72 h, cells were harvested, and the extracts
were analyzed by Western blotting, using antibodies raised against HPV-18 E6 to
detect both phosphorylated and nonphosphorylated forms. As can be seen in Fig. 1A,
knockdown of E6AP and E6/E7 leads to a reduction in the levels of total E6, in agree-
ment with previous studies (19, 26). However, despite an overall reduction in E6 pro-
tein levels, we also observed a dramatic increase in the levels of the phosphorylated
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form of HPV-18 E6 (pE6) upon knockdown of E6AP. However, pE6 remains undetect-
able in the cells transfected with siE6/E7, similar to the si-luciferase control (Luci).
While our antibody does not recognize phosphorylated HPV-16 E6, we nonetheless
wanted to ascertain whether similar results could be obtained in a different HPV-18-
positive cell line, C4-1. As can be seen from Fig. 1C, loss of E6AP also induces a marked
increase in E6 phosphorylation in C4-1 cells, confirming that these effects are not
unique to HeLa cells.

To ascertain what causes the phosphorylation of E6 upon silencing of E6AP, we per-
formed another knockdown experiment in HeLa cells. This time, we knocked down
E6AP together with p53, to see whether E6 is phosphorylated in response to p53 up-
regulation, since p53 is known to be the major degradation target of the E6/E6AP com-
plex. We also included a double knockdown of siE6AP and siE6/E7 to verify the identity
of the pE6 moiety. As can be seen in Fig. 2, loss of E6AP induces a marked increase in
the levels of pE6, and this is reduced in the presence of siE6/E7. Most interestingly, this
phosphorylation of E6 in the absence of E6AP is dependent upon the presence of p53,
since transfection of siRNA p53 abolishes the phosphorylation of E6. Taken together,
these results demonstrate that p53 is required for phosphorylation of E6 in the ab-
sence of E6AP.

We further validated this in the p53-null H1299 cell line. For this, we first knocked
down the E6AP, and after 48 h, cells were transfected with p53, wild-type 18E6, and
18E6 delPBM expression constructs, followed by further incubation for 24 h. Cells were

FIG 1 Phosphorylation of HPV-18 E6 upon E6AP knockdown. HeLa (A) and C41 (C) cells were subjected to siRNA-
mediated knockdown of E6AP and E6/E7, with luciferase (Luci) as control. After 72 h, cells were harvested and
analyzed by Western blotting, using antibodies specific to total E6, pE6, and E6AP; a-tubulin was used as a
loading control. (B and D) The histogram shows the statistical significance of changes in pE6 in the absence of
E6AP from at least three independent experiments. **, P value , 0.005; ns, nonsignificant; statistically quantified
using Student's t test. error bars indicate the standard deviation of the mean.
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then harvested, and pE6 levels were analyzed using Western blotting. We observed that
the levels of pE6 increase markedly in the absence of E6AP and in the presence of the
p53 as shown in Fig. 3. Taken together with the data shown in Fig. 2, this suggests that
E6, in the absence of E6AP, is phosphorylated in response to the increase in p53 protein
levels, and that these effects are independent of the presence or absence of E7.

DNA PK phosphorylates E6 in the absence of E6AP. Having found that E6 is phos-
phorylated in a p53-dependent manner following knockdown of E6AP, we were inter-
ested in identifying the kinase responsible. We had shown previously that various
stress-response kinases can strongly phosphorylate E6, including Chk1 and Chk2 via
PKA and another, as yet unidentified, kinase activated by cycloheximide treatment
(24). Therefore, we initially focused our attention on CHK1 and PKA, repeating the
siRNA E6AP transfection in HeLa cells but also including CHK1 and PKA inhibitors. In
parallel, as an experimental control, we also induced DNA damage in HeLa cells by
treating the cells with H2O2 in the presence of the PKA inhibitor to verify the phosphor-
egulation of E6 by PKA. The results in Fig. 4A and B show that there are no changes in
the levels of pE6 in the presence of either the CHK1 or PKA inhibitors in the absence of
E6AP. However, the inhibition of PKA drastically reduces the levels of pE6 in H2O2-
treated cells (Fig. 4C) in agreement with the previous study (24). Taken together, these
results suggest that neither PKA nor CHK1 kinase is involved in the regulation of pE6
when E6AP is knocked down and p53 is upregulated.

In order to search for other potential kinases, we performed an in silico kinase analysis
using Netphos 3.1 server software and identified DNA PK as a high-confidence candidate
as shown in Fig. 5A. To test this, we performed an in vitro kinase assay using purified
DNA PK with purified HPV-18 and HPV-16 E6 glutathione S-transferase (GST) fusion pro-
teins in the presence of radioactively labeled ATP. The results shown in Fig. 5B demon-
strate that both HPV-18 and HPV-16 E6 are excellent substrates for phosphorylation by
DNA PK in vitro. To confirm that the phosphorylation was on the T156 residue, the assay
was repeated using a panel of E6 mutants. The results in Fig. 5C demonstrate that any
modification to the E6 PBM reduces phosphorylation by DNA PK and that the phos-
phoacceptor site is T156.

To ascertain whether DNA PK is involved in E6 phosphorylation in vivo, HeLa cells
were transfected with siRNA E6AP, followed by treatment with DNA PK inhibitor for

FIG 2 Knockdown of E6AP induces phosphorylation in response to p53 upregulation. (A) HeLa cells were transfected with
siRNAs against E6AP, E6/E7, and p53. After 72 h, cells were harvested and analyzed by Western blotting. Proteins were
probed using antibodies specific to pE6, total E6, p53, and E6AP; a-tubulin was used as a loading control. (B) The histogram
shows the statistical significance of changes in pE6 levels in the absence of E6AP and in the absence of E6AP 1 p53 from
three independent experiments with a P value of ,0.005 (**), statistically quantified using Student's t test; error bars indicate
the standard deviation of the mean.
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12 h. The cells were harvested and analyzed by Western blotting. The results in Fig. 6
demonstrate that the levels of pE6 are greatly decreased in the presence of the DNA
PK inhibitor, confirming DNA PK as the kinase responsible for phosphorylating E6 after
removal of E6AP.

Although all high-risk HPV E6s have a conserved PBM at their carboxy terminus,
there is a high degree of variation in their sequences upstream and downstream of the
phosphoacceptor site, as shown in Fig. 7A. Having shown that T156, within the HPV-18
E6 PBM, plays a critical role in kinase recognition, we wanted to ascertain whether this
is conserved between E6 proteins from different HPV types. To investigate this, we per-
formed a series of in vitro kinase assays using purified DNA PK with different HPV E6
GST fusion proteins in the presence of radiolabeled ATP. As can be seen in Fig. 7B, E6
proteins from HPV-16, HPV-18, HPV-39, and HPV-68 are heavily phosphorylated by

FIG 4 Neither CHK1 nor PKA phosphorylates E6 in the absence of E6AP. HeLa cells were transfected with siRNAs against E6AP, E6/E7, and luciferase (Luci)
as control. After 60 h, CHK1 (100 nM) (A) and PKA (15 mM) (B) inhibitors, and dimethyl sulfoxide (DMSO) as control, were added to the cells, followed by
further incubation for 12 h. Cells were then harvested, and samples were analyzed using Western blotting with the antibodies against total E6, pE6, and
E6AP; a-tubulin was used as a loading control. (C) HeLa cells were treated with PKA inhibitor (15 mM) for 15 h, followed by treatment with DMSO (as
control) or H2O2 (500 mM) for 4 h. Western blots were probed using antibodies specific against total E6, pE6, and a-tubulin (loading control).

FIG 3 Knockdown of E6AP and overexpression of p53 in p53-null H1299 cells lead to increased E6 phosphorylation. (A)
H1299 cells were transfected with siE6AP and si-Luci (as control) using Lipofectamine RNAiMax. After 48 h, the same cells
were transfected with plasmids expressing Flag-tagged p53, HA-tagged 18E6 (wild type), and HA-tagged 18E6 delPBM,
together with a LacZ expression plasmid (transfection efficiency control), followed by further incubation of 24 h. Protein
analysis was performed by Western blotting using specific antibodies against p53, p18E6, and HA (for probing 18E6). b-gal
was used as a loading control for the overexpressed proteins, while a-tubulin was used as a loading control for E6AP
siRNA knockdown. (B) The histogram represents the statistical significance of changes in pE6 in the absence of E6AP and
presence of overexpressed p53 protein from at least three independent experiments. **, P value , 0.005; ns,
nonsignificant. Statistically quantified using Student's t test; error bars indicate the standard deviation of the mean.
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DNA PK; those of HPV-33 (potentially due to the presence of alanine at position 21),
HPV-51, and HPV-58 are mildly phosphorylated; and E6s from HPV-35 (perhaps because
of the presence of glutamic acid downstream of threonine at position 21) and HPV-56
are only weakly phosphorylated. These results suggest that, in agreement with previ-
ous studies, the noncanonical residues play critical roles in kinase recognition.

Having shown that DNA PK can phosphorylate E6 in vivo following the loss of E6AP,
we were interested in determining whether this was specific to loss of E6AP or whether
other DNA damage-induced stress responses could trigger DNA PK phosphorylation of

FIG 5 DNA PK phosphorylates HPV-18 E6 in vitro. (A) Represents in silico kinase analysis using NET Phos3.0 software for the
HPV-18 E6 PBM, specifically the T156 residue. (B) In vitro phosphorylation assay using purified GST fusion proteins for wild-type
HPV-16, HPV-18 E6, and HPV-18 E6 mutated within its PBM (C) incubated with purified DNA PK enzyme in the presence of
[!-32P] ATP. (Top) Autoradiograms. (Bottom) Coomassie-stained SDS-PAGE gels, indicating the pE6, the GST fusion E6 protein,
and GST control.

FIG 6 DNA PK phosphorylates HPV-18 E6 in vivo in the absence of E6AP. (A) HeLa cells were transfected with siRNAs
against E6AP, E6/E7, and luciferase as the control. After 60 h, DNA PK inhibitor (10 mM) and DMSO as control were
added to the cells, which were incubated for a further 12 h. Cells extracts were then analyzed by Western blotting
using antibodies for total E6 and pE6; a-tubulin was used as a loading control. (B) Statistical significance of the pE6
from at least three independent experiments in the presence of DNA PK inhibitor with a P value of ,0.005 (**).
Statistically quantified using Student's t test; error bars indicate the standard deviation of the mean.
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E6. To do this, HeLa cells were first treated with the DNA PK inhibitor followed by treat-
ment with teniposide, which we have shown previously can induce a high level of E6
phosphorylation (24). As can be seen from Fig. 8, the DNA PK inhibitor causes a marked
decrease in the levels of E6 phosphorylation in response to loss of E6AP; however, DNA
PK inhibition has no effect on the levels of pE6 following treatment with teniposide.
These results demonstrate that DNA PK activation is a specific response to the loss of
E6AP and upregulation of p53, leading to the phosphorylation of E6, and this is not
observed in response to other forms of DNA damage-induced stress, such as that
induced by teniposide.

Transcriptional activity of p53 regulates the phosphorylation of E6 in the
absence of E6AP. Having found that phosphorylation of E6 was dependent upon p53
and DNA PK, we next wanted to determine whether p53 transcriptional activity was
required. To examine this, we repeated the knockdown of E6AP in HeLa cells and then
treated the cells with a-pifithrin (27, 28) to block p53 transcriptional activity. After a
further 48 h, the cells were harvested and pE6 levels ascertained by Western blotting.
The results in Fig. 9 show that the levels of pE6 decrease significantly in the presence
of a-pifithrin compared with those of control-treated cells. These results demonstrate
that loss of E6AP results in a phosphorylation of HPV-18 E6 in a manner that requires
both p53 transcriptional activity and DNA PK, although at this stage we do not know
whether p53 directly upregulates DNA PK or whether DNA PK is responding to other
p53-induced signaling pathways.

The E6/E6AP-mediated degradation of p53 is considered to be a most important
mechanism in the initiation and development of cervical cancers. Several studies have
shown that disrupting this complex, either by knocking down E6AP or by treating the
cells with inhibitors that lead to the accumulation of p53, further induces apoptosis in
the cancer cells in a p53-dependent manner (29–33). It was possible that this

FIG 7 Different HPV E6 types display different levels of phosphorylation. (A) The carboxy terminus sequence of E6 proteins from different HPV types. (B)
The purified GST fusion proteins were incubated with DNA PK enzyme and [g-32P] ATP. The phosphorylation levels of the E6 proteins were then analyzed
by SDS-PAGE and autoradiography. The upper panel shows the autoradiogram of different in vitro phosphorylated 18E6 GST fusion proteins; the lower
panel shows the Coomassie blue-stained gel.
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imbalance between cell proliferation and apoptosis upon the activation of p53 in the
absence of E6AP might induce cellular stress, in turn activating the stress-responsive
Kinases, further leading to the phosphorylation of E6. To investigate this, we repeated
the knockdown experiment in HeLa cells, as described above, and checked for the lev-
els of stress marker pS139gH2AX, which is known to increase upon activation of the DNA
damage-signaling pathway and also upon induction of the apoptotic signaling cascade
(34). Interestingly, upon analysis, we observed that the levels of pS139gH2AX increase

FIG 8 DNA PK does not phosphorylate E6 upon exogenous induction of DNA damage. (A) In the first set, HeLa cells were transfected
with siE6AP, siE6/E7, and si-Luci as control. After 48 h, we added DNA PK inhibitor (10 mM) or DMSO as control. A second set of cells
was also treated with the DNA PK inhibitor (10 mM) or DMSO as control. Both sets of cells were then incubated for 12 to 15 h and
then treated with a DNA-damaging agent, teniposide (at 5 mM), followed by further incubation for 4 h. Cells were then harvested,
and analysis was performed by Western blotting using specific antibodies against pE6, total E6, and E6AP, plus a-tubulin as loading
control. (B) The histogram represents the statistical significance of changes in pE6 levels upon treating the cells with teniposide in
the presence and absence of DNA PK inhibitor. The results from three independent experiments are shown with a P value of ,0.005
(***); ns, nonsignificant. Quantification was performed using Student's t test; error bars indicate the standard deviation of the mean.

FIG 9 p53 transcriptional activity controls the phosphorylation of E6 upon E6AP knockdown. (A) siRNAs
targeting E6AP, E6/E7, and luciferase control were transfected into HeLa cells, followed by incubation for 24 h,
after which p53 inhibitor a-pifithrin (30 mM), or DMSO as control, was added to the cells. Cells were then
further incubated for 48 h, after which they were harvested and analyzed by Western blotting using antibodies
specific to pE6 and total E6; a-tubulin was used as a control. (B) The histogram shows relative statistical
significance of changes in pE6 levels in the presence of p53 inhibitor and absence of E6AP from at least three
independent experiments with a P value of ,0.05 (*); ns, nonsignificant.
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dramatically in the E6AP-knockdown cells compared with those of the Luci control,
and decrease significantly upon the knockdown of both E6AP and p53 as shown in Fig.
10A. In order to determine whether these effects were specific for HPV-containing cells,
we repeated the assay in U2OS cells, which are HPV negative and contain wild-type
p53. As can be seen from Fig. 10B, there were no changes in pS139gH2AX protein levels
when either E6AP or E6AP 1 p53 was knocked down from these cells, indicating that
loss of E6AP only has this effect in HPV-positive cells.

Next, we wanted to ascertain if it is regulated through the transcriptional activity of
p53. To test this, we repeated the siRNA knockdown experiment in the presence and ab-
sence of a-pifithrin, an inhibitor of p53 transcriptional activity. Similar to the previous ob-
servation, knockdown of E6AP increases the levels of pS139gH2AX, which decreases greatly
upon treating the cells with a-pifithrin (Fig. 10C). This further suggests that, in the ab-
sence of E6AP, the transcriptional activity of p53 induces stress in the cells that may
result in the activation of DNA PK, which eventually phosphorylates E6.

FIG 10 p53 transcriptional activity increases pS139gH2AX levels in the absence of E6AP. siRNAs targeting E6AP and p53 plus si-
luciferase (Luci) control were transfected into HeLa (A) and U2OS (B) cells and incubated for 72 h. Cell were then harvested and
analyzed by Western blotting. (C) HeLa cells were transfected with siRNA against E6AP and E6/E7 plus Luci as control. After 24 h,
cells were treated with p53 inhibitor a-pifithrin (30 mM) for a further 48 h. Cells were then harvested and analyzed by Western
blotting. Proteins were probed using specific antibodies, pS139gH2AX, E6AP, pE6, and total E6; a-tubulin was used as a loading
control. (D) The histogram represents the statistical significance of the increase in pS139gH2AX in the absence of E6AP and in
response to p53 transcriptional activation from three independent experiments. *, P value of ,0.05; **, P value of ,0.005.
Statistically quantified using Student's t test; error bars indicate the standard deviation of the mean.
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pE6 in the absence of E6AP negatively regulates the transcriptional activation
of p53-responsive genes. Thatte et al. (24), in 2018, showed that phosphorylation of
the E6 PBM plays a crucial role in blocking the transcriptional activity of p53-responsive
genes. We wanted to determine whether the pool of E6 phosphorylated in the absence
of E6AP could functionally block the transcriptional activity of p53. Therefore, we initi-
ated a series of studies to examine whether the phosphorylation of the E6 PBM has
any effect on p53 transcriptional transactivation of p21 and mdm2 promoters, using
Renilla luciferase as a transfection efficiency control.

To examine this, we first transfected the cells with siE6AP or siScramble (as control)
in H1299 p53 null-cells derived from a non-small-cell lung cancer. After 48 h, the cells
were transfected with appropriate reporter constructs, together with plasmids express-
ing p53, wild-type 18E6, and 18E6 delPBM (phospho mutant). After a further 24 h, the
cells were harvested, and luciferase activity was measured using the dual-luciferase
system (the results are shown in Fig. 11A and B), and the expression profiles of all of
the proteins were verified using Western blotting as shown in Fig. 11C. As expected,
the transcriptional activity of p53 is inhibited by both wild-type 18E6 and the 18E6
delPBM in the presence of E6AP, since p53 degradation is induced by the E6/E6AP
complex. However, in the absence of E6AP, we observed that 18E6 delPBM fails to in-
hibit the transcriptional activation of p53-responsive genes, while the wild-type E6
retains the ability to inhibit p53 transcriptional activity for both p21 and mdm2. Taken
together, these results suggest that the phosphorylation of the E6 PBM plays an essen-
tial role in regulating the transcriptional activity of p53 in the absence of E6AP.

DISCUSSION

In this study, we extended earlier studies to investigate the pathways underlying
the regulation of E6 phosphorylation in vivo and, in particular, the regulation of phos-
phorylation at T156 within the E6 PBM. We find that ablation of E6AP expression in
HPV-18-positive HeLa and C4-1 cells results in a dramatic increase in the phosphoryla-
tion of HPV-18 E6 at this residue. This was somewhat surprising, as previous studies
had shown that loss of E6AP results in an overall destabilization of E6 and greatly
decreased total levels of E6 protein. Interestingly, the phosphorylated form appears to
become the dominant species of E6 under these conditions.

FIG 11 The HPV-18 E6 PBM contributes to inhibition of p53's transcriptional transactivation activity in the absence of E6AP. (A) H1299 cells were
transfected with the indicated promoter constructs upstream of a luciferase promoter—p21-Luc (A), Mdm2-Luc (B), together with plasmids expressing p53
and either wild-type HPV-18 E6 or mutant HPV-18 E6 delPBM in the presence or absence of E6AP. The histograms show the results from at least three
independent experiments quantified using Student's t test; the error bars indicate standard errors of the mean. Also shown are the P values (*, P , 0.05;
ns, nonsignificant) for the changes in relative luciferase activity. (C) Corresponding Western blot for the luciferase analysis confirms the knockdown of E6AP
from the cells and expression of pE6, total E6, p53, and b-gal.

Vats et al. Journal of Virology

March 2022 Volume 96 Issue 6 e01503-21 jvi.asm.org 10

https://jvi.asm.org


Since one of the major targets of the E6-E6AP complex is p53 (16, 35–37), we pro-
ceeded to investigate whether the increase in E6 phosphorylation was linked to p53
activity. We found that siRNA ablation of p53 expression, or inhibition of p53 transcrip-
tional activity, could both inhibit the levels of E6 phosphorylation in the absence of
E6AP. This indicates that an intact p53 response is required for inducing E6 phospho-
rylation at T156, which is particularly intriguing, as this phosphorylation of E6 has been
shown previously to contribute to E6's inhibition of p53 transcriptional activity, indicat-
ing a feedback loop to enhance E6's inhibition of p53.

Having found that, in the absence of E6AP, phosphorylation of HPV-18 E6 takes place
in response to p53 upregulation, we next sought to determine which kinase(s) might be
involved in the regulation of E6 phosphorylation. Following from the previous studies
(38, 39), we investigated whether CHK1 or PKA is involved in phosphorylating E6 by
repeating the knockdown study in the presence of CHK1 and PKA inhibitors. We show
that neither CHK1 nor PKA, in this case, is involved in mediating E6 phosphorylation. To
identify the kinase involved, we performed an in silico study using the Netphos 3.1 soft-
ware and identified DNA-dependent protein kinase (DNA PK) as a strong candidate for
E6 phosphorylation. Using in vitro kinase assays, we found that DNA PK phosphorylates
both HPV-18 and HPV-16 E6 and identified T156 as the phosphoacceptor site in HPV-18
E6. Furthermore, we also analyzed the phosphorylation of different high-risk HPV types
with DNA PK kinase. We observed differences in the phosphorylation patterns of differ-
ent HPV E6s, with E6s from HPV-16, HPV-18, HPV-31, HPV-39, and HPV-68 being highly
phosphorylated and E6s from HPV-33, HPV-51, HPV-35, and HPV-58 being phosphoryl-
ated to a lesser degree. These results highlight the importance of noncanonical residues
of the E6 PBM in susceptibility to phosphorylation and how it varies for different kinases.
Moreover, they also provide insight into the differential phosphorylation of different
high-risk HPV types, depending on the specific amino acids present in the motif. While
phosphospecific antibodies are not available for HPV-16 E6, the efficiency with which it
is phosphorylated by DNA PK in vitro strongly suggests that HPV-16 will be similarly
regulated in vivo.

In order to ascertain whether DNA PK was required for E6 phosphorylation in vivo,
we included DNA PK inhibitor in assays of E6 phosphorylation in the absence of E6AP
and found a marked inhibition of E6 phosphorylation. Intriguingly, DNA PK phospho-
rylation of E6 appeared to be specific to conditions where E6AP is lost and did not
occur under other forms of DNA stress response, such as that induced by teniposide.

We next wanted to ascertain whether phosphorylation of E6 actually requires the
transcriptional activity of p53 or whether it simply reflects the p53-dependent activation
of the DNA damage stress response pathway. We found that the ablation of E6AP from
HeLa cells increases the levels of pS139gH2AX but drastically decreases upon silencing
both E6AP and p53, which was further validated using an inhibitor of p53 transcriptional
activity. This suggests that an intact p53 cellular stress response, initiated by upregula-
tion of pS139gH2AX, was absolutely essential for phosphorylation of E6 in the absence of
E6AP. We found that this increase in pS139gH2AX upon knockdown of E6AP in response
to p53 activation is specific to HPV-positive cervical cancer cells, since we did not see
this effect in HPV-negative U2OS cancer cells harboring wild-type p53.

As noted earlier, this p53-dependent phosphorylation of E6 by DNA PK might indicate
the existence of a feedback loop as shown in Fig. 12. Indeed, this would be predicted to
result in an increase in pE6 levels, which subsequently inhibit p53's transcriptional activity in
a 14-3-3-dependent manner as demonstrated in previous studies (25, 40). While the studies
presented here were all performed in HPV-transformed cervical cancer-derived cell lines, we
would fully expect a similar pathway of feedback loop regulation to be operable in cells
normally infected with HPV, although further studies would be needed to confirm this.

Using p21 and mdm2 promoter assays, we find that the ability of E6 to block p53
transcriptional activity in the absence of E6AP is absolutely dependent upon an intact
PBM, central to which is the T156 phosphorylation site, further supporting previous
data showing that phosphorylation of the E6 PBM can inhibit the transcriptional
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activity of p53 (24). This phosphorylation event will then inhibit E6's interaction with
PDZ domain-containing substrates and confer association with 14-3-3 proteins,
thereby promoting further inhibition of p53 transcriptional activity; thus, completing a
pathway of feedback inhibition.

Current studies aim to understand further the biological relevance of E6 phospho-
rylation in cervical cancer-derived cell lines. To our surprise, loss of E6AP in HeLa cells
induces only very low levels of apoptosis, for which we currently have no explanation.
One tempting hypothesis to further explore is whether phospho-E6 can affect the lev-
els of apoptosis in both HPV-18- and HPV-16-positive cancer cells.

In summary, this study provides compelling evidence that the high-risk HPV E6 on-
coprotein is phosphoregulated by the kinase DNA PK upon the loss of E6AP in
response to p53's transcriptional activation of the DNA damage response pathways.
This is the first study to show that the knockdown of E6AP leads to a dramatic increase
in the levels of phosphorylated E6 oncoprotein and begins to provide mechanistic
insights into how the phosphorylation of E6 oncoprotein controls the transcriptional
activity of p53 in a negative feedback loop manner.

MATERIALS ANDMETHODS
Cell culture. HeLa, C41, U2OS, and H1299 cells were grown in Dulbecco's modified Eagle's medium

(DMEM) (GIBCO; no. 31885-023) supplemented with 10% fetal bovine serum (GIBCO; no. 10270-106),
penicillin-streptomycin (100 U mL21), and glutamine (300 mg mL21) (GIBCO; no. 10378-016) at 37°C in
humidified air incubator containing 10% CO2.

Chemicals, inhibitors, and antibodies. The inhibitors used for the experiments in this study were
as follows: 100 nM UCN01 CHK1 inhibitor (Sigma-Aldrich; no. U6508), 10 mM H-89 PKA inhibitor (Sigma-
Aldrich; no. B1427), 30 mM DNA PK inhibitor (Abcam; NU7026), and 30 mM a-pifithrin (Merck; no. p4359).
DNA-damaging agent teniposide (Sigma-Aldrich; no. SML0609) was used at a concentration of 5 mM.

Primary antibodies used were rabbit polyclonal HPV-18 E6 phosphospecific antibody (1:500; custom-
made by Eurogentec) generated using the H2N-RQERLQRRRET(PO3H2)QV-COOH peptide in rabbits and
subjected to affinity purification, mouse monoclonal 18E6 (1:500; Santa Cruz; no. sc365089) and mouse
monoclonal p53 (1:2,000; Santa Cruz; no. sc126), mouse monoclonal E6AP (1:500; BD Biosciences; no.
611416), mouse monoclonal a-tubulin (1:10,000; Cell Signaling Technology; no. T5168), rabbit monoclo-
nal pS139gH2AX (1:1,000; Cell Signaling Technology; no. 20E3), mouse monoclonal actinin (1:4,000; Santa
Cruz; no. sc17829), mouse monoclonal b-galactosidase (b-Gal) (1:4,000; Promega; no. Z378B), and
mouse monoclonal hemagglutinin (HA)-tag peroxidase (1:4,000; Sigma-Aldrich; no. H6533-1VL) followed
by horseradish peroxidase (HRP)-conjugated anti-rabbit (1:2,000; Dako; no. P0260) and anti-mouse sec-
ondary antibody (1:2,000; Dako; no. P0217).

Plasmid constructs. The plasmids used were as follows: p21-luciferase, MDM2-luciferase, Renilla lu-
ciferase, FLAG-p53, pGWI-18 E6, and pGWI-18 E6 DPBM have been described previously (24). The GST,
HPV-11 E6 GST, HPV-16 E6 GST, HPV-18 E6 GST, HPV-31 E6 GST, HPV-33 E6 GST, HPV-51 E6 GST, HPV-18

FIG 12 Model summarizing how, in the absence of E6AP, HPV E6 is phosphorylated by DNA PK in
cervical cancer-derived cells in response to p53 transcriptional activity.
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E6 T156E GST, HPV-58 E6 GST, and HPV 18 E6_ S82A_T156E GST fusion proteins have been described
previously (25, 40, 41). The 18E6 ET*PBM mutant was generated by using the GeneArt site-directed mu-
tagenesis kit (Invitrogen), and the primer sequences are as follows: 18E6GST ET*_F, CGACGCAGA
GAAACATGATATTAAGTATGCATGG; 18E6GST ET*_R, CCATGCATACTTAATATCATGTTTCTCTGCGTCG. GST
fusion HPV-35 E6, HPV-39 E6, HPV-56 E6, and HPV-68 E6 proteins were generated by subcloning them
from their respective plasmids using BamHI and EcoRI restriction sites (Kind gift from Carina Eklund,
Karolinska Institute). The primer sequences used for the same are listed as follows: 35 E6 F, GGTG
GATCCATGTTTCAGGACCCAGCTG, and 35 E6_R, GGGGAATTCTTACACCTCGGTTTCTCTACG; 39 E6_F,
GTTGGATCCATGGCGCGATTTCACAATC, and 39 E6_R, GGGGAATTCTTATACTTGGGTTTCTCTTCG; 56 E6_F,
GGCGGATCCATGGAGCCACAATTCAAC, and 56 E6_R, GGCGAATTCTTATACTGTAGATTCTCTAG; 68 E6_F,
GCTGGATCCATGGCGCTATTTCACAAC, and 68 E6_R, GGGGAATTCTTAAACTTGTGTTTCTTGACG.

siRNA transfection. HeLa cells were seeded at a confluence of 30 to 40% in a 6-well plate and then
were transfected with siRNAs against E6AP (Dharmacon; SMARTPool no. L-005137-00-0005), E6/E7
(Dharmacon; no. HR1ZN-000327), and p53 (Dharmacon; no. J-003329-14-0005) at a final concentration
of 50 nM using Lipofectamine RNAiMax (Life Sciences Technologies; no. 13778-150). After 72 h incuba-
tion, cells were harvested and analyzed by Western blotting.

Western blotting. Total cell extracts were obtained by lysing the cells directly in a 2� SDS-PAGE
sample buffer. Western blotting and processing were then performed as described previously (42) and
developed using the ECL detection system (Amersham; no. RPN2106).

In vitro phosphorylation assays. In vitro phosphorylation of the 18 E6 GST fusion proteins was car-
ried out using a DNA PK protein kinase system (Promega; no. V4106) in the presence of radioactively la-
beled [g-32P] ATP. The reaction was carried out according to the manufacturer's protocol. The samples
were analyzed by SDS-PAGE and autoradiography.

Dual luciferase assay. H1299 cells were transfected with appropriate plasmids expressing the lucif-
erase reporters, and cell lysates were collected 24 h posttransfection in lysis buffer. The luciferase assay
was performed using the dual-luciferase reporter assay system (Promega; no. E1960) according to the
manufacturer's instructions. The firefly luciferase and Renilla luciferase readings were taken using a
TD20/20 luminometer by Turner Designs.

Statistical analysis. All experiments were performed at least three times, and data are shown as
mean and standard deviation of the mean. Statistical significance was calculated using the GraphPad
Prism software using the unpaired two-tailed Student's t test. A P value below 0.05 was considered stat-
istically significant, and throughout the P values have been defined as follows: *, P , 0.05; **, P , 0.005;
***, P, 0.001. The term “ns” represents a nonsignificant P value above 0.05.

For the quantification of protein levels from Western blots, the films were scanned and the band
intensities were measured using ImageJ software. The final relative quantification values are the ratio of
the net band to the net loading control bands of tubulin, actinin, and b-gal.
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