
The Human Papillomavirus E6 PDZ Binding Motif Links DNA
Damage Response Signaling to E6 Inhibition of p53
Transcriptional Activity

Jayashree Thatte,a Paola Massimi,a Miranda Thomas,a Siaw Shi Boon,a Lawrence Banksa

aInternational Centre for Genetic Engineering and Biotechnology, Padriciano, Trieste, Italy

ABSTRACT The presence of a PDZ binding motif (PBM) in the human papillomavi-
rus (HPV) E6 oncoprotein appears to be a characteristic marker of high oncogenic
potential and confers interaction with a number of different cellular PDZ domain-
containing substrates. The E6 PBM is also subject to phosphorylation, resulting in in-
hibition of E6 PDZ binding activity and instead allowing E6 to associate with 14-3-3
proteins. In this study, we analyzed the conditions under which the E6 PBM is phos-
phorylated. We demonstrate that in normal cycling cells, the levels of E6 phosphory-
lation are very low. However, following exposure of cells to oxidative stress or the
induction of DNA damage, there is a striking increase in the levels of E6 phosphory-
lation. Depending on the specific stimulus, this phosphorylation of E6 can involve
the ATM/ATR pathway and is performed primarily through Chk1, although the Chk2
pathway is also involved indirectly through activation of protein kinase A (PKA). To
understand the biological relevance of these phospho-modifications of E6, we ana-
lyzed their effects upon the ability of E6 to inhibit p53 transcriptional activity. We
show that an intact E6 phospho-acceptor site plays an essential role in the ability of
E6 to inhibit p53 transcriptional activity on a subset of p53-responsive promoters in
a manner that is independent of E6’s ability to direct p53 degradation. These results
are, to our knowledge, the first example of a DNA damage response controlling
PBM-PDZ recognition. This study also provides links between the DNA damage re-
sponse, the regulation of E6 PBM function, and the inhibition of p53 activity and be-
gins to explain how HPV-infected cells remain within the cell cycle, despite activa-
tion of DNA damage response pathways during productive virus infections.

IMPORTANCE The cancer-causing HPV E6 oncoproteins all possess a PDZ binding
motif at their extreme carboxy termini. Depending upon whether this motif is phos-
phorylated, E6 can recognize PDZ domain-containing proteins or members of the
14-3-3 family of proteins. We show here that DNA damage response pathways di-
rectly signal to the E6 PBM, resulting in Chk1- and Chk2-driven phosphorylation. This
phosphorylation is particularly pronounced following treatment of cells with a vari-
ety of different chemotherapeutic drugs. A direct functional consequence of this sig-
naling is to confer an enhanced ability upon E6 to inhibit p53 transcriptional activity
in a proteasome-independent but phosphorylation-dependent manner. These results
are the first example of DNA damage signaling pathways regulating PBM-PDZ inter-
actions and provide the mechanistic link between E6 PBM function and perturbation
of p53 activity.
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Human papillomaviruses (HPVs) are the causative agents of many different types of
cancer, with cervical cancers being the most important (1). While over 200

different HPV types have been described, only a small subset of 12 so-called high-risk
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HPV types cause cancer. These include HPV-16 and HPV-18, which account for approx-
imately 80% of all cervical cancers (2). These viruses encode two oncoproteins, E6 and
E7, that are responsible for the initiation, progression, and maintenance of cancer
development. Inhibiting the expression or function of either protein results in inhibition
of transformed cell growth and the induction of cell death by apoptosis (3, 4).
Therefore, both viral oncoproteins represent excellent targets for therapeutic interven-
tion in HPV-induced malignancies.

Both E6 and E7 are highly multifunctional, with each protein interacting with a large
number of cellular partners, some of which have been shown to play a role in the ability
of E6 and E7 to bring about cell transformation and malignancy in different experi-
mental settings (5, 6). In the case of E7, its critical partners include the pRb family of
pocket proteins (7, 8). These interactions result in inhibition of pRb function, which is
brought about in part through recruitment of a cullin ubiquitin ligase, and the
subsequent degradation of pRb (9, 10). Recent studies have also shown that E7 can
recruit another cellular ubiquitin ligase, p600, to target other cellular substrates for
proteasome-mediated degradation (11–13). In the case of E6, a major interacting
partner is the p53 tumor suppressor. This is also inactivated through E6-induced
proteasome-mediated degradation, an activity that also involves the recruitment of a
cellular ubiquitin ligase, E6AP (14, 15). Thus, in many HPV-containing cell lines and
tumors, p53 levels are very low but not absent, indicating there may be additional
mechanisms by which HPVs might inhibit p53 activity (15–19).

A further important class of E6-interacting partners includes substrates containing
PDZ domains (20). The high-risk, potentially cancer-causing HPV E6 oncoproteins
possess a PDZ binding motif (PBM) at their extreme carboxy termini that is absent from
most benign HPV E6 oncoproteins (21, 22). Through this motif, E6 has been shown to
target a variety of different cellular PDZ domain-containing substrates (23). These
interactions appear to be important both for the viral life cycle and for the ability of the
virus to bring about cell transformation and to contribute to cancer development in
transgenic mice (20, 24, 25). Several studies have also shown that an intact PBM appears
to play an important role in viral episome maintenance (26, 27). Furthermore, one study
suggested a possible connection between E6 PBM function and p53 inactivation, since
loss of p53 function was found to rescue episomal maintenance in cells where the E6
PBM was mutated (28, 29). Intriguingly, during the HPV life cycle, amplification of the
viral genome also involves activation of the DNA damage response (DDR), primarily
through activation of ATM/ATR (30–33). While much attention has been placed on how
components of this pathway contribute to different aspects of the viral life cycle, many
questions still remain, in particular, how HPV overcomes the potentially inhibitory
activities of the pathway.

Recent studies have shown that the E6 PBM has a dual function, with a phospho-
acceptor site embedded within the PBM; once phosphorylated, E6 switches from
interaction with PDZ domain-containing proteins and instead associates with members
of the 14-3-3 family (34). Based largely on in vitro studies, the phosphorylation of the
E6 PBM has been thought to be due to either protein kinase A (PKA) or AKT activity,
depending upon the precise amino acid sequence of the E6 PBM. However, regardless
of the kinase, phosphorylation of E6 was found to inhibit PDZ recognition and promote
interaction with 14-3-3 (34, 35). This was particularly intriguing, considering the poten-
tial link between the E6 PBM activity, p53 function (28, 29), and the known requirement
for certain 14-3-3 isoforms for optimal p53 activity. Thus, 14-3-3� has been shown to
play a critical role in regulating p53 subcellular distribution (36), while 14-3-3� and
14-3-3� have been implicated in p53’s transcriptional activation of certain promoters
(37). Interestingly, both 14-3-3� and 14-3-3� appear to be bound particularly strongly
by the phosphorylated HPV-16 and HPV-18 E6 oncoproteins (35).

Despite the above dissection of E6 PBM function, nothing is known about when E6
is phosphorylated in vivo. Here, we show that in the normal cell cycle, E6 is only very
weakly phosphorylated. However, following the induction of a stress response, the level
of E6 phosphorylation increases dramatically, and this is particularly pronounced
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following induction of a DDR. Intriguingly, retention of an intact PBM and phospho-
acceptor 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 inhibition of p53 activity.

RESULTS
Differential phosphorylation of HPV E6 during the cell cycle. Since phosphory-

lation plays a major role in influencing E6 substrate specificity, we first wanted to
ascertain at what point in the cell cycle E6 is normally phosphorylated. To do this,
HPV-18-containing HeLa cells were synchronized using a double-thymidine block, and
following release, cell extracts were made at different points in the cell cycle, as verified
by fluorescence-activated cell sorter (FACS) analysis (Fig. 1A). The extracts were then
analyzed by Western blotting using a specific antibody raised against HPV-18 E6

FIG 1 HPV-18 E6 oncoprotein is only weakly phosphorylated during the normal cell cycle. (A) FACS analysis of HeLa cells synchronized by double- thymidine
block and subsequently released and harvested at different times to obtain cells in different phases of the cell cycle. y axis, number of cells/channel; x axis,
fluorescence intensity of designated parameter. (B) Western blot analysis of HeLa cell extracts from asynchronous (Ays) and synchronized HeLa cells in G1, S,
M1, and M2 phases using antibodies against phosphorylated E6 (18-pE6) and total E6; �-actinin was used as a loading control. (C) FACS analysis of HeLa cells
synchronized by double-thymidine block and subsequently released and harvested at different times to obtain cells in different phases of the cell cycle. y axis,
number of cells/channel; x axis, fluorescence intensity of designated parameter. (D) Western blot analysis of HeLa cell extracts from G1, S, M1, M2, and the next
G1 phases using antibodies against phosphorylated E6 (18-pE6) and total E6; �-actinin was used as a loading control.
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phosphorylated on T156 within the E6 PBM (35). The results shown in Fig. 1B demon-
strate very low levels of E6 phosphorylation in asynchronously growing cells, with a
slight increase in the levels of phospho-E6 in the G1 population and undetectable levels
of phosphorylation of E6 in the S and G2/M phases of the cell cycle. We also performed
an analysis of the E6 phospho-status in cells that were arrested in G2/M by nocodazole
treatment. The results, also shown in Fig. 1B, demonstrate surprisingly high levels of E6
phosphorylation in these G2/M phase-arrested cells, indicating that nocodazole can
also induce E6 phosphorylation. This contrasts with the results from the double-
thymidine block, where no phosphorylation of E6 was observed in the G2/M population
of cells. In order to determine whether there is phosphorylation of E6 when the cells
reenter G1, the assay was repeated, and the cells were followed for an extended time.
As can be seen in Fig. 1C, the cells reentered G1 10 to 12 h after release from the
double-thymidine block. However, in contrast to the G1-arrested cells, no phosphory-
lation of E6 was detectable when the cells reentered G1 (Fig. 1D). These results suggest
that in normal cycling cells the levels of E6 phosphorylation are very low and that only
following cell growth arrest, albeit when induced through different means, does E6
become phosphorylated. These results suggest that there may be multiple kinases
capable of phosphorylating E6, depending upon the precise stimulus.

The above-mentioned results indicate that significant levels of E6 phosphorylation
are obtained only in growth-arrested cells. We therefore investigated whether the
nocodazole-induced E6 phosphorylation patterns might be part of a stress response.
Indeed, nocodazole has been implicated in induction of oxidative stress (38) and DNA
damage (39, 40) in the cell. One of the potential mechanisms is inhibition of MTH1 (41),
which leads to the incorporation of oxidized nucleotides into the DNA and subsequent
DNA damage (42). To ascertain whether the phosphorylation of E6 following exposure
to nocodazole might be an oxidative-stress response, we performed a series of analyses
of nocodazole-treated HeLa cells, using hydrogen peroxide (H2O2) treatment as a
positive control for the induction of oxidative stress. The E6 phospho-status in these cell
extracts was then analyzed by Western blotting. The results are shown in Fig. 2A and
demonstrate a strong increase in the levels of E6 phosphorylation in response to H2O2

and nocodazole treatment. To determine whether this increase in E6 phosphorylation
was due to induction of oxidative stress, we treated the cells with N-acetyl-cysteine
(NAC), an antioxidant, following the exposure to H2O2 and nocodazole. As can be seen
in Fig. 2A, H2O2- and nocozadole-induced E6 phosphorylation was significantly reduced
upon treatment with NAC, suggesting an involvement of oxidative-stress response
kinases in E6 phosphorylation. Interestingly, we also found that blocking protein

FIG 2 HPV-18 E6 is phosphorylated as a result of cellular stress responses. (A) Representative Western blot analysis of HeLa cells either
untreated (UN) or treated with H2O2 for 4 h, nocodazole for 15 h, or CHX for 4 h in the presence or absence of the antioxidant NAC. The
blots were probed with antibodies against total HPV-18 E6 and HPV-18 E6 phospho-T156 (18-pE6); �-actinin was used as a loading control.
(B) Relative quantification of Western blots was done using Image J software, where the ratio of the net intensity of pE6 to the net actinin
loading control was calculated. The histogram shows the results from at least three independent experiments, statistically quantified by
Student’s t test; the error bars indicate standard errors of the mean. *, P � 0.05; ns, nonsignificant.
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synthesis using cycloheximide (CHX) resulted in significantly elevated levels of
phospho-E6, although, as expected, the total level of E6 was reduced under these
conditions (Fig. 2A). However, in this case, NAC did not reduce the phospho-E6 levels,
suggesting that the cycloheximide-induced phosphorylation of E6 is not an oxidative-
stress response, but rather, that another stress response pathway(s) might be involved.

Potential involvement of DDR kinases in regulation of E6 phosphorylation. The
above-mentioned results suggest that one source of signaling through oxidative stress
could be by stimulation of a DDR. Accordingly, we compared the known amino acid
recognition motifs of a number of DDR kinases, including ATM, ATR, Chk1, and Chk2,
with the sequence of the HPV-18 E6 PBM. As can be seen in Fig. 3A, HPV-18 E6 has a
good match with the consensus site for Chk1. In order to determine whether E6 could
be phosphorylated by either Chk1 or Chk2, we performed an in vitro kinase assay using
the purified kinases with purified HPV-18 E6 glutathione S-transferase (GST) fusion
protein in the presence of radiolabeled ATP. The results shown in Fig. 3B demonstrate
that HPV-18 E6 is a very good substrate for phosphorylation by Chk1, but not by Chk2.
Furthermore, the lack of any phosphorylation of the HPV-18 E6 T156E mutant indicates
that Chk1 phosphorylates E6 within the PBM at residue T156.

To ascertain whether any of these DDR kinases might indeed be involved in
stress-responsive E6 phosphorylation in vivo, we treated HeLa cells with specific inhib-
itors of ATR, ATM, Chk1, and Chk2 kinases for 15 h and then exposed the cells to either
nocodazole or H2O2. The results obtained are shown in Fig. 4 and demonstrate that
under nonstressed conditions, the levels of E6 phosphorylation are, again, very low.
Following exposure to nocodazole, E6 was clearly phosphorylated, but this was greatly
decreased following inhibition of the Chk1 kinase, suggesting that it is primarily
responsible for phosphorylating E6 after exposure to nocodazole (Fig. 4B). In contrast,
in the case of H2O2, the greatest inhibition of phosphorylation occurred following
treatment with the Chk2 inhibitor (Fig. 4C). This was rather surprising, considering the
low level of phosphorylation of E6 by Chk2 observed in vitro (Fig. 3). However, previous

FIG 3 HPV-18 E6 is phosphorylated by the DNA damage response kinase Chk1. (A) Consensus phos-
phorylation motifs recognized by ATR, ATM, Chk1, and Chk2 compared with the sequence of the carboxy
terminus of HPV-18 E6. *, carboxy terminus of E6; green text, serine/threonine phospho-acceptor. (B) In
vitro phosphorylation assay using purified GST fusion proteins of wild-type HPV-18 E6 and the HPV-18 E6
T156E mutant incubated with Chk1 or Chk2 in the presence of [�-32P]ATP. (Top) Autoradiograms.
(Bottom) Coomassie-stained SDS-PAGE gels. The arrows indicate phospho-E6, the GST E6 fusion protein,
the GST control, and the autophosphorylated Chk1 and Chk2.
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studies had indicated that one downstream kinase activated by DDR kinases was PKA
(43–45). Since we had previously shown that HPV-18 E6 was a very good substrate for
PKA in vitro (34, 35, 46), we repeated the analysis but also treated cells with H89 to
block PKA activity in the H2O2-exposed cells. The results shown in Fig. 4D demonstrate
a marked inhibition of H2O2-induced phosphorylation of E6 following inhibition of
either PKA or Chk2. These results indicate that PKA is most likely responsible for
phosphorylating E6 following the activation of Chk2 in response to an H2O2 oxidative-
stress-induced DDR.

In order to further confirm Chk2 activation after exposure to H2O2, we analyzed the
levels of phosphorylated Chk2 (Thr68). Indeed, H2O2 treatment led to a significant
increase in pChk2 levels, and inhibition of ATM and ATR also reduced pChk2 levels.
However, there was a striking increase in E6 phosphorylation when ATM and Chk1 were
inhibited (Fig. 4C to E). In order to investigate whether this increase in E6 phosphor-
ylation following inhibition of ATM and Chk1 was also mediated by PKA, the assay was
repeated in the presence of the PKA inhibitor H89. The results shown in Fig. 4E
demonstrate that increased phosphorylation of E6 following inhibition of ATM or Chk1
is mediated largely by PKA. This observation supports previous studies showing that
Chk1 inhibition causes replication stress and activates the ATR pathway (47–49) and
that ATR signals activate Chk2 in response to H2O2 treatment (50), which subsequently
activates PKA (44).

Having shown that DDR response kinases play an important role in regulating E6
phosphorylation, we were interested to know whether DDR modulators might also
affect E6 phosphorylation. Since various chemotherapeutic agents have been shown to
indirectly modulate the DDR pathways (51), it was of interest to know what effect they
might have on E6 phosphorylation. We used various chemotherapeutic agents that are
known to target molecules involved in the DNA replication and DNA repair pathways
(listed in Fig. 5A). HeLa cells were exposed to the different chemotherapeutic drugs,

FIG 4 Different DDR pathways lead to phosphorylation of E6 in response to different stresses. (A to C) HeLa cells
were treated with specific inhibitors of ATR (ATRi), ATM (ATMi), Chk1 (Chk1i), or Chk2 (Chk2i) for 15 h and then with
dimethyl sulfoxide (DMSO) as a control (A) or treated with nocodazole (B) or H2O2 (C). Western blots were probed
with antibodies against total HPV-18 E6 and HPV-18 E6 phospho-T156. �-Actinin was used as a loading control. (D)
The assay was repeated with H2O2, additionally treating the cells with a specific PKA inhibitor, H89, as well as Chk1i
and Chk2i. The pE6 levels were detected by Western blotting, and total E6 is also shown. �-Actinin was used as a
loading control. (E) HeLa cells were treated with H2O2, together with the specific PKA inhibitor H89 and the DDR
kinase inhibitors, as indicated. The pChk2 levels were analyzed to check the efficacy of ATMi and ATRi, and pE6
levels were also analyzed in the presence or absence of the various inhibitors. Also shown are total E6 levels.
�-Actinin was used as a loading control.
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and the cells were then harvested and the levels of E6 phosphorylation were ascer-
tained by Western blotting. At the same time, the levels of p53 expression were also
analyzed. The results of the analysis, shown in Fig. 5B, demonstrate a number of
interesting points. Inhibition of topoisomerase, ribonucleotide reductase, and DNA
replication all provoked a pronounced increase in the levels of E6 phosphorylation,
suggesting that multiple DDRs can signal to E6. In contrast, while PARP inhibitors have
been documented to accumulate double-strand DNA breaks, resulting in the accumu-
lation of DNA damage in the cell (52, 53), PARP inhibition did not induce E6 phosphor-
ylation in HeLa cells, and this appeared to be related to the very low level of DDR
activation in these cells following PARP inhibition (data not shown). Finally, none of the
drugs induced an increase in p53 levels, consistent with E6’s ability to target p53 for
degradation (14, 54), and in a subset of cases, p53 levels were also further reduced. This
is consistent with previous studies showing that induction of certain DDR pathways can
also increase the levels of E6-induced degradation of p53 (55).

Having found that multiple DDR-inducing agents could increase the levels of E6
phosphorylation, we then wanted to determine whether Chk1 or Chk2 was responsible.
To do this, we chose to analyze cisplatin. HeLa cells were exposed to cisplatin in the
presence of different DDR kinase inhibitors. The cells were then harvested, and the
levels of E6 phosphorylation were analyzed by Western blotting. The results shown in
Fig. 5C demonstrate that the majority of E6 phosphorylation that occurs following
exposure to cisplatin is Chk1 dependent.

Taken together, the above-mentioned results indicate that various forms of DDR
result in phosphorylation of E6. This can be mediated by Chk1 in response to an
oxidative-stress response following treatment with nocodazole and a DDR following
treatment with cisplatin. However, in the case of an oxidative-stress response induced
by H2O2, phosphorylation of E6 occurs through a Chk2-activated pathway that requires
downstream PKA to phosphorylate E6 directly.

The HPV-18 E6 PBM perturbs p53 transcriptional-transactivation activity. Hav-
ing shown that the HPV E6 PBM can be phosphorylated by a number of stress response
kinases in response to various cellular stresses, the next question was, what is the

FIG 5 Exposure to DNA damage-inducing chemotherapeutic agents can induce E6 phosphorylation. (A) Chemotherapeutic
agents used and their cellular targets. (B) HeLa cells were treated with the indicated drugs for 15 h prior to harvesting and
analysis by Western blots probed with antibodies against total HPV-18 E6, HPV-18 pE6, and p53; �-actinin was used as a
loading control. (C) The assay was repeated with cisplatin, additionally including specific kinase inhibitors, and the Western
blot was probed with antibodies against total HPV-18 E6 and HPV-18 pE6; �-actinin was used as a loading control.
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biological result of the E6 phosphorylation? Interestingly, a number of recent studies
with the HPV-16 and HPV-18 genomes in organotypic systems have shown that the E6
PBM is required for HPV episomal maintenance and, furthermore, that p53 loss can
partly rescue this episome loss following the mutation of the E6 PBM (28, 29). It is also
known that HPVs activate the ATM/ATR DNA repair pathway and that this is necessary
for HPV genome amplification (30, 31, 56). Taken together, these studies suggest a
probable link between phosphorylation of the E6 PBM and perturbation of p53 activity.
One potential common link between these observations is 14-3-3, since this family of
proteins is linked to the regulation of p53 transcriptional-transactivation activity during
cell cycle checkpoint control (57–59).

Therefore, we initiated a series of studies to investigate whether the E6 PBM has any
effect on p53 transcriptional transactivation on a variety of different promoters—PUMA,
p21, Mdm2, and BAX— using Renilla luciferase as a transfection efficiency control. Since
a major function of HPV-18 E6 is the degradation of p53 through the ubiquitin
proteasome pathway (14, 54), it was necessary to perform our studies in the presence
of the proteasome inhibitor CBZ (MG132). The p53-null H1299 cells were transfected
with the appropriate reporter constructs, together with p53 and different HPV-18 E6
expression plasmids. In the first analysis, we focused on wild-type HPV-18 E6 and the
HPV-18 E6ΔPBM mutant. After 24 h, cells were harvested and luciferase activity was
measured using the dual-luciferase assay system; the results are shown in Fig. 6. As can
be seen, there are some striking differences between the promoters in how the E6 PBM
can modulate p53 transcriptional activity following proteasome inhibition. In all cases,
in the absence of proteasome inhibition, the wild type and the E6ΔPBM mutant show
similar abilities to inhibit p53 transcriptional activity. Following proteasome inhibition,
the wild-type E6 retains the ability to inhibit p53 transcriptional activity. In contrast, for
the E6ΔPBM mutant, this holds true only for the BAX promoter (Fig. 6C), where both
wild-type and mutant E6 retain inhibition of p53 transcriptional activity in the presence
of proteasome inhibitors. In the case of p21 (Fig. 6A), the E6ΔPBM mutant allowed a
modest increase in p53 transcriptional activity, but this was even more apparent with
PUMA (Fig. 6B) and Mdm2 (Fig. 6D), where lack of a PBM allowed a marked increase in
the level of p53 transcriptional activity in the presence of proteasome inhibitors.

In order to elucidate whether this effect was linked to the ability of E6 to be
phosphorylated and was not due to an overall defect in PDZ interaction, we included
the HPV-18 E6 R153G mutant, which we have shown previously to be defective in the
phospho-recognition motif but which retains PDZ binding potential (34). The results for
the Mdm2 promoter are shown in Fig. 6D and demonstrate that it has the ability to
block p53 transcription similar to that of the wild-type E6 but that, following addition
of proteasome inhibitors, this activity is compromised and there is a dramatic increase
in p53 transcriptional activity, comparable to that seen with the E6ΔPBM mutant.

Taken together, these results demonstrate that HPV-18 E6 can inhibit p53 transcrip-
tional activity in a manner that is PBM- and phospho-site dependent, indicating that
phosphorylation of E6 within the PBM in response to a variety of DDR signals can
directly link PBM function to inhibition of p53 transcriptional activity.

DISCUSSION

The high-risk HPV E6 oncoproteins are characterized by the presence of a
carboxy-terminal PBM, embedded within which is a phospho-acceptor site, phos-
phorylation of which inhibits PDZ binding activity and confers interaction with
14-3-3 proteins (34, 35). Thus, this site offers the potential of fine-tuning E6’s activity
with respect to a number of different interaction partners, both within the normal
viral life cycle and during the development of malignancy. Previously, we had
shown that AKT and PKA could both potentially phosphorylate E6 within the PBM
in vitro (34, 35), but we had little evidence about which kinases normally phos-
phorylate endogenously expressed E6 in cells derived from cervical cancers. Here,
we show that E6 is normally only very weakly phosphorylated, if at all, during the
normal cell cycle. However, following induction of a variety of stress response
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kinases, and in particular those associated with the DDR, there is a dramatic
increase in the levels of E6 phosphorylation. The bulk of this phosphorylation
appears to be mediated via Chk1, and this therefore directly links regulation of the
E6 PBM activity to induction of the DDR, which plays a critical role in the normal
viral life cycle and in the development of HPV-induced malignancy.

While HPV-16 and HPV-18 E6 proteins were previously shown to be good substrates
for phosphorylation by both AKT and PKA, we had little evidence as to when endog-
enously expressed E6 was normally phosphorylated within the cell cycle. We therefore
first proceeded to monitor HPV-18 E6 phosphorylation in HeLa cells using two different
approaches: double-thymidine block and release to follow changes through the cell
cycle and nocodazole treatment to analyze levels of E6 phosphorylation in G2/M. To our
surprise we found that thymidine block and release resulted in weak E6 phosphoryla-
tion in G1/S-arrested cells, while nocodazole treatment induced high levels of phos-
phorylation of E6 in G2/M-arrested cells. Since no phosphorylation was observed when
the cells cycled normally through G2/M and back into G1 after release from a double-
thymidine block, this suggested that phosphorylation of E6 might be linked more to a
stress response than to normal progression through the cell cycle. Since in our previous

FIG 6 The HPV-18 E6 PBM contributes to inhibition of p53 transcriptional-transactivation activity. H1299 cells were transfected with the
indicated promoter constructs upstream of a luciferase promoter—p21-Luc (A), PUMA-Luc (B), BAX-Luc (C), or Mdm2-Luc (D)—together
with p53 and either wild-type or mutant HPV-18 E6 in the presence (CBZ) or absence (UN) of the proteasome inhibitor CBZ. 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; **, P � 0.005; ***, P � 0.0005; ns, nonsignificant) for the changes in relative luciferase
activity.
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unpublished investigations we had been unable to block the nocodazole-induced
phosphorylation of E6 using PKA inhibitors (data not shown), we reasoned that another
pathway of E6 phosphorylation might be operational. Indeed, nocodazole has been
implicated in the induction of oxidative-stress responses and also in induction of a DDR
(38–40). In agreement with this, we found that induction of an oxidative-stress response
by either H2O2 or nocodazole was responsible for the very high levels of E6 phosphor-
ylation that were observed following exposure to these agents. Intriguingly, cyclohex-
imide also induces very high levels of E6 phosphorylation, but this appears to be
mediated by a different stress response pathway. Since protein synthesis inhibition has
been shown to activate several kinases (60–62), it is possible that E6 can be phosphor-
ylated by a variety of other stress response kinases. This result also argues for caution
in using cycloheximide as a means of monitoring E6 stability over time, as currently we
have no information on what this phosphorylation might do to E6 stability. However,
previous studies have suggested a biphasic half-life for E6, and this could well be linked
to changes in E6 phosphorylation status during the course of these assays (63, 64). It is
worth noting that the detection of E6 phosphorylation is dependent upon the use of
a very well-characterized phospho-specific antibody, which appears to be very highly
specific for the phosphorylated form of HPV-18 E6 (34, 35). Unfortunately, we have not
been able to detect phospho-peptides of HPV-18 E6 using standard proteomic ap-
proaches.

Having found that oxidative-stress responses were responsible for inducing E6
phosphorylation, we next investigated which DDR pathways might also be involved.
We noticed a very high degree of homology within the E6 PBM to a Chk1 consensus
recognition site, and indeed, using in vitro assays, we found that E6 was a very good
substrate for phosphorylation by Chk1 at residue T156 within the E6 PBM. In contrast,
the closely related Chk2 kinase appeared to be incapable of phosphorylating HPV-18 E6
in vitro, further demonstrating the specificity of these assays. In vivo, the situation was
rather more complicated, with different kinases being responsible for E6 phosphory-
lation, depending upon the specific stimulus. Thus, both H2O2- and nocodazole-
induced phosphorylation of E6 involves oxidative-stress signaling, as we demonstrated
by blocking it with NAC, but the kinases involved are different. In the case of nocoda-
zole, Chk1 inhibition clearly blocked E6 phosphorylation, strongly supporting the in
vitro kinase assays. However, for H2O2, Chk2 appeared to be involved, despite the fact
that it appeared incapable of phosphorylating E6 in vitro. Previous studies have shown
that the DDR pathway and Chk2 can also activate PKA (43, 44), which we know from our
earlier results could also be responsible for phosphorylating E6. Indeed, this does seem
to be the case, where H2O2-induced phosphorylation of E6 is blocked by treatment with
either a Chk2 inhibitor or the PKA inhibitor H89, suggesting that PKA is the kinase
responsible for phosphorylating E6 in response to an H2O2-induced oxidative-stress-
induced DDR.

We then extended these studies to investigate whether clinically relevant inducers
of a DDR might also induce E6 phosphorylation. To do this, we assessed cisplatin as an
agent capable of intercalating DNA and blocking DNA replication, plus inhibitors of
topoisomerase, ribonucleotide reductase, and PARP. Interestingly, cisplatin treatment,
and also blocking topoisomerase or ribonucleotide reductase, all induced a high level
of E6 phosphorylation in HeLa cells. In contrast, blocking PARP, which has also been
linked to induction of DDR, had no discernible effect upon the levels of E6 phosphor-
ylation, which seems to be related to the very low level of induction of DDR in HeLa
cells following PARP inhibition (data not shown). Further analysis also demonstrated
that, at least in the case of cisplatin treatment, the induction of E6 phosphorylation was
largely mediated by Chk1.

When E6 is phosphorylated in the PBM, it blocks PDZ recognition and instead
confers interaction with 14-3-3 family members. Several previous studies have
shown a critical requirement for the activation of DDR pathways in the HPV life
cycle, with ATM/ATR in particular playing essential roles in genome amplification
(30, 33, 56). Recent studies have also indicated a potential link between the E6 PBM
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and HPV genome maintenance, with inactivation of p53 appearing to be able to
compensate for loss of PBM function (28). This, therefore, raised the obvious
question as to whether the E6 PBM might have an additional function linking it to
inactivation of p53. To investigate this, we analyzed a panel of different p53-
responsive promoters and asked whether an intact PBM could contribute to the
ability of E6 to block p53 transcriptional activity in both the presence and absence
of proteasome inhibition. We found a quite complex picture, where certain pro-
moters, such as BAX, are inhibited by E6 regardless of the presence of an intact PBM.
In contrast, in the cases of Mdm2 and PUMA, the E6 PBM appears to play an
essential role in inhibiting p53 transcriptional activity under conditions of protea-
some inhibition. Furthermore, using the HPV-18 E6 R153G mutant, which has been
shown previously to be defective for phosphorylation but retains PDZ binding
activity (35), we found that it was also defective in its ability to block p53
transcriptional activity on the Mdm2 promoter in the presence of proteasome
inhibitors. While proteasome inhibition could result in the formation of aberrant
complexes consisting of p53, E6AP, and E6, which in turn could affect p53 tran-
scriptional activity (18), the lack of activity observed using the R153G mutant argues
against this and instead strongly suggests that the major role of the PBM in this
activity is retention of the ability to be phosphorylated. These studies allow us to
propose a model, shown in Fig. 7, in which a variety of different cellular stresses can
induce phosphorylation of E6 within the PBM, either directly by Chk1 or indirectly
through PKA, which in turn can directly contribute to the ability of E6 to block p53
transcriptional activation of a subset of p53-responsive genes. Obviously, whether
this directly involves 14-3-3 or another, as yet undetermined mechanism requires
further investigation.

FIG 7 Phosphorylation of the HPV E6 PBM links cellular stress response signaling to E6 inhibition of p53
transcriptional activity. The model shows how the E6 PBM can become phosphorylated following
exposure to various stress-inducing conditions. Our results demonstrate the involvement of at least
two major pathways. The DDR pathway through Chk1 activation leads directly to E6 phosphorylation,
and Chk2 activation results in E6 phosphorylation via PKA. Other, unknown cellular kinases are also
likely to be involved, for instance, those induced following cycloheximide treatment. Our studies
provide compelling evidence of a direct link from the induction of oxidative-stress-induced DDR to the
phospho-regulation of HPV E6 oncoproteins. Finally, we propose that phosphorylation of E6 contrib-
utes to the inhibition of p53 transcriptional activity, possibly through a mechanism involving 14-3-3
proteins.
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In summary, the above-described studies provide compelling evidence of a direct
link from the induction of oxidative stress and induction of DDR to the phospho-
regulation of high-risk HPV E6 oncoproteins and their ability to perturb p53 transcrip-
tional activity on a subset of p53-responsive promoters. This is the first example of
PBM-PDZ recognition being regulated by DDR kinases and begins to explain how HPV
can make use of the ATM/ATR pathway that is induced during viral infection while at
the same time overcoming some of the deleterious effects that would also be expected.
These results also raise the intriguing possibility that some HPV types may be more
responsive to certain chemotherapeutic strategies, depending upon the specific HPV
type and the sequence of the E6 PBM. Future studies will aim to further clarify these
possibilities.

MATERIALS AND METHODS
Cell culture. HeLa (ATCC) and H1299 (ATCC) cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin-streptomycin (100 U/ml),
and glutamine (300 �g/ml). The HeLa cells were transfected with small interfering RNA (siRNA) against
the appropriate genes using Lipofectamine RNAiMax transfection reagent (Invitrogen), as recommended
by the manufacturer. The samples were analyzed 72 h posttransfection.

Plasmids and transfections. The p53-null H1299 cells were transfected with appropriate plasmids
by the calcium-phosphate precipitation method. The plasmids used were as follows: p21-Luciferase,
BAX-Luciferase, MDM2-Luciferase, PUMA-luciferase, and Renilla luciferase (kind gifts from Giannino Del
Sal).

The GST, HPV-18 E6 GST, and HPV-18 E6 T156E GST fusion proteins have been described previously
(34, 35). FLAG-p53, pGWI-18 E6, pCDNA 18 E6 R153G, and pGWI-18 E6 ΔPBM have also been described
previously (34, 65, 66).

Inhibitors, chemicals, reagents, and antibodies. The inhibitors and chemicals used for experiments
were as follows: 5 �M AZ-20 ATR inhibitor, 5 �M KU-60019 ATM inhibitor, 100 nM UCN01 Chk1 inhibitor,
5 �M Chk2 inhibitor, 500 �M H2O2, 5 mM NAC, 100 �g/ml cycloheximide, 200 ng/ml nocodazole, 2.5 mM
thymidine, 10 �M H-89 PKA inhibitor, and 20 nM MG-132 (all from Sigma-Aldrich).

The chemotherapeutic reagents used were as follows: 5 �M teniposide, 50 to 100 �M cisplatin as
indicated, 10 �M triapine/3-AP, and 10 �M etoposide (all from Sigma-Aldrich).

The antibodies used were as follows: rabbit anti-�-actinin (Santa Cruz), mouse monoclonal
anti-p53 (Santa Cruz), and rabbit polyclonal pChk2 (Thr68) (Novus Biologicals). Rabbit polyclonal
HPV-18 E6 phospho-specific antibody and mouse anti-HPV-18 E6 (Arbor Vita) have been described
previously (34, 35).

Luciferase assay. H1299 cells were transfected with appropriate plasmids expressing the luciferase
reporters, and cell lysates were collected 24 h posttransfection in lysis buffer provided by the manufac-
turer. The luciferase assay was performed using the dual-luciferase reporter assay system (Promega),
according to the manufacturer’s instructions. The firefly luciferase and Renilla luciferase readings were
taken using a TD20/20 luminometer by Turner Designs.

In vitro phosphorylation assays. The Chk1 and Chk2 kinase assays were performed using the Chk1
and Chk2 kinase assay system (Promega). The GST fusion proteins were incubated with the respective
kinases for 1 h at room temperature with kinase buffer plus 2.5 �Ci [�-32P]ATP, according to the
manufacturer’s instructions. The samples were then analyzed by SDS-PAGE and autoradiography.

Cell synchronization and FACS analysis. The HeLa cells were treated with 2.5 mM thymidine for 15
h, washed thoroughly with 1� PBS, and supplemented with complete medium. After 9 h, a second dose
of thymidine was added to block the cells at the G1/S phase. The cells were washed with PBS after 15
h, and the medium was replaced. The cells were then harvested at different time points as follows: 0 h
(G1/S phase), 3 h (S phase), 8 h (M1 phase), 9 to 10 h (M2 phase), and 12 h (the next G1 phase). The cell
cycle phase analysis was done using propidium iodide staining and FACS analysis with a FACScalibur Cell
Sorter (Becton Dickinson).

Western blotting. Cells were harvested in SDS sample buffer, and samples were run on SDS-PAGE.
Following incubation with primary antibody, the appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (Dako) were used, followed by enhanced chemiluminescence (ECL) detection
according to the manufacturer’s instructions.
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