TRANSFORMATION AND ONCOGENESIS
] AMERICAN Journal of
{ SOCIETY FOR

; ®
microsioocy | \/ rOlogy '.)

Check for
updates

Human Papillomavirus 16 (HPV-16), HPV-
18, and HPV-31 E6 Override the Normal
Phosphoregulation of EGAP Enzymatic
Activity

Jayashree Thatte, Lawrence Banks

International Centre for Genetic Engineering and Biotechnology, Trieste, Italy

ABSTRACT The human papillomavirus (HPV) E6 oncoproteins recruit the cellular
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in the nucleus. However, ablation of E6 results in a dramatic accumulation of
phospho-E6AP in the cytoplasm, whereas nonphosphorylated E6AP accumulates pri-
marily in the nucleus. Interestingly, EGAP phosphorylation at T485 confers associa-
tion with 14-3-3 proteins, and this interaction seems to be important, in part, for the
ability of E6 to recruit phospho-E6AP into the nucleus. These results demonstrate
that HPV E6 overrides the normal phosphoregulation of E6AP, both in terms of its
enzymatic activity and its subcellular distribution.
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IMPORTANCE Recent reports demonstrate the importance of phosphoregulation of
E6AP for its normal enzymatic activity. Here, we show that HPV E6 is capable of
overriding this regulation and can promote degradation of p53 and Dlg regardless
of the phosphorylation status of E6AP. Furthermore, E6 interaction with E6AP also
significantly alters how E6AP is subject to autodegradation and suggests that this is
not a simple stimulation of an already-existing activity but rather a redirection of
E6AP activity toward itself. Furthermore, E6-mediated regulation of the subcellular
distribution of phospho-E6AP appears to be dependent, in part, upon the 14-3-3
family of proteins.
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uman papillomaviruses (HPVs) are the causative agents of a number of human

cancers, with cervical cancer being the most prevalent (1). There are multiple HPV
types capable of infecting either mucosal or cutaneous tissues (2), but only a small
subset are associated with the development of human cancers. In the case of cervical
cancer, 13 different HPV types have been defined as cancer causing, with the most
important being HPV-16 and HPV-18, which together account for approximately 80% of
all cervical malignancies (3). Tumor development requires the combined action of two
viral oncoproteins, E6 and E7. These two proteins subvert a large number of critical
cellular control pathways, which can ultimately result in the development of malig-

November 2017 Volume 91 Issue 22 e01390-17 Journal of Virology jviasm.org 1


https://doi.org/10.1128/JVI.01390-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:banks@icgeb.org
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01390-17&domain=pdf&date_stamp=2017-8-23
http://jvi.asm.org

Thatte and Banks

nancy. Most importantly, both viral oncoproteins continue to be retained and ex-
pressed in the cervical tumor-derived cell lines and tissues many years after immortal-
ization and full transformation (4, 5). Indeed, abolition of E6 or E7 expression results in
a cessation of transformed cell growth and induction of either senescence or apoptosis
(6, 7). Therefore, both viral oncoproteins represent excellent targets for therapeutic
intervention in HPV-induced malignancy.

Understanding the mechanisms by which E6 and E7 subvert cell cycle control and
apoptotic pathways is the cornerstone of understanding how these viruses induce
malignancy. A major function of E7 is to target cellular proteins that are critical for
regulating normal cell cycle progression. This includes members of the pRb family of
pocket proteins, as well as cyclins and cyclin-dependent kinase inhibitors, among many
others (8). The E6 oncoprotein exerts strong antiapoptotic and growth-promoting
activities, which are also achieved through a plethora of protein-protein interactions.
These include targeting the tumor suppressor p53 (9), the proapoptotic protein Bak
(10), and a number of PDZ (PSD95/DIlg/Z0) domain-containing cell polarity regulators,
including Dlg, Scribble, and MAGI-1 (11). A striking feature of many E6 functions is its
ability to recruit a cellular ubiquitin ligase, E6AP, which it then redirects to induce the
ubiquitin proteasome-mediated degradation of many of its target proteins, including
p53 (12, 13). Interestingly, E6 also appears to require association with E6AP for main-
taining its own stability, and this appears to be a common feature found in many of the
alpha group HPV E6 oncoproteins, regardless of the tumor risk of the HPV type (14).

Much emphasis recently has been placed on understanding how the activities of E6
and E7 are controlled through posttranslational modifications during different phases
of the viral life cycle or in different phases of the cell cycle. For example, E7 is subject
to phosphorylation by CKIl, which appears to regulate a number of E7’s activities
(15-17). Likewise, certain HPV E6 oncoproteins are phosphorylated within the PDZ
binding motif (PBM), which generates a novel interacting motif, thereby adding to the
multifunctionality of this specific protein-interacting module (18, 19).

Recent studies have also highlighted the potential for phosphorylation-dependent
regulation of the ubiquitin ligase activity of E6AP (20). While perturbation of E6AP
function has long been known to be associated with the development of Angelman
syndrome, these recent studies have also linked a single point mutation within E6AP to
the development of autism in affected individuals. Intriguingly, this residue of E6AP
appears to be a phosphoacceptor site for protein kinase A (PKA), with phosphorylated
forms being catalytically inactive, while the nonphosphorylated forms of the protein
exert increased levels of ubiquitin ligase activity (20). Interestingly, these nonphosphor-
ylatable mutants appeared to be less stable, owing to increased levels of autoubiqui-
tination activity (20).

Since PKA has also been implicated in the regulation of E6 function (18), we were
interested in determining whether posttranslational modification of E6AP could have
any impact on the ability of E6 to recruit and use E6AP for the degradation of its target
proteins. In this study, we show that phosphoregulation of E6AP has little effect upon
the ability of E6 to target its normal substrates for proteasome-mediated degradation
but can affect E6-stimulated autodegradation of E6AP.

RESULTS

Phosphorylation of E6AP at T485 affects E6AP degradation of Ring1B. Recent
studies demonstrated that PKA phosphorylation of E6AP at position T485 resulted in
decreased enzymatic activity, while a nonphosphorylatable mutant of E6AP appeared
to stimulate increased levels of ubiquitin-mediated degradation of its substrates (20). In
order to confirm the PKA phosphoacceptor site in E6AP, the wild type and T485A
mutant (phospho-dead) of E6AP were expressed as glutathione S-transferase (GST)
fusion proteins, purified, and then subjected to in vitro phosphorylation with the
catalytic subunit of PKA in the presence of radiolabeled ATP. As can be seen in Fig. 1A,
the phosphorylation of the EGAP T485A mutant is greatly decreased, confirming that
the T485 residue is a major PKA phosphoacceptor site.
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FIG 1 PKA phosphoacceptor site resides mainly at T485 residue of E6AP. (A) The purified GST fusion
proteins were incubated with PKA and [y-32P]ATP. Proteins were then subjected to SDS-PAGE and
autoradiographic analysis. (Upper) Autoradiogram of different in vitro-phosphorylated wild-type and
mutant E6AP-GST fusion proteins. (Lower) Coomassie blue-stained gel. (B) Western blot analysis against
E6AP demonstrating the efficiency of gRNAs in targeting E6AP.

In order to begin to understand the role of phosphoregulation of E6AP in the
context of HPV E6-induced degradation of its target proteins, we first wanted to
generate a stable cell line where the endogenously expressed E6AP had been ablated.
To do this, we performed genome editing of HEK293 cells in which the endogenous
E6AP was knocked out by using the CRISPR-Cas9 system. Following selection, single-cell
cloning, and initial screening by DNA sequencing, the cells were then further analyzed
by Western blotting for any residual levels of EGAP. As can be seen from Fig. 1B, clone
1 was completely deficient for full-length E6AP and has a stop codon at residue 406,
and this clone was chosen for all subsequent analyses.

Previous studies had analyzed the effect of phosphoregulation of E6AP upon
degradation of HHR23A (20). However, we were first interested in determining whether
mutation of the T485 phosphoacceptor site on E6AP could modulate the targeting of
another previously described substrate of E6AP. To do this we analyzed Ring1B, which,
in previous studies, has been shown to be degraded by E6AP (21, 22). The E6AP-null
HEK293 cells were transfected with plasmids expressing Ring1B, together with wild-
type E6AP, the T485A phosphodestroyed mutant or the T485E phosphomimic mutant.
After 24 h the cells were harvested and proteins analyzed by Western blotting. The
results shown in Fig. 2A demonstrate that E6AP alone was capable of inducing
degradation of Ring1B, which was further increased in the presence of the T485A
mutant, which supports previous studies indicating increased degradation capability
with the T485A mutant (20). Surprisingly, the phosphomimic T485E mutant consistently
retained some degradation activity in these assays. In order to determine whether EGAP
could increase the ubiquitination of Ring1B, we transfected the E6AP-null HEK293 cells
with FLAG-tagged Ring1B expression plasmid, together with the different EGAP mu-
tants and hemagglutinin (HA)-tagged ubiquitin expression plasmids. After 24 h the cells
were harvested and immunoprecipitated with anti-FLAG-conjugated agarose beads.
The ubiquitinated Ring1B was then detected by Western blotting using the anti-HA-
horseradish peroxidase (HRP) antibody. Figure 2B shows that there is weak polyubig-
uitination of Ring1B in the absence of E6AP, but this increases dramatically in the
presence of wild-type E6AP. There is a slight further increase in ubiquitination of Ring1B
in the presence of the E6AP T485A mutant, while the T485E mutant only weakly
ubiquitinates Ring1B. Taken together, these results, using a different substrate of E6AP,
largely support previous studies, which indicate that mutation of the T485 phospho-
acceptor site can have major effects upon E6AP enzymatic activity (20).

HPV E6 overrides the normal phosphocontrol of E6GAP at T485. Considering that
E6AP is recruited by E6 for many of its activities, we were next interested in determining
whether the phosphomimic T485E or phosphodestroying T485A amino acid substitu-
tion in E6AP could affect the ability of HPV E6 to direct the degradation of p53. To do
this, the E6AP-null HEK 293 cells were cotransfected with either HPV-16 E6, HPV-18 E6,
or HPV-31 E6, together with p53 and the wild-type or mutant E6AP expression
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FIG 2 Regulation of E6AP through T485 affects degradation of the E6AP’s normal substrate, Ring1B. (A) E6AP-null
HEK293 cells were transfected with the indicated plasmids, and after 24 h the cells were harvested and protein
levels analyzed by Western blotting (WB). 3-Galactosidase (3-Gal) acted as a control for transfection efficiency. WT,
wild type. (B) Cells were transfected with the indicated expression plasmids, and after 24 h they were harvested and
subjected to immunoprecipitation (IP) with anti-FLAG-conjugated agarose beads. Polyubiquitinated Ring1B was
then detected by Western blotting with anti-HA-HRP antibody. (Lower) Input levels of Ring1B used in the

immunoprecipitation.

plasmids. After 24 h the cells were harvested and the protein levels analyzed by
Western blotting. The results shown in Fig. 3 demonstrate that p53 is not degraded by
E6 if EGAP is absent, and this is in agreement with many other previously published
studies (13). Cotransfection of wild-type E6AP with E6 promotes p53 degradation, and
there is a concomitant increase in the levels of E6 expression, which is also consistent
with previous observations showing that E6AP is required for maintaining E6 stability
(23). Most interestingly, however, when we cotransfect either the T485A or the T485E
mutants, p53 appears to be degraded with an efficiency similar to that observed with
the wild-type E6AP. These results suggest that phosphorylation of T485 has little effect
upon the ability of either HPV-16 E6, HPV-18 E6, or HPV-31 E6 to utilize E6AP for the
degradation of p53.

It is also clear from this analysis that there are apparent differences in how the E6AP
mutants are degraded by the different HPV E6 proteins, with HPV-16 E6 and HPV-31 E6
targeting the wild type and the two mutants with similar efficiency, while HPV-18 E6
appears incapable of degrading the T485A and T485E mutants. In order to confirm this,
the assay was repeated without the presence of exogenously added substrate, and the
results obtained are shown in Fig. 4, where it can be seen that HPV-16 E6 effectively
degrades wild-type E6AP and the T485A and T485E mutants, while HPV-18 E6 is largely
defective in degrading the T485A and T485E mutants. These results suggest that the
autodegradation activity of the T485E mutant can be reactivated by HPV-16 E6 and
HPV-31 E6 but not by HPV-18 E6. In contrast, the T485A mutant, which has intrinsically
more autoubiquitination activity (20), can be further degraded by HPV-16 E6 and
HPV-31 E6 but not by HPV-18 E6, indicating intriguing differences in how these viral
oncoproteins redirect EGAP activity.

We then proceeded to investigate whether another HPV E6 substrate was similarly
unaffected by T485 phosphoregulation. To do this we analyzed Dlg, which is a PDZ
domain-containing substrate of HPV E6 (24). The E6AP-null HEK293 cells were trans-
fected with a Dlg expression plasmid, together with the different E6AP expression
constructs and HPV-16 E6. After 24 h the cells were harvested and the protein levels
analyzed by Western blotting. The results shown in Fig. 5 demonstrate that Dlg
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FIG 3 E6AP regulation at T485 has no effect on HPV E6 degradation of p53. EGAP-null HEK293 cells were transfected with plasmids
expressing E6AP and p53 as indicated, plus plasmids expressing either HPV-16 E6 (A), HPV-18 E6 (B), or HPV-31 E6 (C). After 24 h the
cells were harvested and protein levels analyzed by Western blotting. B-Galactosidase acted as a control for transfection efficiency in
all assays.

degradation by E6 is also unaffected by either the T485A or T485E amino acid
substitution.

HPV E6 recruits phospho-E6AP to the nucleus in a 14-3-3-dependent manner.
Having found that HPV E6 can redirect E6AP activity independently of its T485 phos-
phorylation status, we were interested in investigating how the subcellular distribution
of phosphorylated and nonphosphorylated forms of E6GAP might appear in cells derived
from a cervical cancer, and whether E6 might have any impact upon the subcellular
distribution of these different forms of E6AP. In order to do this, we performed a series
of immunofluorescence analyses in Hela cells, which contain HPV-18 E6. The cells
were transfected with short interfering RNA (siRNA) E6/E7 to determine whether the
viral oncoproteins modulate the distribution of the different forms of E6AP. At the
same time, siRNA E6AP was also transfected to verify the specificity of the anti-E6AP
antibodies. As can be seen in Fig. 6A, control cells have very low levels of p53 and
E6AP. There are also correspondingly very low levels of phospho-E6AP, although
interestingly, there does appear to be some variability in the staining for phospho-
E6AP, suggesting there is an element of cell cycle control in its phosphorylation. Most
interestingly, when cells are transfected with siRNA against E6/E7 (Fig. 6B), there is, as
expected, a dramatic increase in the levels of nuclear p53 and E6AP, while the
phospho-E6AP expression is restored primarily within the cytoplasmic compartment.
These results suggest that phospho-E6AP normally resides within the cytoplasm, while
nonphosphorylated E6AP is mostly found in the nucleus. However, in the presence of
E6, both forms of E6AP accumulate within the nucleus.
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FIG 4 Different HPV E6s uncouple normal PKA phosphoregulation of E6AP. E6AP-null HEK293 cells were transfected with plasmids
expressing E6AP plus plasmids expressing either HPV-16 E6 (A) or HPV-18 E6 (B). After 24 h the cells were harvested and protein levels
analyzed by Western blotting. B-Galactosidase acted as a control for transfection efficiency in all assays. (Bottom) Statistical
quantification done using Student’s t test. Values shown are means from at least 3 independent experiments; standard errors of the

means are shown. **, P < 0.005; ns, not significant.

In order to verify the E6-mediated nuclear accumulation of phospho-E6AP, we
repeated the immunofluorescence analysis in the presence of the proteasome inhibitor
MG132. The results obtained are shown in Fig. 6A (lower), and as can be seen,
proteasome inhibition results in a dramatic increase in the amount of both total and

phosphorylated E6AP within the nucleus.

Differential subcellular localization of phosphorylated proteins is often mediated
through the activity of the 14-3-3 family of proteins (25). As we have also recently
shown that E6 can interact with certain 14-3-3 isoforms (18), we were initially interested
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FIG 5 E6AP phosphorylation at T485 has no effect on E6 degradation of Dlg. E6AP-null HEK293 cells were
transfected with the indicated plasmids, and after 24 h the cells were harvested and protein levels
analyzed by Western blotting. B-Galactosidase acted as a control for transfection efficiency. n = 3.
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FIG 6 Phosphoforms of E6AP have distinct subcellular distribution in Hela cells. (A) HelLa cells were
transfected with control siRNA against luciferase, and after 72 h, the cells were incubated for a further
3 h with either DMSO or the proteasome inhibitor CBZ. The cells were then fixed and patterns of protein
expression monitored using anti-E6AP, anti-p53, and anti-phospho-T485 E6AP antibodies, respectively. Si
Luci, control siRNA against luciferase. (B) Hela cells were transfected with either siRNA E6/E7 or siRNA
E6AP, and after 72 h the cells were fixed and stained for E6AP, p53, and phospho-T485 E6AP. n = 3.

in investigating whether phosphorylation of E6AP at T485 could confer interaction with
14-3-3 proteins. To do this, we purified wild-type GST.E6AP and GST.E6AP T485A fusion
proteins and subjected them to in vitro phosphorylation with purified PKA in the
absence of radiolabel and then performed binding assays with recombinant 14-3-3y. As
a positive control we also included HPV-18 E6 in the assays. Figure 7 shows that while
there is a strong increase in the ability of phospho-E6 to interact with 14-3-3v, which

PKA consensus motif

14-3-3 Consensus motif

l— E6AP-GST

FIG 7 Phosphorylation of EGAP at T485 confers its interaction with 14-3-37. (Left) PKA and 14-3-3 phosphoconsensus motifs. (Right) Direct
interaction assay with purified 14-3-3v. Purified GST fusion proteins were either untreated or subjected to phosphorylation (indicated as
“P") with PKA in the presence of nonradiolabeled ATP. They were then incubated with purified recombinant 14-3-3vy. (Upper) After
extensive washing, the bound protein was detected by Western blotting using anti-14-3-3y antibody. (Lower) Ponceau staining of the

nitrocellulose membrane.
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FIG 8 HPV E6 recruits phospho-E6AP to the nucleus in a 14-3-3-dependent manner. (A) Hela cells were
transfected with control siRNA against luciferase, plus Difopein in the right panel, and after 72 h the cells
were fixed and patterns of protein expression monitored using anti-phospho-T485 E6AP, anti-p53, and
anti-E6AP antibodies, respectively. (B) HelLa cells were transfected with either siRNA E6/E7 (left) or with
siRNA E6/E7 plus Difopein (right). After 72 h the cells were fixed and stained for anti-phosphoT485 E6AP,
anti-p53, and anti-E6AP antibodies, respectively.

is in agreement with previous results (18), phosphorylation of E6AP only results in a
very modest increase in interaction with 14-3-3+, although this is dependent upon an
intact phosphoacceptor site at T485. Whether this is a reflection of low levels of
phosphorylation of E6AP or intrinsically weak interaction with 14-3-3 remains to be
determined.

In order to investigate a potential role for 14-3-3 in modulating the pattern of E6AP
expression, we performed another series of immunofluorescence analyses in Hela cells,
but in this case, we transfected the cells with a plasmid expressing Difopein, which has
been shown previously to block endogenous 14-3-3 proteins from interacting with their
substrates (26, 27). As can be seen in Fig. 8A, there is a significant increase in the
amount of phospho-E6AP in the cytoplasm following transfection of Difopein. In
contrast, Difopein does not alter the subcellular distribution of phospho-E6AP when E6
is also removed (Fig. 8B), where the majority of phosphorylated E6AP is found in the
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cytoplasm. Taken together, these results indicate that nuclear accumulation of
phospho-E6AP in the presence of HPV-18 E6 is in part dependent upon 14-3-3.

DISCUSSION

The cellular ubiquitin ligase E6AP plays a critical role in many of E6’s activities. It is
essential for the degradation of certain E6 substrates, it is essential for maintaining E6
protein stability, and it contributes directly to the induction of malignancy in transgenic
animals (28-31). Furthermore, loss of its expression in cells derived from cervical cancer
induces high levels of apoptosis, and therefore the E6-E6AP interaction remains an
attractive target for the development of novel anti-HPV therapeutics. The recent
demonstration that EGAP enzymatic activity could be modulated by PKA therefore was
particularly relevant for understanding how this might affect E6 function. We show here
that phosphorylation of E6AP at T485 is unlikely to directly affect the ability of E6 to
target its substrates for proteasome-meditated degradation, although depending on
the specific HPV type, modulation of T485 can affect the ability of E6 to further promote
E6AP autoubiquitination and degradation.

Previous studies had shown that the EGAP T485 residue is a phosphoacceptor site
for PKA, with the nonphosphorylatable mutant T485A demonstrating increased levels
of ubiquitination activity, both with respect to an E6AP target protein, HHR23A, and
also with respect to its own autoubiquitination (20). In contrast, a phosphomimic
mutation, T485E, apparently has greatly reduced levels of enzymatic activity, again both
with respect to a normal substrate and to itself. We initially confirmed these observa-
tions in two ways. First, we performed in vitro phosphorylation assays with purified PKA
and demonstrated unequivocally that the major PKA phosphoacceptor site on E6AP
was at T485. Second, we analyzed how the T485A and T485E mutants would behave
with respect to a different EGAP substrate, Ring1B. In agreement with previous studies,
we found increased levels of Ring1B degradation and a modest increase in ubiquiti-
nation in the presence of the T485A mutant, but reduced levels of enzymatic activity
with the T485E mutation. It should also be noted that minor differences from previously
published studies could be a reflection of the fact that all our current analyses have
been performed in cells in which E6AP expression was stably ablated by CRISPR/Cas9,
while previous studies analyzed the E6AP mutants in the context of low levels of
endogenously expressed wild-type E6AP, thus potentially complicating interpretation.

We were then interested in determining whether the same regulation of E6AP,
reported for itself and its normal substrates, also applied to substrates that were
targeted as a result of the interaction with E6. We analyzed two very different targets,
p53 and Dlg, each of which interacts with E6 through completely different mechanisms.
In both cases we found a striking similarity in that the phosphomodulation of T485
appeared to have no effect upon the capacity of either HPV-16 or HPV-18 E6 to degrade
either of these cellular proteins. Similar results were also obtained with HPV-31 E6,
indicating that this also holds true for E6 from multiple HPV types. This suggests that
E6 recruitment of E6AP overrides the normal regulatory mechanisms that are in place
to control E6AP activity.

Most interestingly, other aspects of the E6-E6AP interaction do appear to be affected
by the phosphorylation status of T485. While previous analyses had shown that T485A
was active for autodegradation and T485E was defective, we find that, depending upon
the HPV type, these activities of E6AP are affected differently. Thus, HPV-16 E6 and
HPV-31 E6 can efficiently target both the wild-type E6AP and the T485E mutant for
degradation, indicating that HPV-16 E6 and HPV-31 E6 can promote the autodegrada-
tion of E6AP regardless of the phosphostatus at T485. Interestingly, HPV-16 E6 and
HPV-31 E6 also seem capable of further augmenting the autodegradation activity of the
T485A mutant. In contrast, HPV-18 E6 can efficiently target WT E6AP but is defective
with respect to the T485A mutation, indicating that HPV-18 E6 cannot further stimulate
the already highly active autodegradatory activity. In addition, despite T485E being
very susceptible to HPV-16 and HPV-31 E6-induced degradation, only a weak activity is
seen with HPV-18 E6. This indicates that while HPV-18 E6 can still redirect an apparently
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inactive T458E mutant to target an E6 substrate, it cannot promote T485E autodegra-
dation. Taken together, these results demonstrate that different HPV E6 oncoproteins
can uncouple E6AP from its normal regulation by PKA, presumably by conferring a
structural modification upon E6AP itself, but that there are nonetheless quite marked
differences in how different E6 oncoproteins bring this about.

Having found that E6 can significantly alter the biochemical regulation of E6AP, we
also wanted to determine whether E6 could have any impact upon the subcellular
distribution of phospho-E6AP. This was important, since previous studies had indicated
that phospho-E6AP was located primarily in the cytoplasm, whereas E6 is known to
recruit E6AP to the nucleus (20, 32, 33). To do this, we performed a series of immuno-
fluorescence analyses on Hela cells and found that in the presence of HPV-18 E6, E6AP
was largely found within the nucleus, regardless of its phosphorylation status. However,
when E6 was removed, total EGAP was found within the nucleus and cytoplasm,
whereas phospho-E6AP was found almost entirely within the cytoplasm. This suggests
that the phosphorylation of EGAP can modulate its subcellular distribution, but this is
completely overridden by E6.

Since changes in the subcellular distribution of many phosphorylated proteins are
controlled by members of the 14-3-3 family (25), which have also been shown to be
important partners of the high-risk HPV E6 oncoproteins (18), we were naturally
interested in investigating whether 14-3-3 played any role in the regulation of E6AP
subcellular distribution. To do this, we made use of a very well-characterized inhibitor
of 14-3-3, Difopein, which blocks 14-3-3 interaction with its target proteins (26). Most
interestingly, we found that Difopein only had an effect on the subcellular distribution
of the phospho-E6AP in the presence of E6, where inhibition of 14-3-3, while having
minimal effects on the total E6AP expression pattern, induced a marked relocalization
of phospho-E6AP from the nucleus to the cytoplasm. These results indicate that
E6-triggered nuclear accumulation of phospho-E6AP is partly dependent upon the
activity of 14-3-3 family members. Obviously this raises a number of important ques-
tions about the precise mechanisms by which this occurs, but it is tempting to
speculate that optimal recruitment of phospho-E6AP to the nucleus requires the ability
of E6 to also recognize 14-3-3 proteins. It is also interesting to speculate as to why E6
might wish to recruit phospho-E6AP to the nucleus. Under normal circumstances, this
form of the protein would be inactive, and it is quite possible that, in certain phases of
the cell cycle or in differentiation, EGAP becomes highly phosphorylated. Therefore,
without the ability of E6 to override this phosphoregulation, it is quite possible that
there would be times when E6 would lose much of its function. Hence, the recruitment
of an apparently inactive form of the protein to the nucleus and reactivating its ability
to degrade E6 substrates would appear to make very good virological sense. Future
studies will obviously be required to investigate these aspects further.

In conclusion, these studies demonstrate that E6 very efficiently overcomes the
negative regulation of E6AP activity; however, the precise mechanisms and conse-
quences with respect to the ability of E6 to promote E6AP autoubiquitination vary
somewhat between different HPV types, thus implying quite distinct mechanisms by
which different HPV E6 oncoproteins redirect the E6AP ubiquitin ligase activity.

MATERIALS AND METHODS

Cell culture and transfection. The CRISPR/Cas9 guide RNA (gRNA)-mediated E6AP-null HEK 293 cells
and HPV-18-positive Hela cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% bovine fetal serum (FBS), penicillin-streptomycin (100 U/ml), and glutamine (300
ng/ml). Transfection of plasmids was done by using calcium phosphate precipitation. The Hela cells
were transfected with siRNA against appropriate genes by using Lipofectamine RNAiMax transfection
reagent as recommended by the manufacturer (Invitrogen). The 14-3-3 inhibitor Difopein was trans-
fected into Hela cells by using Effectene transfection reagent (Qiagen). The cells were analyzed by
immunofluorescence and confocal microscopy 72 h posttransfection.

Plasmid constructs. pcDNA3 FLAG-p53 (34), pGWI HA-DIg (35), pGWI HA-18E6, and pGWI HA-16E6
have been described previously (36, 37). HA-tagged 31E6 was subcloned into pGWI vector within
compatible Hindlll and EcoRl restriction enzyme sites, and pcDNA3 HA-Ub(n) was described previously
(38).
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HPV-18 E6 and HPV-18 E6 T156E GST fusion proteins were expressed and purified as described
previously (18, 19, 37). pGEX-E6AP expression plasmid was described previously (38). pGEX-E6AP T485A
was generated by using a GeneArt site-directed mutagenesis kit (Invitrogen). The primer sequences are
the following: forward, GTGAACGAAGAATCGCTGTTCTCTACAGC; reverse, GCTGTAGAGAACAGCGATTCTT
CGTTCAC.

pCS2-6Myc-Ring1B was a kind gift from Aaron Ciechanover. Ring1B was subcloned into pGWI-
FLAG vector by using Hindlll and EcoRI restriction enzyme sites. The 14-3-3 inhibitor Myc-Difopein
was a kind gift from Haian Fu. Myc-E6AP, Myc-E6AP T485A, and Myc-E6AP T485E were kind gifts from
Mark Zylka, USA.

In vitro phosphorylation. /n vitro phosphorylation assays using kinase buffer (25 mM Tris, pH 7.5, 70
mM NaCl, 10 mM MgCl,) containing 2.5uCi [y-32PJATP and 25 U of cyclic AMP-dependent protein kinase,
catalytic subunit (Promega). The reaction was carried out at 30°C for 20 min. The samples were then
washed and analyzed by SDS-PAGE and autoradiography.

In vitro binding assays. In vitro phosphorylation of the GST fusion proteins was carried out as
described above in the presence of 10 uM nonradiolabeled ATP (NEB). After extensive washes, both the
phosphorylated and nonphosphorylated GST fusion proteins were incubated with 100 ng of purified
human recombinant 14-3-3+ protein (Abcam) at 4°C for 1 h. The samples were then washed and analyzed
by SDS-PAGE and Western blotting.

gRNA design and CRISPR/Cas9-mediated gene targeting. Two different guide RNAs (JRNAs) were
designed against the E6AP gene by using DNA2.0 software. The following gRNA sequences were used:
gRNAT_F, GTTTCCAGGGGGTCCACTCG; gRNA1_R, CGAGTGGACCCCCTGGAAAC; gRNA2_F, AAGTGGTTTT
CGACAATCCA; and gRNA2_R, TGGATTGTCGAAAACCACTT. gRNAT binds at genomic locus 15:25370913-
25370932, and gRNA2 binds at 15:25370857-25370876. The gRNAs were then cloned into pSpCas9(BB)-
2A-Puro (PX459) by using the Bbsl restriction enzyme site. The Cas9-puro plasmids containing gRNA were
then transfected into HEK293 cells, and the single-cell clones were selected by using puromycin. The
mutation in E6AP was then verified by picking individual clones and analyzing the relevant region of the
E6AP genomic DNA by PCR and DNA sequencing. Verification of the loss of E6AP was performed by
Western blotting for E6AP.

Antibodies. Anti-Myc mouse monoclonal antibody (Santa Cruz Biotechnology), anti-FLAG mouse
monoclonal antibody M2 (Sigma), anti-B-galactosidase mouse monoclonal antibody (Promega), mono-
clonal anti-HA-peroxidase antibody produced in mouse clone HA-7 (Sigma-Aldrich), rabbit 14-3-3y
antibody (Santa Cruz Biotechnology), and appropriate secondary antibodies conjugated to horseradish
peroxidase (HRP) (Dako) were used. For immunofluorescence, mouse monoclonal anti-E6AP (BD Trans-
duction Laboratories), rabbit polyclonal anti-p53 (Santa Cruz Biotechnology), and chicken anti-(pT485)
E6AP (a kind gift from Mark Zylka, USA) were used. Appropriate Alexa-Fluor secondary antibodies (Life
Technologies) were used.

Western blotting. Total cell extracts were obtained by lysing the cells directly in 2X SDS-PAGE
sample buffer. Western blotting and processing were then performed as described previously (23) and
developed using the ECL detection system (Amersham).

Ubiquitination assays. For ubiquitination assays, the relevant plasmids were transfected into
E6AP-null HEK293 cells, and after 24 h cell lysates were prepared, followed by immunoprecipitation using
anti-FLAG-conjugated agarose beads to pull down ubiquitin-conjugated proteins (Sigma-Aldrich), as
described previously (23). The beads were then washed and polyubiquitinated Ring1B protein was
detected using Western blotting.
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