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ABSTRACT Activation of signaling pathways ensuring cell growth is essential for the
proliferative competence of human papillomavirus (HPV)-infected cells. Tyrosine ki-
nases and phosphatases are key regulators of cellular growth control pathways. A
recently identified potential cellular target of HPV E7 is the cytoplasmic protein ty-
rosine phosphatase PTPN14, which is a potential tumor suppressor and is linked to
the control of the Hippo and Wnt/beta-catenin signaling pathways. In this study, we
show that the E7 proteins of both high-risk and low-risk mucosal HPV types can in-
teract with PTPN14. This interaction is independent of retinoblastoma protein (pRb)
and involves residues in the carboxy-terminal region of E7. We also show that high-
risk E7 induces proteasome-mediated degradation of PTPN14 in cells derived from
cervical tumors. This degradation appears to be independent of cullin-1 or cullin-2
but most likely involves the UBR4/p600 ubiquitin ligase. The degree to which E7
downregulates PTPN14 would suggest that this interaction is important for the viral
life cycle and potentially also for the development of malignancy. In support of this
we find that overexpression of PTPN14 decreases the ability of HPV-16 E7 to cooper-
ate with activated EJ-ras in primary cell transformation assays.

IMPORTANCE This study links HPV E7 to the deregulation of protein tyrosine phospha-
tase signaling pathways. PTPN14 is classified as a potential tumor suppressor protein,
and here we show that it is very susceptible to HPV E7-induced proteasome-mediated
degradation. Intriguingly, this appears to use a mechanism that is different from that
employed by E7 to target pRb. Therefore, this study has important implications for our
understanding of the molecular basis for E7 function and also sheds important light on
the potential role of PTPN14 as a tumor suppressor.

KEYWORDS human papillomavirus, E7, PTPN14, transformation, tyrosine
phosphatases

uman papillomaviruses (HPVs) are ubiquitous small DNA viruses that infect skin or

mucosal epithelial cells and cause hyperproliferative lesions. Mucosal HPVs are
considered to be one of the most common virus infections of the human reproductive
tract, and the so-called high-risk mucosal types, such as HPV-16 and HPV-18, are the
major etiological agents of cervical cancer, other anogenital cancers, and an increasing
subset of head and neck cancers. Despite major advances in our understanding of the
HPV life cycle and virus-induced malignancy (1-4), there are still major gaps in our
understanding of the function of the viral oncoproteins. In addition, we still lack useful
cellular markers for the accurate prognosis of precancerous lesions caused by onco-
genic HPV infections, and pharmaceutical targets for the successful selective therapy of
HPV-related cancers have yet to be found. Therefore, there remains an urgent need to
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understand the cellular processes driving malignant transformation of the HPV-infected
cell.

It has been demonstrated that the malignant phenotype of high-risk HPV types
depends mainly on the sustained expression of two early viral gene products, the E6
and E7 oncoproteins. These proteins interfere with the function of multiple cellular
factors to keep the host epithelial cell in a replication-competent state, thereby
supporting the amplification of the viral DNA genome (5-8), which can also ultimately
promote tumorigenesis. A key element in this is the ability of the high-risk HPV E6 and
E7 oncoproteins to target the tumor suppressor protein p53 and the retinoblastoma
protein (pRb) family of pocket proteins, respectively. In both cases, E6 and E7 recruit
essential elements of the ubiquitin proteasome pathway to ensure the efficient deg-
radation of their cellular targets. In the case of E6 and p53, this requires the E6AP
ubiquitin ligase (9), while in the case of E7 and the pocket proteins, this involves the
recruitment of the cullin-2 ubiquitin ligase complex (10, 11). While these interactions
are obviously important during cancer development, it is also clear that other functions
of these viral oncoproteins contribute toward this multistep process (3, 9, 10, 12). In
particular, a great deal of attention has been placed on understanding how E7 can
modulate different cellular kinases, such as AKT and extracellular signal-regulated
kinase (ERK) signaling (13-17). In contrast, there is little information available concern-
ing the potential modulation of cellular phosphatases although E7 has been linked with
the upregulation of the CDC25A tyrosine phosphatase and inhibition of protein phos-
phatase 2A (PP2A) (17-19). Interestingly, the cytoplasmic protein tyrosine phosphatase
PTPN14 (PTPD2, Pez, or PTP36) was recently identified as a potential cellular target of
E7 proteins derived from multiple HPV types (20, 21).

Protein tyrosine kinases and phosphatases are key regulators of cellular growth
control pathways, and it is increasingly recognized that protein tyrosine phosphatases
are as highly substrate specific as tyrosine kinases and have a major impact on the
cellular microenvironment and disease pathophysiology (22, 23). PTPN14 (PTPD2, Pez,
or PTP36) is particularly intriguing since this FERM (four-point-one, ezrin, radixin,
moesin) domain-containing phosphatase can associate with the cytoskeleton and cell
membrane and can affect actin cytoskeleton organization, cell adhesion, and cell
growth (24, 25). PTPN14 has also been proposed to act as a tumor suppressor protein
that influences multiple cellular processes. It has been shown to inhibit the oncogenic
function of the Yes-associated protein (YAP) and other members of the Hippo signaling
pathway (26-29). Furthermore, PTPN14 can decrease cell motility via dephosphoryla-
tion of B-catenin at adherens junctions (30). In a breast cancer model it has been
recently demonstrated that PTPN14 also negatively regulates proteins involved in
intracellular trafficking, such as RIN1 (Ras and Rab interactor 1) and protein kinase C-8
(PRKCD), thereby preventing metastasis by reducing the intracellular trafficking of both
soluble and membrane-bound proteins (31).

In this study, we demonstrate that PTPN14 is a bona fide interacting partner of
multiple HPV E7 oncoproteins. Furthermore, we show that cancer-causing high-risk HPV
E7 oncoproteins can target PTPN14 for proteasome-mediated degradation, an activity
which appears to require the UBR4/p600 ubiquitin ligase. Taken together, these studies
indicate that E7 can profoundly affect the function of the PTPN14 tumor suppressor and
thereby modulate processes relevant for the virus life cycle and for the development of
malignancy.

RESULTS

HPV E7 interacts with PTPN14 both in vitro and in vivo. Recent proteomic
analyses (20, 21) had highlighted the potential interaction between the E7 oncopro-
teins derived from diverse HPV types with the tyrosine phosphatase PTPN14. To
determine whether PTPN14 is indeed a binding partner of both low-risk and high-risk
E7 proteins, we performed an in vitro binding assay using in vitro-translated, radiola-
beled PTPN14 and purified glutathione S-transferase (GST)-tagged E7 fusion proteins
from both low-risk (HPV-11) and high-risk (HPV-16 and HPV-18) HPV types. After
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FIG 1 HPV E7 interacts with PTPN14, and the interaction is conserved across different HPV types. (A) In vitro-
translated, radiolabeled PTPN14 was incubated with GST (control), GST-HPV-11 E7, GST-HPV-16 E7, and GST-HPV-18
E7 fusion proteins bound to glutathione agarose beads. After a washing step, bound proteins were assessed by
autoradiography (upper panel), and GST fusion proteins were visualized by Coomassie staining (lower panel). (B)
(33a cells were transfected with empty plasmid or HA/FLAG-tagged HPV-16 E7. After 24 h the cells were incubated
in the presence of the proteasome inhibitor CBZ for 3 h and were then harvested and immunoprecipitated (IP)
using anti-FLAG antibody, and PTPN14 and HPV-16 E7 were detected by Western blotting. (C) Full-length HPV-16
E7 and the N-terminal (N-T) and C-terminal (C-T) truncations were expressed as GST fusion proteins, purified, and
used in binding assays with in vitro-translated and radiolabeled PTPN14. The upper panel shows input and bound
PTPN14, and the lower panel shows the Coomassie-stained gel. (D) The wild-type HPV-16 E7 and the indicated
mutants (all HA tagged) were cotransfected in HEK293 cells with V5-tagged PTPN14, and after 24 h the cells were
incubated in the presence of the proteasome inhibitor CBZ for 3 h and then harvested and immunoprecipitated
with anti-HA antibody. Bound PTPN14 was then detected by Western blotting (V5), and E7 was detected using
anti-HA antibody. The lower panels show the input proteins used in the immunoprecipitations. CO-IP, coimmu-
noprecipitation; wt, wild type.

intensive washing, bound proteins were assessed by autoradiography. The results
shown in Fig. 1A indicate a very strong physical association between PTPN14 and E7,
which is conserved across different HPV types. To determine whether E7 could also
interact with endogenously expressed PTPN14, C33a cells were transfected with FLAG-
tagged HPV-16 E7 and then immunoprecipitated using anti-FLAG antibodies, and
coimmunoprecipitating proteins were analyzed by Western blotting. The results shown
in Fig. 1B demonstrate a specific interaction between HPV-16 E7 and PTPN14.

To identify the region of E7 required for binding PTPN14, we performed in vitro
interactions using in vitro-translated, radiolabeled PTPN14 and wild-type HPV-16 E7 and
two deletion constructs of E7 comprising the N-terminal and C-terminal halves, ex-
pressed as GST fusion proteins. As can be seen from Fig. 1C, PTPN14 binds to the
C-terminal domain of HPV-16 E7. Previous studies have highlighted the importance of
multiple residues within the E7 carboxy-terminal region for potential protein-protein
interactions and for their ability to contribute toward cell transformation based on their
surface exposure (32), as predicted from the HPV-45 E7 structure (33). Therefore, in
order to more accurately define the region of E7 involved in binding PTPN14, we
performed a series of coimmunoprecipitation experiments using a panel of these
previously described HPV-16 E7 mutants with a C-terminal hemagglutinin (HA) or FLAG
tag. These were cotransfected with V5-tagged PTPN14 into HEK293 cells, and after
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FIG 2 PTPN14 is subject to proteasome-mediated degradation by HPV-16 E7. (A) The indicated cell lines were
extracted, and levels of PTPN14 were analyzed by Western blotting. The lower panel shows the a-tubulin protein
loading control. (B) The indicated cells were incubated in the presence of either DMSO or the two proteasome
inhibitors, CBZ and BTZ, for 8 h. The cells were then harvested, and levels of PTPN14 were analyzed by Western
blotting. A Western blot for p53 was included as a control for proteasome inhibition, and a-tubulin served as a
protein loading control. The lower panel shows the quantitation of the Western blot. (C) C33a cells or HelLa cells
were transfected with the indicated siRNAs (si- prefixes), and after 72 h the cells were harvested, and the levels of
p53 and PTPN14 expression were analyzed by Western blotting, with a-tubulin used as the loading control. (D)
HEK293 cells were transfected with V5-tagged PTPN14 and either C-terminally or N-terminally FLAG/HA-tagged
HPV-16 E7. After 24 h the cells were harvested, and the levels of PTPN14 (V5) and E7 (HA) expression were analyzed
by Western blotting. B-Galactosidase served as the control for transfection efficiency.

24 h the cells were harvested and subjected to immunoprecipitation using anti-HA-
conjugated agarose beads. The immunoprecipitated E7 proteins were then detected by
Western blotting using anti-FLAG antibodies, while coimmunoprecipitating PTPN14
was detected by Western blotting using anti-V5 antibodies. The results shown in Fig. 1D
demonstrate that E7 amino acid residues 80, 81, and 84 are essential for the PTPN14
interaction.

High-risk HPV E7 degradation of PTPN14. Having found that PTPN14 is a strong
interacting partner of multiple HPV E7 proteins, we then wanted to investigate the
potential relevance of this for HPV-induced malignancy. To do this, we first examined
the levels of expression of PTPN14 in HPV-negative and HPV-positive cell lines by
performing Western blot analysis of PTPN14 in HPV-16-positive CaSki and HPV-18-
positive Hela cells and in HPV-negative C33a, HaCaT, and HEK293 cells. The results (Fig.
2A) demonstrate much lower levels of PTPN14 protein in the two HPV-positive cell lines
than in the non-HPV-containing cells, suggesting that PTPN14 protein levels are low in
the presence of HPV. In order to then determine whether this low level of PTPN14 was
due to proteasome-mediated degradation, HPV-negative C33a cells and HPV-positive
HelLa and CaSki cells were grown in the presence of the proteasome inhibitor Z-Leu-
Leu-Leu-al (CBZ) or bortezomib (BTZ) for 8 h. Cells were then harvested, and the levels
of PTPN14 expression were analyzed by Western blotting. The results shown in Fig. 2B
indicate that proteasome inhibition has no effect on the levels of PTPN14 in HPV-
negative cells, while there is a dramatic increase in the levels of PTPN14 protein in
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FIG 3 Low-risk HPV-11 E7 does not degrade PTPN14. (A) HEK293 cells were transfected with PTPN14 together with
HPV-16 E7 and HPV-11 E7 as indicated. After 24 h, the cells were harvested, and the levels of C-terminally
HA-tagged E7 and V5-tagged PTPN14 were determined by Western blotting. B-Galactosidase served as a control
for transfection efficiency. (B) The indicated HPV-16 E7 mutants were cotransfected with V5-tagged PTPN14 in
HEK293 cells; after 24 h the cells were harvested, and proteins were analyzed by Western blotting, with
B-galactosidase used a control for transfection efficiency. wt, wild type.

HPV-positive cells following proteasome inhibition. These results indicate that PTPN14
is subject to proteasome-mediated degradation in HPV-positive cells derived from
cervical tumors.

To investigate whether the low levels of PTPN14 were due to the presence of the
HPV oncoproteins, we transfected Hela cells with a small interfering RNA (siRNA)
against HPV-18 E6/E7 or against luciferase as a control. In addition, to verify the correct
identification of PTPN14, we also included an siRNA against PTPN14. After 72 h the cells
were harvested, and the levels of protein expression were ascertained by Western
blotting. As can be seen from Fig. 2C, ablation of E6/E7 expression results in a marked
increase in the levels of PTPN14.

Since PTPN14 is a potential interacting partner of HPV E7, we then proceeded to
investigate whether HPV-16 E7 could target PTPN14 for degradation in a transient-
transfection assay. To do this, we used two different HPV-16 E7 expression constructs,
one in which E7 was C-terminally tagged and one in which E7 was N-terminally tagged,
as previous reports had suggested that the ability of E7 to direct proteins for
proteasome-mediated degradation required an intact N terminus and could be blocked
by addition of an epitope tag (34). HEK293 cells were transfected with a plasmid
expressing N-terminally V5-tagged PTPN14 alone or together with plasmids expressing
wild-type FLAG-tagged HPV-16 E7 (C-terminal tag) or HA-tagged HPV-16 E7 (N-terminal
tag). A B-galactosidase expression plasmid was included in each transfection to control
for transfection efficiency. After 24 h, cellular proteins were extracted and analyzed by
Western blotting. As can be seen from Fig. 2D, overexpression of C-terminally tagged
HPV-16 E7 caused a marked decrease in PTPN14 protein levels, while the N-terminally
tagged HPV-16 E7 has little or no effect. Taken together, these results demonstrate that
high-risk HPV E7 oncoproteins can target PTPN14 for proteasome-mediated degrada-
tion, an activity that requires a free N terminus on E7 and is blocked by the addition of
an epitope tag.

Having found that HPV-16 E7 can target PTPN14 for proteasome-mediated degra-
dation, we were next interested in investigating whether the low-risk HPV-11 E7 could
also affect the levels of PTPN14 expression. To do this, HEK293 cells were transfected
with HA-tagged HPV-16 and HPV-11 E7, together with V5-tagged PTPN14, and the
levels of expression were analyzed by Western blotting. The results shown in Fig. 3A
demonstrate that whereas HPV-16 E7 can markedly reduce PTPN14 protein levels,
HPV-11 E7 has a much weaker effect.

We were then interested in determining whether the ability of HPV-16 E7 to interact
with PTPN14 correlates with its ability to target PTPN14 for proteasome-mediated
degradation. To do this, we used a panel of carboxy-terminal point mutations in HPV-16
E7 and cotransfected these with V5-tagged PTPN14. The cells were harvested after 24
h, and the levels of E7 and PTPN14 expression were analyzed by Western blotting. The
results obtained are shown in Fig. 3B and demonstrate a number of interesting features.
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levels of PTPN14 were then analyzed by Western blotting, and each subcellular fraction was also probed for the indicated protein

loading control.

In agreement with the coimmunoprecipitation analyses, the ES80K/D81K and M84S
point mutants, which show defects in interaction with PTPN14, also show correspond-
ing defects in their abilities to target PTPN14 for degradation. However, it is also
interesting that other mutants, such P92A, while retaining a wild-type ability to interact
with PTPN14, are nonetheless defective in their ability to target PTPN14 for degrada-
tion. These results indicate that the efficient degradation of PTPN14 by E7 requires both
a free E7 N terminus and an extended region within the E7 C terminus, not all residues
of which appear to be involved in PTPN14 recognition, although they are presumably
involved in the recruitment of additional cellular proteins required for the optimal
targeting of PTPN14 for degradation.

Having found that E7 could degrade PTPN14, we were next interested in investi-
gating which cellular pools of PTPN14 were being targeted as previous studies have
highlighted the importance of PTPN14 in the cytoplasm (26-31). To do this, we
performed siRNA ablation of E6/E7 expression in HelLa cells and monitored the pattern
of PTPN14 expression after 72 h using confocal microscopy. At the same time we also
performed siRNA ablation of PTPN14 to confirm the specificity of the immunostaining
of PTPN14. The results shown in Fig. 4A demonstrate a recovery in the PTPN14 levels
following ablation of E6/E7. Interestingly, the recovery of PTPN14 appears to be found
within both the cytoplasm and the nucleus. To confirm this, we also performed cell
fractionations on Hela cells following siRNA ablation of E6/E7 expression and then
monitored the appearance of PTPN14 by Western blotting. The results shown in Fig. 4B
demonstrate restoration of PTPN14 protein throughout the cell, which is consistent
with the results in the immunofluorescence analyses.

UBR4/p600 ubiquitin ligase mediates the effect of E7 on PTPN14 levels. Previ-
ous studies have shown that PTPN14 can be targeted for ubiquitin-mediated degra-
dation via the cullin-2 ubiquitin protein ligase (27). HPV E7 has also been shown to
associate with the cullin-2 ubiquitin ligase complex, which mediates E7-induced Rb
degradation (11). In addition, other ubiquitin ligases, namely, cullin-1 and UBR4/p600,
have been found to interact with E7 (34, 35). In all cases an intact E7 N terminus would
seem to be required for these interactions. Since E7 fails to degrade PTPN14 when
N-terminally tagged, this led us to investigate which of the components of the
ubiquitin proteasome machinery might be involved in E7-induced degradation of
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FIG 5 UBR4/p600 is required for E7-induced degradation of PTPN14. (A) HeLa cells were transfected with the indicated siRNAs,
and after 72 h the cells were harvested. The levels of PTPN14 were then analyzed by Western blotting; p53 served as a control
for E6/E7 ablation, and pRb (different phospho-forms are indicated) served as a control for E7 and cullin-2 ablation. Overall
protein loading was verified using y-tubulin. (B) CaSki cells were transfected with the indicated siRNAs; after 72 h the cells were
harvested, and the levels of p53 and PTPN14 were analyzed by Western blotting. y-Tubulin served as the protein loading

control.

PTPN14. To do this, we transfected Hela cells with siRNAs specific to cullin-1, cullin-2,
and UBR4/p600. As controls we also included siRNAs against HPV-18 E6, HPV-18 E6/E7,
and luciferase. After 72 h the cells were harvested and analyzed for p53, pRb, and
PTPN14 by Western blotting. As can be seen from Fig. 5A, loss of E6, as expected, has
no effect upon PTPN14 levels, while loss of E6/E7 results in a significant increase,
confirming the role of E7 in the loss of PTPN14 protein. Furthermore, loss of cullin-1 or
cullin-2 appears to have no effect on PTPN14 levels although loss of cullin-2 restores
pRb levels, as expected (11). Most interestingly, only the loss of UBR4/p600 appears to
rescue the PTPN14 protein, and, intriguingly, loss of UBR4/p600 in HeLa cells also results
in a modest rescue of pRb levels. To investigate whether UBR4/p600 is also required for
HPV-16 E7-induced degradation of PTPN14, we performed a similar analysis in CaSki
cells, and the results obtained are shown in Fig. 5B, where it can be seen that loss of
UBR4/p600 also results in a marked increase in PTPN14 protein levels. Taken together,
these results demonstrate that HPV-16 and HPV-18 E7 can target PTPN14 for
proteasome-mediated degradation in a manner that is in part dependent upon the
UBR4/p600 ubiquitin ligase.

PTPN14 inhibits HPV-16 E7-induced transformation. Previous studies have im-
plicated a potential tumor-suppressive role for PTPN14 (26-30), and it has also been
observed that PTPN14 overexpression reduces the motility and cell growth of Hela cells
(36). We were therefore interested in whether PTPN14 has any direct effects upon the
transforming activity of E7. To examine this, we used primary BRK cells transfected with
pJ4Q:HPV-16 E7 and EJ-ras, with or without PTPN14. After 2 weeks of selection, the cells
were fixed and stained, and the colonies were counted. The results are shown in Fig. 6A
where it can be seen that PTPN14 is a potent inhibitor of the transforming activity of
HPV-16 E7. To investigate which aspects of PTPN14 activity were required for this
inhibitory function, we repeated these assays using two PTPN14 mutants, the catalyt-
ically inactive C1121S substitution and the substrate binding-defective D1079A substi-
tution together with the corresponding double mutant. The results in Fig. 6B show that
while the wild-type PTPN14 can inhibit E7 transforming activity, the two functionally
defective mutants are compromised, while the double mutant has no effect on E7’s
transforming activity. Taken together, these results demonstrate that in the context of
HPV-16 E7-induced cell transformation, PTPN14 is a potent tumor suppressor, an
activity that requires its phosphatase and substrate recognition functions, while in the
context of HPV-induced malignancy E7 can target PTPN14 for proteasome-mediated
degradation in a manner requiring the p600 ubiquitin ligase.
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FIG 6 PTPN14 acts as a tumor suppressor in HPV-16 E7/EJ-ras cotransformation experiments. (A and B)
Primary BRK cells were transfected with the indicated expression plasmids and subjected to selection
with G418. After 2 to 3 weeks, the cells were fixed and stained, and the numbers of colonies were
counted. The results show the mean number of colonies obtained from at least three separate assays,
and standard deviations are also shown. A two-tailed Student’s t test was carried out for the analysis of
colony numbers to determine statistical significance (P < 0.05).

DISCUSSION

The data presented here show that E7 proteins of both low-risk and high-risk
mucosal HPV types can associate with PTPN14, a FERM domain-containing nonreceptor
protein tyrosine phosphatase. This phosphatase appears to have key regulatory roles in
several signaling pathways that modulate cell growth, cell adhesion, and actin cyto-
skeleton organization (26-30). In this study, we have found that PTPN14 is particularly
sensitive to HPV-16 and HPV-18 E7-induced degradation. This indicates a novel mech-
anism by which HPV E7 oncoproteins can subvert diverse cell signaling pathways. These
results are in broad agreement with a recent study, which also found that PTPN14 was
a degradation target of high-risk HPV E7 oncoproteins (37).

Previous studies using proteomic approaches had indicated that the E7 proteins
from diverse HPV types could potentially interact with PTPN14 (20, 21). This included
both high- and low-risk mucosal types as well as some cutaneous types. In agreement
with these studies, we found a strong association between both high- and low-risk
mucosal HPV E7 oncoproteins and PTPN14 in a variety of different assays both in vitro
and in vivo. In support of a highly conserved interaction, mutational analysis of the
HPV-16 E7 oncoprotein identified a domain within the carboxy-terminal half of E7 that
plays an essential role in binding PTPN14. In particular, the double amino acid substi-
tution EBOK/D81K completely abolished the interaction with PTPN14, while the M84S
mutation exhibited greatly reduced levels of interaction. Interestingly, the M84 residue
is part of a very highly conserved region of the E7 carboxy terminus, and mutation of
this residue significantly impairs the transforming activity of the HPV-16 E7 oncoprotein
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(32). However, interpretation of these HPV-16 E7 C-terminal mutations is complex. For
example, the P92A substitution retains interaction with PTPN14 but is defective in its
degradation, while at the same time it shows no defects in its ability to transform cells
(32). Thus, while these studies suggest that E7 recognition of PTPN14 occurs through
a conserved region of the E7 carboxy terminus, which may also contribute to the ability
of E7 to induce cell transformation, it is also clear that other functions are involved.
Indeed, a recent study found that residues affecting PTPN14 interaction within the E7
carboxy terminus could also affect p600 interactions (37), and this would be consistent
with the results presented here. Nonetheless, considering the wide range of papillo-
mavirus types that can interact with PTPN14, it is likely to be of considerable impor-
tance for the normal viral life cycles of multiple HPV types. Intriguingly, we also found
that ectopic overexpression of PTPN14 significantly impaired the transforming activity
of E7 in cooperation with EJ-ras in primary BRK cells, which was dependent upon
PTPN14’s substrate recognition function and its enzymatic activity.

To further investigate how E7 might modulate the activity of PTPN14, we first
investigated the effects of E7 upon the levels of expression of PTPN14. We found that
while PTPN14 protein was readily detectable in HPV-negative cells, the levels in
HPV-positive cervical tumor-derived cell lines were very low. Furthermore, treatment
with proteasome inhibitors indicated that PTPN14 was particularly susceptible to
proteasome-mediated degradation in HPV-positive cells but not in HPV-negative cells.
Using a series of siRNA knockdown assays, we confirmed that this low level of PTPN14
protein was a direct consequence of the continued expression of the HPV E7 onco-
protein. When combined with immunofluorescence analyses, we also found that
PTPN14 exhibited a weak pattern of expression in Hela cells, but upon siRNA ablation
of E6/E7 expression, there was a dramatic increase in PTPN14 levels in both the
cytoplasm and the nucleus. These results demonstrate that HPV E7 expression directly
contributes toward the loss of PTPN14 protein throughout the cell and that this loss of
PTPN14 involves the proteasome machinery. It is also interesting that any residual
PTPN14 found within the HPV-positive cells appears to display a speckled nuclear
location, consistent with a residual growth-promoting function of PTPN14 (30). In
contrast, the major growth-inhibitory activities of PTPN14 have been associated with its
cytoplasmic and cell-cell junction localization (31, 38), suggesting that these are the
forms of the protein preferentially targeted by E7, although cell fractionation experi-
ments indicate an increase in PTPN14 protein levels in multiple cellular compartments
following loss of E7 expression.

A major activity of the high-risk HPV E7 oncoproteins is their ability to target a
number of cellular targets for proteasome-mediated degradation, and this is particu-
larly true for the members of the pRb family of pocket proteins. This activity of E7
appears to require the recruitment of the cullin-2 ubiquitin ligase complex, most likely
via a direct association with elongin C (11). However, E7 has also been reported to
interact with several other components of the proteasome machinery, including the S4
subunit of the proteasome, the cullin-1 ubiquitin ligase complex, and the p600 ubig-
uitin ligase (34, 39, 40). Therefore, we sought to determine how E7 might be directing
the degradation of PTPN14. We first performed a series of transient cotransfection
assays to confirm that E7 could directly drive the degradation of PTPN14. Interestingly,
we found that only E7 protein that was C-terminally tagged could induce the degra-
dation of PTPN14, with N-terminally tagged E7 being completely inactive. This dem-
onstrates the critical requirement for an intact E7 N-terminal region, which is also
required for the degradation of pRb and for recruitment of components of the cellular
proteasome machinery (11, 35, 41).

We then proceeded to investigate which ligase might be required for E7-induced
degradation of PTPN14. To do this, we used siRNA ablation of p600, cullin-1, and
cullin-2 in Hela cells and monitored the effects upon pRb and PTPN14 expression. To
our surprise, we found that cullin-1 and cullin-2 do not seem to play a role in the ability
of HPV-18 E7 to direct the degradation of PTPN14. Instead, the ability of E7 to degrade
PTPN14 appears to require p600, since siRNA ablation resulted in a marked increase in
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the levels of PTPN14 protein. Similar results were also obtained in CaSki cells where
again efficient rescue of the levels of PTPN14 expression were obtained following
ablation of p600 expression. Again, these results are in broad agreement with those of
a recent study also showing that p600 plays an important role in the ability of E7 to
target PTPN14 (37).

These studies demonstrate that high-risk HPV E7 oncoproteins are potentially
potent inhibitors of PTPN14. This has many important implications, both for the viral life
cycle and for the ability of these viruses to contribute toward cell transformation and
malignancy. There are now many reports of mutation of PTPN14 in several different
human tumors (42-45) and clear evidence for a role for PTPN14 in the control of diverse
signaling pathways. This includes regulation of the Hippo pathway, B-catenin signaling,
and transforming growth factor B (TGF-B) and receptor trafficking (30, 31, 38, 46).
Currently, we have no information on which of these pathways are likely to be affected
as a result of E7-induced degradation of PTPN14, although our preliminary unpublished
results would appear to indicate that the Hippo pathway is not directly affected by E7.
Intriguingly, PTPN14 has been shown to induce TGF-B signaling, and several studies
have shown that E7 is also a potent inhibitor of TGF-B (38, 47). Future studies will be
aimed at investigating whether any of these pathways are directly affected as a result
of E7-induced degradation of PTPN14. In addition, since the low-risk HPV E7 proteins
can also interact with PTPN14, it will be important to ascertain whether this can also
impact PTPN14 function, either as a result of altered enzymatic activity or subcellular
distribution, and how this might thereby contribute toward a successful HPV life cycle.

Taken together, these studies identify PTPN14 as a novel interacting partner of the
HPV E7 oncoprotein and demonstrate that it is highly susceptible to HPV E7-induced
proteasome-mediated degradation, which most likely involves the recruitment of the
p600 ubiquitin ligase.

MATERIALS AND METHODS

Plasmid constructs. The wild-type and CR3 mutant HA-tagged pcDNA constructs have been
described previously (32) as have the GST-tagged pGEX-2T HPV-16 E7 wild-type and deletion mutants
(17). The HA/FLAG-tagged pCMV HPV-16 E7 (where CMV is cytomegalovirus) plasmid was a kind gift from
Karl Miinger (48), and the V5-PTPN14 pcDNA3 plasmid was kindly provided by Jianmin Zhang (26). The
V5-PTPN14 pcDNA3 plasmid was used as a template for the generation of the catalytic site mutant
C1121S, the substrate binding site mutant D1079A, and the C11215/D1079A double mutant PTPN14
constructs using a GeneArt site-directed mutagenesis system (Invitrogen) and the following primers:
C1121S forward primer 5'-CATCGTGGTCCACAGTAGTGCTGGGGTGGGAAG-3" and C1121S reverse primer
5'-CTTCCCACCCCAGCACTACTGTGGACCACGATGA-3’; D1079A forward primer 5'-ACTGACTGGCCAGCTC
ACGGCTGTCCAGAAG-3" and D1079A reverse primer 5'-CTTCTGGACAGCCGTGAGCTGGCCAGTCAGT-3'.
The GST-tagged HPV-11 E7 and HPV-18 E7 pGEX-6P-1 plasmid constructs were generated by amplifica-
tion and subcloning of the E7 coding sequences from previously made pRB322 plasmid constructs as
templates (49, 50). The primers used were the following: HPV-11 E7 forward primer 5’-CCCGGATCCCT
GGACAACATGCATGGAAGA-3" and reverse primer 5'-CCCCTCGAGTCGTCCGCCATCCTTGTTA-3’; HPV-18
E7 forward primer 5'-GCACGGATCCCCAACGACGCAGAGAAACA-3" and reverse primer 5'-GCACCTCGAG
GTTGCTTACTGCTGGGATGC-3'". The amplified sequences were visualized by agarose gel electrophoresis,
purified by using a QlAquick gel extraction kit (Qiagen), digested with BamHI and Xhol restriction
enzymes, and ligated into pGEX-6P-1. The C-terminal FLAG-tagged HPV-11 E7 CMV plasmid construct
was generated by amplification and subcloning of the E7 coding sequences from the HPV-11 E7
PGEX-6P-1 construct as templates to the pCMV Neo Bam (Xhol) empty vector (kindly provided by J.
Mymryk). The primers used were the following: HPV-11 E7 forward primer 5'-CGACGGATCCGATTCGAG
ACCATGCATGGAAGA-3" and reverse primer 5'-GCATCTCGAGCTACTTGTCATCGTCGTCCTTGTAGTCTGGTT
TTGGTGC-3'. The amplified sequences were visualized by agarose gel electrophoresis, purified by using
a QlAquick gel extraction kit (Qiagen), digested with BamHI and Xhol restriction enzymes, and ligated
into pCMV Neo Bam (Xhol).

The HA/FLAG-tagged pCMV HPV-16 E7 plasmid was used as the template for the generation of 16 E7
mutant constructs by using a modification of a QuickChange site-directed mutagenesis system (Strat-
agene), according to the manufacturer’s instructions, with the following primers: C59S forward primer
5'-TTGTAACCTTTTGTAGCAAGTGTGACTCTACGC-3" and C59S reverse primer 5'-GCGTAGAGTCACACTTGC
TACAAAAGGTTACAA-3'; T64D forward primer 5-GCAAGTGTGACTCTGATCTTCGGTTGTGCGTAC-3" and
T64D reverse primer 5'-GTACGCACAACCGAAGATCAGAGTCACACTTGC-3’; T72D forward primer 5'-GGTT
GTGCGTACAAAGCGACCACGTAGACATTCG-3' and T72D reverse primer 5'-CGAATGTCTACGTGGTCGCTTT
GTACGCACAACC-3'; 176A forward primer 5’-AGCACACACGTAGACGCTCGTACTTTGGAAGAC-3' and 176A
reverse primer 5'-GTCTTCCAAAGTACGAGCGTCTACGTGTGTGCT-3'; R77A forward primer 5'-CACACACG
TAGACATTGCTTACTTTGGAAGACC-3" and R77A reverse primer 5'-GGTCTTCCAAAGTAAGCAATGTCTACG
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TGTGTG-3'; EBOK/D81K forward primer 5'-GACATTCGTACTTTGAAAAAGCTGTTAATGGGCAC-3" and E80K/
D81K reverse primer 5-GTGCCCATTAACAGCTTTTTCAAAGTACGAATGTC-3'; M84S forward primer 5'-
GGAAGACCTGTTAAGTGGCACACTAGGAATTGTG-3' and M84S reverse primer 5'-CACAATTCCTAGTGTGC
CACTTAACAGGTCTTCC-3"; P92A forward primer 5'-CTAGGAATTGTGTGCGCCATCTGTTCTCAGAAAC-3'
and P92A reverse primer 5'-GTTTCTGAGAACAGATGGCGCACACAATTCCTAG-3'. All constructs were ver-
ified by DNA sequencing.

Cell culture and transfections. Cervical-tumor-derived Hela (HPV-18-positive), CaSki (HPV-16-
positive), and C33a (HPV-negative) cells as well as HEK293 and primary baby rat kidney (BRK) cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum,
glutamine (300 wg/ml), and penicillin-streptomycin (100 U/ml).

Transient transfection of plasmid DNA in HEK293 cells was carried out using a standard calcium
phosphate precipitation protocol as previously described (51). DNA transfections in C33a cells were
performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

For the delivery of all siRNAs (Dharmacon), the cells were seeded on 6-cm-diameter dishes and grown
for 24 h until they were approximately 40% confluent and were transfected using Lipofectamine
RNAIMAX (Invitrogen) with siRNA against either luciferase, HPV-18 E6/E7 (5'-CAUUUACCAGCCCGAC
GAG-3'), HPV-18 E6 (5'-CUCUGUGUAUGGAGACACAT-3’), PTPN14, or the different ubiquitin ligase proteins
(relevant Dharmacon Smart Pools). For siRNA transfection followed by immunofluorescence analysis, HeLa
cells were seeded at the same confluence on glass coverslips. After incubation for 72 h, the cells were fixed,
and proteins were detected as described later.

Primary BRK cell transformation assays were performed as previously described (52).

Proteasome inhibitors. The proteasome inhibitors Z-Leu-Leu-Leu-al ([CBZ] MG-132; Sigma) and
bortezomib (BTZ; Sigma) were dissolved in dimethyl sulfoxide (DMSO) and used at 20 uM for 8 h unless
stated otherwise.

Antibodies. The following antibodies were used: mouse monoclonal anti-p53 (DO-1; Santa Cruz
Biotechnology), mouse monoclonal anti-B-galactosidase (Promega), mouse monoclonal anti-V5 (Life
Technologies), mouse monoclonal anti-Rb (G3-245; BD Pharmingen), mouse anti-transferrin receptor
(Santa Cruz), mouse anti-p84 (Abcam), and mouse anti-vimentin (Santa Cruz). The following antibodies
were purchased from Sigma: rabbit monoclonal anti-PTPN14 (HPA053864), rabbit polyclonal anti-PTPN14
(SAB2700311), mouse monoclonal anti-HA-peroxidase (clone HA-7), mouse monoclonal anti-FLAG-M2-
peroxidase, mouse monoclonal anti-a-tubulin, and mouse monoclonal anti-y-tubulin. Secondary anti-
rabbit horseradish peroxidase (HRP) and anti-mouse HRP antibodies were purchased from Dako.

Western blotting and immunoprecipitation. For Western blot sample preparation, whole-cell
extracts were obtained by lysing the cells directly in 2X SDS-PAGE sample buffer (100 mM Tris-HCI [pH
6.8], 200 mM dithiothreitol [DTT], 4% SDS, 20% glycerol, 0.2% bromophenol blue), or alternatively cells
were fractionated into cytoplasmic, membrane, nuclear, and cytoskeletal fractions using a ProteoExtract
cell fractionation kit (Calbiochem) according to the manufacturer’s instructions. Proteins were separated
by SDS-PAGE and blotted on a 0.22-um-pore-size nitrocellulose membrane (Schleicher & Schuell).
Membranes were blocked for 1 h in 5% nonfat dry milk in Tris-buffered saline with Tween 20 ([TBST] 20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.7 mM KCl, 0.1% Tween 20) and probed with the appropriate primary
antibodies. After washes with TBST, membranes were probed with appropriate HRP-conjugated second-
ary antibodies (Dako), if needed. Proteins were detected using ECL (GE Healthcare) according to the
manufacturer’s instructions.

For coimmunoprecipitation experiments, cells were grown in the presence of proteasome inhibitor
for 8 to 10 h and then extracted on ice in lysis buffer (0.1% NP-40, 50 mM HEPES, pH 7.0, 250 mM NacCl)
supplemented with protease inhibitor cocktail (Set 1; Calbiochem). Extracts from cells expressing
FLAG-tagged HPV-16 E7 or HA-tagged HPV-16 E7 constructs were incubated with anti-FLAG beads or
anti-HA beads (both from Sigma), respectively. Samples were incubated with the beads for 1 to 2 h on
a rotating wheel at 4°C. The beads were then extensively washed, and the immunoprecipitated proteins
were analyzed by Western blotting.

Fusion protein purification and in vitro binding assays. GST-tagged fusion proteins were ex-
pressed as follows. An overnight culture of Escherichia coli strain DH5« transformed with the appropriate
expression plasmid was passaged, and, once in log phase, the expression of recombinant protein was
induced by the addition of isopropyl-B-p-thiogalactopyranoside (IPTG; Sigma) to a final concentration of
1 mM. After 3 h, the cells were harvested, resuspended in phosphate-buffered saline (PBS)-1% Triton
X-100, and lysed by sonication for 30 s. The cleared supernatant was incubated with glutathione-
conjugated agarose beads for 1 h at 4°C and washed extensively with PBS-1% Triton. SDS-PAGE and
Coomassie blue staining were used to assess the purity of the fusion protein.

For in vitro binding assays, proteins were transcribed and translated in vitro in rabbit reticulocyte
lysate using a Promega TNT coupled transcription-translation system according to the manufacturer’s
instructions. PTPN14 proteins were radiolabeled with [35S]methionine. Equal amounts of in vitro-
translated, radiolabeled proteins were added to GST fusion proteins bound to glutathione resin and
incubated for 1 h at room temperature. After extensive washing with PBS containing 0.2% NP-40, the
bound proteins were analyzed by SDS-PAGE and autoradiography, and GST fusion proteins were
visualized by Coomassie staining.

Immunofluorescence microscopy. Cells were grown on glass coverslips, fixed with 4% paraformal-
dehyde in PBS for 15 min, and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Immunolabeling
was carried out using an anti-PTPN14 rabbit monoclonal antibody (Sigma) and anti-p53 mouse mono-
clonal antibody (Santa Cruz Biotech) overnight at 4°C. Cells then were extensively washed in PBS and
incubated for 30 min at 37°C with secondary anti-rabbit and anti-mouse antibodies conjugated to
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fluorescein or rhodamine (Molecular Probes). Samples were washed and mounted with Vectashield
mounting medium (Vector Laboratories). Cells were viewed on a Zeiss LSM 510 confocal microscope
under an oil immersion 60X objective lens. Images were analyzed using LSM imaging software.
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