
PDZ Domain-Containing Protein NHERF-2 Is a Novel Target of
Human Papillomavirus 16 (HPV-16) and HPV-18
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ABSTRACT Cancer-causing human papillomavirus (HPV) E6 oncoproteins have a
class I PDZ-binding motif (PBM) on their C termini, which play critical roles that are
related to the HPV life cycle and HPV-induced malignancies. E6 oncoproteins use
these PBMs to interact with, to target for proteasome-mediated degradation, a
plethora of cellular substrates that contain PDZ domains and that are involved in
the regulation of various cellular pathways. In this study, we show that both HPV-16
and HPV-18 E6 oncoproteins can interact with Na�/H� exchange regulatory factor 2
(NHERF-2), a PDZ domain-containing protein, which among other cellular functions
also behaves as a tumor suppressor regulating endothelial proliferation. The interac-
tion between the E6 oncoproteins and NHERF-2 is PBM dependent and results in
proteasome-mediated degradation of NHERF-2. We further confirmed this effect in
cells derived from HPV-16- and HPV-18-positive cervical tumors, where we show that
NHERF-2 protein turnover is increased in the presence of E6. Finally, our data indi-
cate that E6-mediated NHERF-2 degradation results in p27 downregulation and cy-
clin D1 upregulation, leading to accelerated cellular proliferation. To our knowledge,
this is the first report to demonstrate that E6 oncoproteins can stimulate cell prolif-
eration by indirectly regulating p27 through targeting a PDZ domain-containing pro-
tein.

IMPORTANCE This study links HPV-16 and HPV-18 E6 oncoproteins to the modula-
tion of cellular proliferation. The PDZ domain-containing protein NHERF-2 is a tumor
suppressor that has been shown to regulate endothelial proliferation; here, we dem-
onstrate that NHERF-2 is targeted by HPV E6 for proteasome-mediated degradation.
Interestingly, this indirectly affects p27, cyclin D1, and CDK4 protein levels and, con-
sequently, affects cell proliferation. Hence, this study provides information that will
improve our understanding of the molecular basis for HPV E6 function, and it also
highlights the importance of the PDZ domain-containing protein NHERF-2 and its
tumor-suppressive role in regulating cell proliferation.
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Human papillomaviruses (HPVs) are small DNA tumor viruses that have been shown
to be the causative agents of cervical cancer, other anogenital cancers, and a

number of head and neck cancers (1–3). Of these, cervical cancer is the predominant
disease caused by HPVs, with more than 600,000 cancers annually worldwide (4).
Approximately 15 mucosotropic HPV types that are associated with human malignan-
cies are referred to as high-risk (HR) types (1). HPV-16 and -18 are the most common HR
HPV types and are responsible for approximately 80% of cervical cancers worldwide,
while the remaining 20% are caused by the other HR types (5). Numerous studies have

Citation Saidu NEB, Filić V, Thomas M, Sarabia-
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shown that the collaborative actions of the two major viral oncoproteins, E6 and E7, are
responsible for the development and maintenance of HPV-mediated malignancies (6).
These two oncoproteins control various cellular pathways with the aim of maintaining
an optimal cellular environment for viral replication. However, in instances where this
is perturbed, it can lead to initial changes to the infected cells, which can eventually
result in malignant transformation (7). HPV E7 stimulates cell cycle progression by
targeting the retinoblastoma tumor suppressor (pRB) and the other two pocket pro-
teins, p107 and p130 (8, 9), while E6 interferes with apoptosis by targeting the tumor
suppressor p53 (10). In addition to p53 protein regulation, E6 also regulates p53 gene
transactivation by abolishing p53 transcriptional-transactivation activity (5, 6).

Although E6 targeting of p53 is one of the crucial aspects of HPV-induced malig-
nancies, there are also other important functions of E6 that contribute to malignant
progression. One of these is the ability of HR HPV E6 oncoproteins to interact with the
so-called PDZ domain-containing proteins. The E6 proteins from all of the HR HPV types
contain 4 amino acids on their extreme C termini that correspond to a class I (PSD-95/
Dlg-1/ZO-1) PDZ-binding motif (PBM). Conversely, this motif is absent from the E6
proteins of low-risk (LR) HPV types, which cause benign warts (11). Multiple studies
have shown that the PBM plays critical roles in various E6 functions that are related to
the HPV life cycle and malignant transformation. PBM-PDZ interactions lead to in-
creased proliferation of infected cells and are required for optimal amplification and
maintenance of viral episomes (12–16). These interactions also play important roles in
the process of HPV-induced cellular transformation in tissue culture and in transgenic-
mouse models, where they were shown to be required for E6’s ability to induce
epithelial tumors in cooperation with E7 (12, 17–20).

HPV E6 oncoproteins interact with a number of PDZ domain-containing proteins
that belong to the membrane-associated guanylate kinase (MAGUK) family, and the
most extensively studied interacting partners of E6 include the human homologues
of the Drosophila disc large protein (hDlg), Scribble (hScrib), and the membrane-
associated guanylate kinase with inverted orientation (MAGI) family protein members
(11). MAGUK proteins have multiple PDZ domains and, by forming simultaneous
interactions with a number of membrane- and cytoplasm-associated cellular proteins,
they can serve as scaffolds in forming large complexes. Many of them behave as tumor
suppressors and are also involved in the regulation of cell polarity and cell-cell contacts
(21, 22). In addition to the MAGUK family proteins, some other PDZ domain-containing
proteins involved in cellular signaling and trafficking have also been characterized as E6
substrates (22, 23). One example is a member of the Na�/H� exchange regulatory
factor (NHERF) protein family, NHERF-1, which is involved in a number of important
cellular processes, such as signaling and transformation (24). HPV-16 E6 can target
NHERF-1 for degradation at the proteasome, leading to activation of the phosphati-
dylinositol 3-kinase (PI3K)/AKT signaling pathway, which is an important factor in
carcinogenesis (25).

Another member of the NHERF protein family is NHERF-2, which is involved in the
regulation of lamellipodium formation and cell migration and which interacts with the
N-cadherin/�-catenin (N-Cad/Cat) complex and the platelet-derived growth factor
receptor (PDGFR) in epithelial cells (26). NHERF-2 also acts as a scaffold protein for
plasma membrane proteins and members of the ezrin/moesin/radixin family, thereby
providing a connection between these proteins and the actin cytoskeleton, and con-
trols their surface expression (27). In addition, more recent studies indicate that
NHERF-2 is a negative regulator of endothelial proliferation, which is mediated via the
cyclin-dependent kinase inhibitor p27 (28).

The fact that NHERF-2 is a PDZ domain-containing protein and is structurally related
to NHERF-1, which was previously characterized as an HR HPV-16 E6 oncoprotein
substrate, and that it is involved in the regulation of cellular proliferation suggested
that NHERF-2 might also be a cellular substrate of the HPV-16 E6 oncoprotein. Here, we
report that not only is NHERF-2 a cellular target of the HPV-16 E6 oncoprotein, but also
that it binds to other HPV E6 proteins via their PBM motifs. We further report that both
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HPV-16 and HPV-18 E6 oncoproteins target NHERF-2 for proteasome-mediated degra-
dation. NHERF-2 ablation in the presence of HPV E6 leads to p27 downregulation and,
consequently, results in increased cellular proliferation.

RESULTS
E6 oncoproteins from HPV-16, HPV-18, and HPV-33 interact with NHERF-2. It is

well known that the E6 oncoproteins of cancer-causing types of HPV have PBMs
through which they can interact with a panel of PDZ domain-containing proteins to
elicit a cellular response (11, 21, 22). One of these PDZ domain-containing proteins is
NHERF-1, structurally related to NHERF-2, which was previously reported to be bound
by HPV-16 E6 and consequently degraded at the proteasome (25). First, therefore, we
wanted to investigate whether the PDZ domain-containing NHERF-2 protein could
complex with HPV E6 oncoproteins in vitro. A series of glutathione S-transferase (GST)
pulldown assays were performed in which in vitro-translated NHERF-2 was incubated
with GST-16 E6, GST-18 E6, GST-33 E6, GST-18 E6ΔPBM (E6 protein with the PBM
deleted), or GST alone as a control. The results shown in Fig. 1A indicate that HPV-16
E6, HPV-18 E6, and HPV-33 E6 all bind to NHERF-2, and the HPV-16 E6 interaction with
NHERF-2 appears to be the strongest, while there is no association between HPV-18
E6ΔPBM and NHERF-2. To confirm that the interaction was PDZ-PBM mediated in each
of the HPV types, the assay was repeated, including GST fusion proteins with HPV-16
and HPV-33 E6 proteins with the PBM deleted (HPV-16 E6ΔPBM and HPV-33 E6ΔPBM).
The results shown in Fig. 1B indicate that there was no association between NHERF-2
and HPV E6 in the absence of a functional PDZ-binding domain. These results suggest
that NHERF-2 can complex with multiple HR E6 proteins and that the interactions are
PDZ dependent. We then proceeded to confirm that the interactions between the E6s

FIG 1 HPV-16 E6, -18 E6, and -33 E6 proteins bind to NHERF-2 in vitro and in vivo. (A) Radiolabeled in vitro-translated
NHERF-2 was incubated with GST-16 E6, GST-18 E6, GST-33 E6, and GST-18 E6ΔPBM or GST alone as a control. Bound
proteins were assessed by autoradiography, and the input GST fusion proteins were visualized with Coomassie staining
(bottom). Input NHERF-2 (20%) is shown. (B) The assay was repeated, including GST-HPV-16 E6ΔPBM and GST-HPV-33
E6ΔPBM. (C) HEK-293 cells were transfected with HA-tagged NHERF-2. After 24 h, the cells were harvested, and the cell
lysates were incubated with the indicated GST fusion proteins. GST alone was included as a control. After extensive
washing, bound NHERF-2 was detected by Western blotting using anti-HA antibody and compared with the amount of
NHERF-2 present in 10% of the input. The lower gel shows the positions of purified GST proteins used in the pulldowns
visualized by Coomassie staining. (D) C33-A cell extracts were incubated with the indicated GST fusion proteins. After
extensive washing, bound NHERF-2 was detected by Western blotting using anti-NHERF-2 antibody and compared with
the amount of NHERF-2 present in 10% of the input. The lower gel shows the positions of purified GST proteins used in
the pulldowns visualized by Coomassie staining.
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and NHERF-2 also occur in cultured cells. HEK-293 cells were transfected with hemag-
glutinin (HA)-tagged NHERF-2; after overnight incubation, the cells were harvested, and
proteins were extracted in E1A buffer. The extracts were incubated with GST-16 E6,
GST-18 E6, GST-11 E6, GST-33 E6, or GST alone as a control. Bound proteins were
detected by SDS-PAGE and Western blotting, and the results are shown in Fig. 1B. In
this setting, we observed that NHERF-2 binds with equal strength to HPV-16 E6 and
HPV-18 E6, while HPV-33 E6 bound NHERF-2 somewhat weakly. No interaction was
detected between the LR HPV-11 E6 and NHERF-2, which was expected, since HPV-11
E6 lacks a PBM. Further, to test whether endogenous NHERF-2 interacts with E6
proteins, we performed GST pulldown assays as previously described, using lysates
from C33-A cells. The results shown in Fig. 1C indicate that all the HR E6 oncoproteins
tested bind to NHERF-2, with HPV-16 E6 being the strongest interactor, while no
interaction with HPV-11 E6 was detected. Together, these results suggest that, although
multiple HR E6 oncoproteins bind to NHERF-2, the principal interacting partner is likely
to be HPV-16 E6.

HPV-16 E6, HPV-18 E6, and HPV-33 E6 induce NHERF-2 degradation via the
proteasome in a PBM-dependent manner. After we had demonstrated that HPV-16
E6, HPV-18 E6, and HPV-33 E6 oncoproteins can interact with NHERF-2, the next obvious
question to investigate was the possible consequences of the E6 –NHERF-2 interactions.
Since substrate degradation is a characteristic of the HPV E6-PDZ interaction (11, 29),
we examined whether HPV E6 oncoproteins can likewise direct the degradation of
NHERF-2. To do this, HPV-16 E6, -18 E6, -33 E6, and -11 E6 were translated in vitro and
coincubated with in vitro-translated NHERF-2 for 1 or 2 h at 30°C. The level of NHERF-2
protein remaining was ascertained by SDS-PAGE and autoradiography. The results
shown in Fig. 2A indicate that HPV-16 E6 and HPV-18 E6 were efficient in inducing the
degradation of NHERF-2, while HPV-33 E6 induced NHERF-2 degradation less efficiently
and HPV-11 E6 did not induce any NHERF-2 degradation. The weaker (HPV-33 E6) or
absent (HPV-11 E6) degradative activity is consistent with their lower binding affinity or
complete lack of interaction with NHERF-2, respectively.

To investigate whether E6 oncoproteins can degrade NHERF-2 in cultured cells,
HEK-293 cells were cotransfected with a plasmid expressing HA-tagged NHERF-2 either
alone or in combination with HPV-16 E6, HPV-18 E6, HPV-11 E6, or HPV-33 E6 expression
plasmids in two sets of experiments. In one set of experiments, the transfected cells
were left untreated, while in the other, the transfected cells were treated with the
proteasomal inhibitor bortezomib (BTZ). After 24 h, the cells were harvested, and
NHERF-2 levels were analyzed by immunoblotting. The Western blotting results, to-
gether with quantitative analysis based on band densitometry (Fig. 2B), show that
NHERF-2 protein levels were significantly reduced by more than 4-fold in cells express-
ing HPV-16 E6 and more than 2-fold in those expressing HPV-18 E6 and HPV-33 E6. This
result indicates that HPV-16 E6 is the most efficient at inducing NHERF-2 degradation,
followed by HPV-18 E6 and HPV-33 E6. In cells expressing the LR HPV-11 E6, there was
no significant effect on NHERF-2 levels. Interestingly, when the same transfected cells
were treated with BTZ, E6-induced degradation of NHERF-2 was prevented, indicating
that it was proteasome mediated.

To further examine the observed E6 effect on NHERF-2, we compared the expression
levels of NHERF-2 in HPV-negative C33-A cells, HPV-18-positive HeLa cells, and HPV-
16-positive CaSki and SiHa cells by performing Western blot analysis. It is clearly
observable in Fig. 2C that endogenous NHERF-2 was abundant in C33-A cells, while a
lower level was detected in HeLa cells and it was almost absent in CaSki and SiHa cells.
This suggests that the protein turnover rates of endogenous NHERF-2 are increased in
the presence of HPV-18 E6 and even further increased in the presence of HPV-16 E6.
Furthermore, it implies that the protein turnover of NHERF-2 is more efficiently regu-
lated by HPV-16 E6, which could be attributed to the higher binding capacity of HPV-16
E6 for NHERF-2, as seen in Fig. 1C. To additionally corroborate our initial observations
shown in Fig. 2A and B, where we showed that NHERF-2 is targeted for proteasome-
mediated degradation by HPV-16 E6 and HPV-18 E6, we cultured the same HPV-positive
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and HPV-negative cell lines used in Fig. 2C in the presence or absence of the protea-
somal inhibitor BTZ. After treatment, cells were harvested, and the levels of NHERF-2
protein were analyzed by Western blotting. In the presence of BTZ, a sharp increase in
the levels of NHERF-2 protein was observed in both HPV-16- and HPV-18-positive cell
lines compared with the HPV-negative cell lines, where no such increase was observed
(Fig. 2D), suggesting that in HPV-positive cell lines derived from cervical tumors,
NHERF-2 is subject to proteasome-mediated degradation by E6.

Since cancer-causing HPV E6 proteins have PBMs through which they can interact
with a specific panel of proteins (11); including NHERF-2, and then target them for
proteasome-mediated degradation, we wondered whether PBM-PDZ interactions are
required for NHERF-2 degradation. HEK-293 cells were cotransfected with a plasmid
expressing HA-tagged NHERF-2 and plasmids expressing either HPV-16 E6 or HPV-18 E6
or with plasmids expressing the respective mutant E6 proteins, which lack PDZ-binding
motifs (16 E6ΔPBM or 18 E6ΔPBM) (30). Again, Western blotting with quantitative
analysis based on band densitometry (Fig. 3) showed that NHERF-2 protein levels were
significantly downregulated in HEK-293 cells expressing wild-type HPV-16 E6 and
HPV-18 E6, but not in those expressing the mutant HPV-16 E6ΔPBM or HPV-18 E6ΔPBM,
suggesting that the E6 PBM is required for E6 proteasome-mediated degradation of
NHERF-2.

HPV E6 silencing restores the nuclear pool of NHERF-2. Having found that HPV
E6 oncoproteins could degrade NHERF-2, we were next interested in assessing which

FIG 2 A number of HR HPV E6 oncoproteins direct proteasome-mediated degradation of NHERF-2 in vitro and in vivo. (A) NHERF-2 and HPV-16 E6, -18 E6, -33
E6, and -11 E6 were translated and coincubated at 30°C for the times indicated. Residual NHERF-2 was then detected by SDS-PAGE and autoradiography. The
E6 inputs are shown below. Note the higher mobility of HPV-18 E6, in agreement with previously published data (36). (B) A plasmid expressing NHERF-2
(HA–NHERF-2) was overexpressed in HEK-293 cells alone or in combination with HPV-16 E6, -18 E6, -11 E6, or -33 E6. Twenty-four hours after transfection, the
cells were incubated with or without a proteasome inhibitor (BTZ) for a further 10 h before harvesting. Cell lysates were prepared and analyzed by Western
blotting using anti-HA antibody. �-Galactosidase (LacZ) was used as an internal standard to monitor transfection efficiency and as a loading control. Relative
densitometry for HA–NHERF-2 under various transfection conditions is shown below. The mean values and SEM of the results of 3 independent experiments
are shown. **, P � 0.01; ns, not statistically significant. (C) NHERF-2 protein levels were analyzed by Western blotting in cell lysates from C33-A (HPV-negative),
HeLa (HPV-18-positive), and CaSki and SiHa (both HPV-16-positive) cells. (D) The same cell lines were treated with either DMSO or BTZ for 10 h. Cell lysates were
then prepared and analyzed by Western blotting using anti-NHERF-2 antibody. (C and D) p53 was used as a control for proteasome inhibition, while �-actin
was used as a loading control.
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cellular populations of NHERF-2 were being targeted, as previous studies have indi-
cated both nuclear and cytoplasmic localization of NHERF-2 within the cell (28). In
addition, NHERF-1, a protein structurally related to NHERF-2, was previously reported to
be detected in the cytoplasm but to be absent from the nucleus in HPV-16 E6/E7-
positive primary human foreskin keratinocytes (HFKs) (25). To examine this, we per-
formed small interfering RNA (siRNA) ablation of E6/E7 and also ablated expression of
E6AP (E6-associated protein, also known as UBE3A, an E3 ubiquitin protein ligase), as an
alternative means of reducing E6 expression levels (31) in HeLa and CaSki cells. After 72
h, the proteins from one set of cells were extracted with E1A buffer, and NHERF-2
protein levels were analyzed by Western blotting; the levels of p53 protein were also
analyzed as a control for E6/E7 silencing. The results shown in Fig. 4A indicate NHERF-2
upregulation in both HeLa and CaSki cells upon treatment with siRNA against E6/E7 or
E6AP. Simultaneously, cells were fixed and immunolabeled, and the pattern of NHERF-2
localization was monitored by confocal microscopy. Interestingly, E6/E7 downregula-
tion induced the major recovery of NHERF-2 in the nucleus. This pattern was consistent
in all HPV-positive cell lines used in the experiment (HeLa, CaSki, and SiHa) (Fig. 4B to
D). To further confirm this, we overexpressed HPV-16 E6 in HFKs. After 24 h, the cells
were fixed and immunolabeled, and the cellular localization of NHERF-2 was monitored
by confocal microscopy. As indicated in Fig. 4E, cells that ectopically expressed HPV-16
E6 exhibited reduced levels of nuclear NHERF-2. Taken together, these results suggest
that E6 preferentially targets the nuclear pool of NHERF-2, similarly to NHERF-1 (25).

FIG 3 HPV E6 degradation of NHERF-2 is PBM dependent. HA-tagged NHERF-2 was overexpressed in
HEK-293 cells alone or in combination with HPV-16 E6 or -18 E6 or with their respective mutants, HPV-16
E6ΔPBM or -18 E6ΔPBM, as indicated. As a negative control, HEK-293 cells were also transfected with EV.
After 24 h of transfection, cells were harvested, and lysates were prepared and analyzed for NHERF-2
protein expression by Western blotting using anti-HA antibody. The expression of �-galactosidase (LacZ)
was used as an internal standard to monitor transfection efficiency and loading (lower gel). Relative
densitometry for HA–NHERF-2 under various transfection conditions is shown in the graph. The mean
values and SEM of the results of 3 independent experiments are shown. **, P � 0.01; ns, not statistically
significant.
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E6 degradation of NHERF-2 regulates the expression of key cell cycle-related
proteins. Cell cycle-related proteins, including cyclins, such as cyclin D; cyclin-
dependent kinases, such as CDK2 and CDK4; and cyclin-dependent kinase inhibitors,
such as p21 and p27, enable cells to divide (32). For example, p27 is a critical cell cycle
regulator, serving as an inhibitor of both CDK2 and CDK4, and its accumulation has
been noted to result in cell cycle arrest at the G1/S phase (33, 34). In addition, more
recent reports indicate that NHERF-2 has an upregulatory effect on p27 and thus acts
as a negative regulator of endothelial cell proliferation (28). Therefore, we asked
whether the E6-induced proteasome-mediated degradation of NHERF-2 could have an
influence on some of these cell cycle-related proteins, and especially on p27. Hence, we
cotransfected HEK-293 cells with plasmids expressing HA–NHERF-2 and those express-
ing either HPV-16 or HPV-18 E6 wild type or their respective mutated forms, HPV-16
E6ΔPBM or HPV-18 E6ΔPBM. As expected, as shown in Fig. 5A, the protein levels of both

FIG 4 HPV-16 E6 and -18 E6 target a nuclear pool of NHERF-2. (A) HeLa and CaSki cells were transfected with the indicated siRNAs.
After 72 h, they were harvested and subjected to Western blot analysis using NHERF-2 antibody. p53 served as a control for E6/E7 and
E6AP ablation. Overall protein loading was verified using anti-�-actinin antibody. (B to D) HeLa (B), CaSki (C), and SiHa (D) cells were
transfected with luciferase siRNA (siLuc), E6/E7 siRNA (siE6/E7), and E6AP siRNA (siE6AP). After 72 h, the cells were fixed and stained
for NHERF-2 and for p53, which served as a control for the E6/E7 and E6AP knockdown. (E) HPV-16 E6 was overexpressed (E6 oe) in
HFKs, and nontransfected cells were used as a negative control. After 72 h, the cells were fixed and stained for NHERF-2 and for p53,
which served as a control for E6 transfection. Scale bars, 20 �m (B, C, and D) and 10 �m (E).
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p27 and NHERF-2 increased when the cells exogenously expressed NHERF-2 alone but
not when NHERF-2 was coexpressed with either HPV-16 E6 or HPV-18 E6 wild types.
Coexpression of either of the ΔPBM mutants had no effect on p27 or NHERF-2 levels
(relative densitometries are shown in Fig. 5A, bottom).

In contrast, exogenous expression of NHERF-2 led to decreases in cyclin D1 and
CDK4, which was reversed upon coexpression of the wild-type E6, but not the ΔPBM
mutants (relative densitometries are shown in Fig. 5B, bottom). These data suggest that
the E6-induced degradation of NHERF-2 results in p27 downregulation and upregula-
tion of cyclin D1 and CDK4, which may in turn influence cell proliferation.

Since NHERF-2 overexpression enhances p27 protein levels while E6 degradation of
NHERF-2 downregulates it, we wanted to investigate whether the effects of E6 on p27
are exclusively NHERF-2 dependent or if other cellular mechanisms are involved in the
process. To do this, HEK-293 cells were cotransfected with plasmids expressing HA-

FIG 5 HPV regulates p27 protein expression by targeting NHERF-2. (A) HA-tagged NHERF-2 was overexpressed in HEK-293 cells, alone or in combination with
HPV-16 E6 or -18 E6 or with their respective mutants, HPV-16 E6ΔPBM or HPV-18 E6ΔPBM, as indicated. As a negative control, HEK-293 cells were transfected
with the EV. �-Galactosidase (LacZ) was used as an internal standard to monitor transfection efficiency, and �-tubulin was used as a loading control. After 24
h of transfection, cells were harvested, and lysates were prepared and analyzed by Western blotting for the expression of p27 and NHERF-2 proteins using
anti-p27 and anti-NHERF-2 antibodies. Relative densitometries for p27 and NHERF-2 under various transfection conditions are shown below. (B) Cell lysates from
the experiment shown in panel A were used to check the expression levels of HA–NHERF-2, cyclin D1, and CDK4 proteins. Relative densitometries for cyclin
D1 and CDK4 under various transfection conditions are shown below. �-Galactosidase (LacZ) was used as an internal standard to monitor transfection efficiency,
and �-tubulin was used as a loading control. (C) HEK-293 cells were cotransfected with the indicated plasmids alone, with the EV, or in combination with the
control luciferase siRNA (siLuc) or NHERF-2 siRNA (siNHERF-2). Twenty-four hours after transfection, cells were harvested, and whole-cell lysates were prepared
and analyzed by Western blotting using various antibodies as indicated. �-Galactosidase (LacZ) was used as an internal standard to monitor transfection
efficiency, while �-actin was used as a loading control. Relative densitometries for p27 and HA–NHERF-2 under various transfection conditions are shown below.
One representative of at least 3 independent Western blots is shown. The data are expressed as fold change relative to �-tubulin (A and B) or to �-actin (C).
In each case, the mean values and SEM of the results of 3 independent experiments are shown. *, P � 0.05; **, P � 0.01; ns, not statistically significant. (D and
E) HeLa and CaSki cells were transfected with siRNA directed against luciferase (siLuc), E6/E7 (siE6/E7), E6AP (siE6AP), and NHERF-2 (siNHERF-2), alone or in
combination. After 72 h, cells were harvested, and the levels of NHERF-2, p53, p27, and the �-actinin loading control were detected by Western blotting. (F)
NHERF-2, p53, and p27 protein levels were analyzed by Western blotting in cell lysates from C33-A (HPV-negative), HeLa (HPV-18-positive), and CaSki and SiHa
(both HPV-16-positive) cells. �-Actin was used as a loading control, and in each case, one representative of at least three independent Western blots is shown.
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tagged NHERF-2 and HPV-16 E6ΔPBM in the presence or absence of siRNA against
NHERF-2 (siNHERF-2). After 72 h, NHERF-2 and p27 levels were analyzed by Western
blotting. As shown in Fig. 5C, p27 levels were significantly increased (relative densi-
tometries are shown in Fig. 5C, bottom) in cells ectopically expressing NHERF-2 and
remained high in cells coexpressing NHERF-2 and HPV-16 E6ΔPBM, presumably be-
cause E6ΔPBM cannot induce NHERF-2 degradation, as shown in Fig. 5A. Interestingly,
when NHERF-2 was coexpressed with HPV-16 E6ΔPBM in the presence of siNHERF-2, no
significant upregulation of p27 was observed; suggesting that the downregulatory
effects of E6 on p27 levels occur exclusively via NHERF-2.

To further confirm the underlying mechanisms, HeLa cells were transfected with
siRNA against E6/E7 and E6AP, since loss of E6AP can destabilize E6 (31); siRNA against
luciferase (siLuc) was used as a control. After 72 h, proteins from the cellular lysates
were analyzed by Western blotting for NHERF-2, p27, and �-actinin. The results shown
in Fig. 5D indicate that ablation of E6 by using either siRNAE6/E7 or siE6AP leads to
upregulation of NHERF-2 and p27. Secondly, we transfected CaSki cells with siRNA
directed against E6AP and NHERF-2, in combination or separately, using siRNA against
luciferase as a control. In this setting, we also analyzed the effect on p27 levels of a
double knockdown of both E6AP and NHERF-2. After 72 h, the cellular lysates were
analyzed by Western blotting for NHERF-2, p27, and �-actinin. The results shown in Fig.
5E confirm that downregulation of E6 (through siE6AP) leads to upregulation of
NHERF-2 and p27, and interestingly, in the cells that were doubly knocked down for
E6AP and NHERF-2, there was little or no upregulation of p27. We further explored the
endogenous p27 protein levels in relation to those of NHERF-2 and p53 in HPV-negative
C33-A cells, HPV-18-positive HeLa cells, and HPV-16-positive CaSki and SiHa cells by
performing Western blot analysis. As shown in Fig. 5F, endogenous NHERF-2 protein
levels were again abundant in C33-A cells compared with HeLa, CaSki, and SiHa cells.
Interestingly, a similar trend was also observed for the endogenous protein levels of
both p27 and p53, where p27 and p53 protein levels were abundant in C33-A cells
compared with HeLa, CaSki, and SiHa cells. Taken together, these results additionally
support the notion that the effects of E6 on p27 expression levels are primarily
dependent on the E6 –NHERF-2 interaction.

HPV E6 increases cellular proliferative capacity by degrading NHERF-2. Having
shown that NHERF-2 overexpression can decrease cyclin D1 and CDK4 protein levels
while increasing p27 protein levels, we questioned whether this effect might affect cell
proliferation and, if so, what influence E6-induced degradation of NHERF-2 might also
have. NHERF-2 has been reported to negatively regulate endothelial cell proliferation
(28), and studies suggest that p27 accumulation can inhibit the cyclin D1-CDK4
complex, leading to cell cycle arrest at G1/S (32), all of which makes these questions
compelling. To answer them, we transfected HEK-293 cells with empty vector (EV) or
with vectors expressing HA–NHERF-2, HPV-16 E6, HPV-18 E6, HPV-16 E6ΔPBM, and
HPV-18 E6ΔPBM, alone or in combination, as indicated (Fig. 6). Cell proliferation was
then evaluated with the Uptiblue cell proliferation assay, and the results are shown in
Fig. 6. Exogenous expression of NHERF-2 alone significantly decreased proliferation
compared with EV-transfected cells. However, proliferation significantly increased in
cells coexpressing NHERF-2 with HPV-16 or HPV-18 E6 wild type, but not with the E6
ΔPBM mutants (Fig. 6A and B), indicating that the E6ΔPBM mutants were not able to
target NHERF-2 like the wild-type E6s but were still able to stimulate cell proliferation
via other mechanisms (35). When cells were transfected with plasmids expressing
HPV-16 E6 alone, a significant increase in cell proliferation was observed compared with
EV-transfected cells, while transfection with the HPV-16 E6ΔPBM mutant alone showed
no significant change in cell proliferation (Fig. 6A). Furthermore, in cells ectopically
expressing HPV-16 E6 or HPV-16 E6ΔPBM alone, cellular proliferation was stimulated
more strongly than in cells coexpressing NHERF-2 (Fig. 6A), suggesting that the
difference in cell proliferation might be due to the antiproliferative effects of NHERF-2.
To confirm this, expression of NHERF-2 was modulated in HPV-negative C33-A cells and
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HFK cells, HFK cells containing the HPV-16 E6 genome (HFK_HPV16 E6), HPV-18-positive
HeLa cells, and HPV-16-positive CaSki and SiHa cells. Each cell line was transfected with
a control siRNA (siLuc) or NHERF-2 siRNA (siNHERF-2) as indicated. After 48 h, a scratch
wound was generated in the confluent cells and immediately photographed. The cells
were photographed again 24 h later, and the gap closure, which represents wound
healing, was calculated. Figure 6C shows a representative assay, together with Western
blot analysis and a histogram of the collated results of at least three assays. Compared
with the control siRNA (siLuc) groups, ablation of NHERF-2 using siRNA not only caused
a decrease in the endogenous protein levels of NHERF-2, but also significantly increased
wound healing in both HPV-negative and HPV-positive cell lines, thereby confirming
the antiproliferative effects of NHERF-2 in the different cell lines. Taken together, these
data suggest that NHERF-2 downregulation can increase cell proliferation, while its
overexpression can decrease cell proliferation through upregulation of p27 and inhi-
bition of cyclin D1 and CDK4. Moreover, HPV E6-mediated NHERF-2 degradation can
lead to an increase in cellular proliferation. This is of obvious importance in inducing a
cellular state permissive for viral DNA replication but can also contribute to the ability
of HR HPV types to cause malignancy.

DISCUSSION

Numerous studies have demonstrated that HR HPV E6 oncoproteins bind and
degrade various PDZ domain-containing proteins (11), and so far, the majority of the
identified PDZ targets of E6 belong to the MAGUK protein family. Two of these MAGUK

FIG 6 HPV E6 increases cellular proliferative capacity by degrading NHERF-2. (A) HEK-293 cells were transfected with the EV or with plasmids expressing
HA-tagged NHERF-2 and HPV-16 E6 and -16 E6ΔPBM, alone or in combination as indicated. (B) HEK-293 cells were transfected with the EV or with plasmids
expressing HA-tagged NHERF-2 and HPV-18 E6 and -18 E6ΔPBM, alone or in combination as indicated. After 48 h of transfection, cell proliferation was analyzed
as described in Materials and Methods. (A and B) For all experiments, the data are expressed as percent change relative to EV-transfected cells, which was
normalized to 100%. In each case, the mean values and SEM of the results of 3 independent experiments are shown. *, P � 0.05; **, P � 0.01; ns, not statistically
significant. (C) Confluent cells (C33-A, CaSki, and HeLa cells; HFKs; and HFKs containing the HPV-16 E6 genome [HFK_HPV16 E6]) were scratched with a plastic
pipette tip 48 h after being transfected with either siLuc or siNHERF-2. The cells were photographed to capture gaps immediately postscratch (0 h) and after
24 h. The bar chart shows areas of gap closure (percent) at 24 h. The same cells were then harvested and lysed, and NHERF-2 protein levels were analyzed by
Western blotting. �-Actin was used as a loading control. The data are presented as means and standard deviations (SD) of the results from three independent
experiments. *, P � 0.05; **, P � 0.01 versus the control (siLuc).

Saidu et al. Journal of Virology

January 2020 Volume 94 Issue 1 e00663-19 jvi.asm.org 10

https://jvi.asm.org


family members, hScrib and MAGI-I, are preferentially targeted by HPV-16 E6 (36) and
HPV-18 E6 (37), respectively. Interestingly, it has been shown that hDIg, a third member
of the MAGUK protein family, can be bound by E6 oncoproteins from a wide range of
HR HPV types, indicating the evolutionary conservation and importance of proteins
involved in various E6 functions (38). Furthermore, it was reported that HPV-16 E6 can
also bind and degrade NHERF-1, a PDZ domain-containing protein and a member of
the NHERF protein family. HPV-16 E6 degradation of NHERF-1 results in the activation
of the PI3K/AKT signaling pathway, which plays a crucial role in carcinogenesis (25).
Most LR HPV E6 oncoproteins do not have a PBM, while all of the HR types contain a
class I PBM, implying that this HR hallmark is a key feature in HPV-mediated carcino-
genesis. This is further supported by tissue culture and in vivo animal model studies,
which showed that the interactions between HPV E6 and PDZ domain substrates play
a major role in cellular transformation, in cooperation with E7, and in the induction of
epithelial tumors (12, 17–20). So far, however, little is known about the effect of HPV E6
oncoproteins on the PDZ domain-containing protein NHERF-2, even though NHERF-2 is
structurally related to NHERF-1, which was previously characterized as an HR HPV-16 E6
oncoprotein substrate (25). We therefore speculated that NHERF-2, which, like NHERF-1,
is involved in various cellular processes, such as signaling and proliferation control, is
also likely to be a cellular substrate of some of the HPV E6 oncoproteins.

In this study, we report that the E6 oncoproteins of HPV-16, HPV-18, and HPV-33 can
interact with NHERF-2. Our data indicate that the E6 –NHERF-2 interaction is PDZ-PBM
mediated and that the binding with HPV-16 E6 is the strongest, less strong with HPV-18
E6, and rather weak with HPV-33 E6, while the LR HPV-11 E6, on the other hand, does
not bind NHERF-2. The interactions of HPV-16, HPV-18, and HPV-33 E6s with NHERF-2
lead to its proteasome-mediated degradation both in vitro and in vivo. Of the E6
oncoproteins examined, HPV-16 E6 is the most efficient inducer of NHERF-2 degrada-
tion, while HPV-33 E6 is the least efficient, directly correlating with the intensities of
their NHERF-2 binding. Previous studies have shown that NHERF-1 interacts exclusively
with HPV-16 E6 (25). Interestingly, despite their structural similarities, this is not the case
with NHERF-2, which can interact with multiple E6 proteins. Although the two NHERF
family proteins are similar, it is likely that variations within their PDZ domains influence
the selection of their interacting partners (39, 40). Namely, it is well known that even a
single amino acid change in the PBM of HPV E6 protein can alter the preferred target
selection. In addition, it has been shown that other amino acids upstream of the
canonical PDZ recognition motif in E6 can influence the PBM-PDZ interactions, and
even minor changes in these amino acids can also have an effect on the strength of
interaction (36, 40). All of these facts can explain the differences in the strengths of
interactions between the different E6 proteins and NHERF-2, as well as the correspond-
ing differences in their degradative capabilities.

In agreement with the overexpression assays, NHERF-2 turnover is also regulated by
E6 and the proteasome in HPV-positive cells. Although the endogenous protein levels
of NHERF-2 are significantly lower in HPV-16-positive CaSki and SiHa cells than in
HPV-18-positive HeLa cells, it appears that NHERF-2 protein turnover is regulated via
the proteasome in all the HPV-positive cell lines tested, since NHERF-2 levels were
stabilized in the presence of proteasome inhibitors. Remarkably, however, even though
the interaction between HPV-18 E6 and NHERF-2 is weaker than that of HPV-16 E6, it
appears to be sufficient to induce proteasome-mediated NHERF-2 degradation. This
finding is further supported by the restoration of the nuclear pool of NHERF-2 following
ablation of E6 in HeLa, CaSki, and SiHa cells. Conversely, this is not the case in the
HPV-negative C33-A cell line, where in the presence of proteasome inhibitors, there is
no significant increase in the expression levels of endogenous NHERF-2, indicating the
importance of NHERF-2 regulation in the HPV life cycle and HPV-mediated malignan-
cies.

Previous studies revealed that E6 can induce cellular proliferation by deregulating
the G1/S transition, which is thought to be mainly an E7-controlled function (41). Our
results provide new insights into the mechanisms used by HPV-16 E6 and HPV-18 E6 in
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involving p27 to induce cellular proliferation in epithelial cells. Intriguingly, NHERF-2
can behave as a tumor suppressor, since it negatively regulates endothelial prolifera-
tion primarily by upregulating the expression of p27 protein (28). We present new
evidence for a direct role of E6 in manipulating NHERF-2 regulation of the cell
proliferation mechanism in epithelial cells, where by targeting NHERF-2, E6 downregu-
lates p27 and increases the expression of cyclin D1 and CDK4 proteins, which ultimately
results in increased cell proliferation. This is the first report showing an indirect effect
of E6 on p27, which, as a consequence, enhances cell proliferation. Previous studies
have shown the importance of HPV E7 and p27 interactions for HPV-driven malignan-
cies, indicating that HPV-16 and HPV-18 E7 proteins enhance cytoplasmic retention of
p27, which results in increased cellular proliferation; this p27 localization to the
cytoplasm was also revealed to be a marker of poor prognosis for several cancer types
(42, 43). Hence, it appears that HR HPV-16 and -18 have developed two autonomous
mechanisms for targeting the p27 cellular pathway. In one of them, E7 inactivates p27
by preserving it in the cytoplasm, resulting in increased cellular proliferation (42, 43),
while in the other, HPV E6 targets the PDZ domain-containing protein NHERF-2 for
proteasomal degradation, leading to the downregulation of p27, thereby promoting
cellular proliferation. These two mechanisms emphasize the relevance of the p27
pathway, both for the HPV life cycle and for the development of HPV-induced malig-
nancies.

MATERIALS AND METHODS
Cell culture and transfections. HFKs and HFKs containing the HPV-16 genome (HFK_HPV16 E6)

were cultured in keratinocyte serum-free medium (K-SFM) (Gibco) and penicillin/streptomycin. All other
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
and penicillin/streptomycin (Gibco). The cells were cultured at 37°C in an atmosphere enriched with 10%
CO2. HFKs, HFK_HPV16 E6, HEK-293 cells (human embryonic kidney cells), C33-A cells (cervical carcinoma
cells, HPV negative), HeLa cells (HPV-18-positive cervical carcinoma cells), CaSki cells (HPV-16-positive
cervical carcinoma cells), and SiHa cells (HPV-16-positive cervical carcinoma cells) were transfected using
calcium phosphate precipitation (44), Lipofectamine RNAimax (Invitrogen), or Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s instructions.

Plasmids. Wild-type HA-tagged HPV-16 E6, HA-tagged HPV-18 E6, HA-tagged HPV-33 E6, HA-tagged
HPV-11 E6, HA-tagged HPV-16 E6ΔPBM, HA-tagged HPV-18 E6ΔPBM, and HA-tagged NHERF-2, which
have all been described previously (29, 30, 45, 46), were used. The GST fusion proteins GST-16 E6, GST-18
E6, GST-33 E6, GST-11 E6, and GST-18 E6ΔPBM have also been previously described (31, 47, 48).

Antibodies. The following antibodies were used: anti-NHERF-2, anti-p53 (DO-1), anti-�-actinin,
anti-p21, anti-cyclin D1, and anti-CDK4, which were all purchased from Santa Cruz Biotechnology;
anti-HA-peroxidase (clone HA-7) (Sigma); �-galactosidase (LacZ; Promega); and mouse and rabbit
secondary antibodies conjugated to horseradish peroxidase (HRP) (Dako) and rhodamine or Alexa Fluor
(Invitrogen).

Inhibitors. The following inhibitors were dissolved in dimethyl sulfoxide (DMSO) and used at the
indicated concentrations: the proteasome inhibitor Z-Leu-Leu-Leu-al (CBZ [MG-132]; Sigma; 50 �M) and
the proteasome inhibitor BTZ (Sigma; 10 �M). Cocktail set I protease inhibitors (Calbiochem) were
dissolved in water.

Fusion protein purification and in vitro binding assays. GST fusion protein synthesis in Escherichia
coli DH5� competent cells and protein purification were performed as previously described (49). Proteins
were translated in vitro using a Promega TNT kit and radiolabeled with [35S]cysteine or [35S]methionine
(Perkin Elmer). Equal amounts of in vitro-translated proteins were added to the GST fusion proteins
bound to glutathione agarose (Sigma) and incubated for 1 h at 4°C. After extensive washing with
phosphate-buffered saline (PBS) containing 0.25% NP-40, the bound proteins were analyzed by SDS-
PAGE and autoradiography.

GST pulldowns using cellular extracts were performed by incubating GST fusion proteins immobilized
on glutathione agarose with cells extracted in E1A buffer (25 mM HEPES [pH 7.0], 0.1% NP-40, 150 mM
NaCl, plus protease inhibitor cocktail set I [Calbiochem]) for 1 h at 4°C on a rotating wheel. After extensive
washing, the bound proteins were detected using SDS-PAGE and Western blotting.

Immunofluorescence assays. Cells were stained and fixed for immunofluorescence assay as previ-
ously described (48). In brief, HeLa, CaSki, and SiHa cells were each grown overnight on glass coverslips
before transfection with siRNA against luciferase, E6AP, or E6/E7 as indicated for 72 h and then fixed with
4% paraformaldehyde for 10 min at room temperature, followed by permeabilization in PBS containing
0.1% Triton X-100. Immunostaining was performed by incubating the coverslips in PBS containing
antibodies against p53 (Santa Cruz Biotechnology) or NHERF-2 (Santa Cruz Biotechnology) as indicated
overnight in a humidified chamber at 4°C. Secondary anti-rabbit or anti-mouse antibody conjugated with
Alexa Fluor or rhodamine was used as appropriate (Invitrogen). Nuclei were labeled with DAPI (4=,6-
diamidino-2-phenylindole). The coverslips were slide mounted using Fluoroshield mounting medium
with DAPI (GR271388-1; Cambridge, United Kingdom). Confocal fluorescence microscopy was performed
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using a Leica TCS SP8 X laser scanning microscope equipped with an nHC PL APO CS2 63�/1.40 oil
objective, a 405-nm-diode laser, and argon and supercontinuum excitation lasers (Leica Microsystems).
Images were acquired by sequential scanning with excitation at 405 nm for DAPI, 488 nm for Alexa 488,
and 570 nm for rhodamine red. Detection ranges were 413 to 460 nm for DAPI, 496 to 559 nm for Alexa
488, and 578 to 650 nm for rhodamine red.

In vitro degradation assays. Proteins were transcribed and translated in vitro in rabbit reticulocyte
lysate using the Promega TNT system according to the manufacturer’s instructions. The HPV-16 E6, -18
E6, -33 E6, and -11 E6 proteins were radiolabeled with [35S]cysteine, while NHERF-2 was labeled with
[35S]methionine. Degradation assays were performed as previously described (50). Briefly, radiolabeled
proteins were mixed and incubated for the indicated times at 30°C. Volumes were adjusted using
water-primed lysate. The remaining NHERF-2 was analyzed by SDS-PAGE and autoradiography.

In vivo degradation assays. Transfected or nontransfected cells (3.5 � 105) seeded on 60-mm dishes
were treated either with DMSO alone as a control or with the proteasome inhibitor MG-132 or BTZ, both
of which were dissolved in DMSO. Cells were harvested 24 h after treatment, and cellular proteins were
extracted for analysis by Western blotting.

Cell proliferation assay. Cells (3.5 � 105) were seeded into a 60-mm dish in a total volume of 2.5 ml
of cell culture medium. The cells were cultured overnight and were then transfected with either the
Lipofectamine 2000 (according to the manufacturer’s protocol) or calcium phosphate (44) method, using
a total of 1.0 �g of plasmid DNA. The cells were transfected with plasmids expressing NHERF-2, HPV-16
E6, HPV-16 E6ΔPBM, HPV-18 E6, or HPV-18 E6ΔPBM, alone or in combination as indicated in the figures
and/or corresponding figure legends. In order to monitor transfection efficiency, cells were cotransfected
with �-galactosidase (LacZ) and checked by Western blotting using the appropriate antibody; 16 h after
transfection, the medium was aspirated, and the cells were washed with sterile PBS, counted, and seeded
at 0.3 � 104 cells per well to a final volume of 100 �l in a 96-well plate and incubated for a further 10
h for the cells to attach. Cell proliferation was monitored using Uptiblue reagent (Interchim) as previously
described (51). Uptiblue reagent (5% [vol/vol]) was added to the culture medium, and fluorescence was
measured (excitation, 540 nm; emission, 590 nm) on a Tecan fluorescence multiwell plate reader (Tecan
Group Ltd., Männedorf, Switzerland) after 48 h. The results are expressed as a percentage of the number
of untransfected cells or of the EV with the standard error of the mean (SEM) versus transfected cells or
untransfected cells.

Wound healing/scratch assay. A monolayer scratch/wound healing assay was employed as previ-
ously described (38). Briefly, C33-A, CaSki, and HeLa cells; HFKs; and HFKs containing the HPV 16 genome
(HFK_HPV16 E6) were transfected with a control siRNA (siLuc) or NHERF-2 siRNA (siNHERF-2) as indicated.
After 48 h, a scratch wound was generated in the confluent cells with a sterile Artline p2 pipette tip
(Thermo Scientific). The wounds were immediately photographed under a microscope using a Dino-Eye
digital eyepiece camera [AM7023(R4); IDCP B.V., Naarden, The Netherlands] that was connected to a
computer and DinoCapture 2.0 microscope imaging software. After a further 24 h, the wounds were
photographed again, and wound closure was calculated; the images were saved in TIFF format, and gap
areas were measured using the MRI wound healing tool macro for ImageJ software (NIH) (http://dev
.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool). The cells were then harvested in RIPA
lysis buffer, and NHERF-2 protein levels were analyzed by Western blotting. �-Actin was used as a loading
control.

Western blotting. Extraction of cellular proteins was performed as previously described (31). In brief,
following incubation of cells with the proteasome inhibitors, cells were collected in cold PBS, pH 7.4, and
centrifuged together with the cell culture medium at 4°C and 250 � g for 4 min. After two washing steps
with cold PBS, the cells were lysed with 100 �l of RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5%
sodium desoxycholate, 1% Triton X-100, 0.1% SDS) supplemented with the cocktail set I protease
inhibitors (Calbiochem) according to the manufacturer’s instructions. The cell lysate was left on ice for
15 min and subjected to sonification (3 times for 1 min each time) at 4°C, and then cell debris was
removed by centrifugation at 16,250 � g at 4°C for 10 min. The protein content of the supernatant was
determined according to the Bradford method using the Bio-Rad protein assay reagent (Bio-Rad).

Proteins were separated on either a 10 or 12% sodium dodecyl sulfate-polyacrylamide gel and
transferred onto a nitrocellulose membrane by tank blotting. The membrane was blocked with 5% dry
milk in PBS containing 0.1% Tween 20 for 1 h at room temperature and then incubated with the specific
antibody, which was diluted in PBS with 0.1% Tween 20 containing 1% dry milk powder. The membrane
was washed with PBS-Tween 20 containing 1% skim milk (3 times for 10 min each time) before being
incubated with a peroxidase-coupled secondary antibody (anti-rabbit or anti-mouse; 1:1,000) for 1 h at
room temperature. The membrane was washed again in PBS-Tween 20 (3 times for 10 min each time).
Signals were developed, visualized, and quantified using the Uvitec Cambridge-Alliance 4.7 imaging
system (Cleaver Scientific, Rugby, Warwickshire, United Kingdom).

Statistical analysis. GraphPad Prism (GraphPad Inc.) software was used to analyze the data. All the
values are averages of the results of at least 3 independent experiments done in triplicate except where
specified. The error bars shown in the figures represent SEM, and all results were expressed as arithmetic
means with SEM. Differences between the experimental groups were analyzed using one-way analysis of
variance (ANOVA) or Student’s t test (two-tailed; unpaired). Differences with P values of �0.05 were
considered statistically significant.
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