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The E6 proteins from high-risk, cancer-causing types of human papillomavirus (HPV) are characterized by
the presence of a PDZ (PSD95/Dlg/Z0-1) binding motif in their extreme carboxy termini, through which they
interact with a number of cellular PDZ domain-containing substrates. In order to ascertain how many of these
are degraded by E6 in vivo, we performed an extensive analysis of the effects of E6 ablation on the expression
levels of a number of previously reported E6 PDZ substrates. Using HPV type 16 (HPV-16)-positive CaSKi cells
and HPV-18-positive HeLa cells, we have found that MAGI-1 is a major degradation target of both HPV-16 and
HPV-18 E6. In contrast, hDlg, hScrib, PTPN3, TIP2, FAP1, and PSD95 all exhibit various degrees of suscep-
tibility to E6-induced degradation, and a high degree of HPV type specificity is observed for certain substrates.
We also show that E6 preferentially targets MAGI-1 within the nucleus and at membrane sites. One of the
direct consequences of MAGI-1 degradation is a loss of tight-junction integrity, as determined by mislocal-
ization of the tight-junction protein ZO-1. Ablation of E6 expression restores tight junctions, and this
restoration is dependent on the presence of MAGI-1. These results demonstrate that oncogenic HPV E6
proteins disrupt cellular tight junctions through the degradation of MAGI-1, and they provide further evidence

of how the PDZ binding potential of E6 can contribute to HPV-induced malignancy.

Human papillomaviruses (HPVs) are the causative agent of
cervical cancer, which is brought about primarily by the com-
bined action of two viral oncoproteins, E6 and E7 (reviewed in
reference 55). These proteins target, respectively, the p53 (40,
50) and pRb (5, 9) tumor suppressors; they cooperate in the
induction of keratinocyte immortalization (17, 33) and tumor
formation in transgenic mice (14, 24); and they are required for
the continued proliferation and survival of cervical-tumor-de-
rived cell lines (21, 53). It is clear, however, that other cellular
targets of both viral proteins are necessary for their full trans-
forming activity. In the case of the high-risk HPV E6 oncopro-
teins, an interesting feature is the presence of a class 1 PDZ
(PSD95/Dlg/Z0-1)-binding motif (PBM) at their carboxy ter-
mini (27), which is absent from E6 proteins derived from the
low-risk HPV types. This PDZ binding potential renders these
EO6 proteins capable of interacting with, and potentially more
importantly, targeting for proteasome-mediated degradation, a
subset of PDZ domain-containing cellular substrates, including
the cell polarity regulators human Dlg (hDIg) (11) and human
Scribble (hScrib) (35), both of which are classified as potential
tumor suppressor proteins (3, 6, 12, 37, 51, 52). Other E6 PDZ
domain-containing targets include the MAGI family of pro-
teins (13, 46), which are scaffolding molecules involved in the
regulation of tight-junction (TJ) assembly (34). So far, at least
10 different PDZ domain-containing substrates of E6 have

* Corresponding author. Mailing address: International Centre for
Genetic Engineering and Biotechnology, Padriciano 99, 1-34149 Tri-
este, Italy. Phone: 39 0403757328. Fax: 39 040226555. E-mail: kranjec
(@icgeb.org.

¥ Published ahead of print on 1 December 2010.

1757

been described, including PSD95 (16), PATJ (25, 43), MUPP1
(26), TIP1 (15), TIP2 (10), PTPN3 (20, 49), PTPN13 (41), and
CAL (19). In most cases, these proteins have also been
reported to be targets for E6-induced degradation (48).
Many of these proteins are involved in diverse regulatory
pathways, including the assembly of cell-cell junctions and
cell attachment, and in the control of cell signaling. Poten-
tial tumor suppressor activities have also been assigned to
several of these proteins. An important question that re-
mains to be answered is whether or not all of these sub-
strates are equally susceptible to E6-induced degradation in
vivo. We know from previous studies that minor differences
in the PDZ-binding motif between HPV type 16 (HPV-16)
and HPV-18 E6 can significantly affect PDZ domain target-
ing, with HPV-18 E6 preferentially binding to hDlg, while
HPV-16 E6 preferentially binds to hScrib (47). Similar re-
sults have also been reported for CAL (19), and structural
studies on E6 complexed with Dlg and MAGI-1 provide
some molecular explanations for these apparent differences
(29, 44, 54). 1t is also clear, however, that while PDZ selec-
tion by E6 is highly specific, it can give potentially mislead-
ing results if assessed only under conditions of overexpres-
sion or in vitro, since at high concentrations the E6 PBM can
potentially recognize any class I PDZ domain (54).

In this study we wanted to compare the patterns of expres-
sion of diverse PDZ domain-containing substrates of E6 in
cells derived from cervical tumors where the expression of the
E6/E7 oncoproteins is ablated using small interfering RNA
(siRNA). In addition, we also analyzed the biological conse-
quences of the targeting of one of these proteins, MAGI-1, by
E6 with respect to the reestablishment of cellular TJs.
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MATERIALS AND METHODS

Cell culture and transfection. HelLa, CaSKi, SiHa, and H1299 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, penicillin-streptomycin (100 U/ml), and glutamine
(300 wg/ml). For the delivery of all siRNAs (Dharmacon), the cells were seeded
on 6-cm-diameter dishes at a confluence of 1.2 X 10° and were transfected using
Lipofectamine 2000 (Invitrogen) with siRNA against either luciferase, HPV-16
E6/E7 (SUUAAAUGACAGCUCAGAGG), HPV-18 E6/E7 (5'CAUUUACC
AGCCCGACGAG), E6AP, or the different PDZ proteins (relevant Dharmacon
Smart Pools). For siRNA transfection followed by immunofluorescent analysis,
HeLa cells were seeded at the same confluence on glass coverslips.

Antibodies. The following antibodies were used: rabbit polyclonal anti-MAGI-1
(M5691), rabbit polyclonal anti-PTPN3 (T6453), and mouse monoclonal anti-o-
tubulin (T6199) (Sigma); mouse monoclonal anti-PSD95 (6G6-1C9) and mouse
monoclonal anti-p84 (5E10) (Abcam); and mouse monoclonal anti-ZO1 (ZO1-
1A12) (Invitrogen). The following antibodies were purchased from Santa Cruz
Biotechnology: mouse monoclonal anti-p53 (DO-1), mouse monoclonal anti-o-ac-
tinin (H-2), mouse monoclonal anti-DIg (2D11), goat polyclonal anti-Scribble (C-
20), goat polyclonal anti-TIP2 (N-19), rabbit polyclonal anti-FAP1 (H-300), rabbit
polyclonal anti-E-cadherin (H-108), and mouse monoclonal anti-vimentin (V-9).

Western blotting. Cells were lysed in 2X sodium dodecyl sulfate (SDS) sample
buffer (100 mM Tris HCI [pH 6.8], 200 mM dithiothreitol [DTT], 4% SDS, 20%
glycerol, 0.2% bromophenol blue), and the whole-cell extracts were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) and blotted onto 0.45-pm-pore-
size nitrocellulose membranes (Schleicher and Schuell). The membranes were
blocked at 37°C for 1 h in 10% milk—phosphate-buffered saline (PBS), except for
those probed with anti-MAGI-1, anti-PTPN3, and anti-PSD95 antibodies, which
were blocked in 5% milk-PBS. The blots were incubated with the appropriate
primary antibodies diluted in the washing buffer (10% milk-PBS, 0.5% Tween 20),
except for the anti-MAGI-1, anti-PTPN3, and anti-PSD95 antibodies, which were
diluted in 5% milk-PBS and 0.05% Tween 20. The incubation times were 2 h at
room temperature for all antibodies, except for the anti-PTPN3, anti-FAP1, anti-E-
cadherin, and anti-PSD95 antibodies, which were incubated overnight at 4°C. After
several washes, the membranes were incubated with the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibody (Dako) for 1 h at room temper-
ature. After extensive washing, the blots were developed with the enhanced chemi-
luminescence (ECL) or ECL Plus reagent (GE Healthcare) according to the man-

s - i % ‘.A,NL o |
wactinn | —— e | N

FIG. 1. hDIg and hScribble are degraded in HeLa and CaSKi cells according to their differential susceptibilities to HPV-16 and HPV-18 E6
oncoproteins. (A) HPV-positive HeLa and CaSKi cells were transfected with luciferase siRNA, E6/E7 siRNA, or E6AP siRNA and were grown for 48 h
prior to harvesting. The expression patterns of hDlg, hScribble, p53, and «-actinin (used to monitor protein loading) were assessed by Western blot
analysis. (B and C) The assay described for panel A was repeated, but HeLa and CaSKi cells were harvested at 72 h posttransfection before Western blot
analysis. Numbers are percentages of band intensity for hScribble and hDlg with respect to the luciferase siRNA control (100%).

ufacturer’s instructions. Protein band intensities were quantitated where possible
using the OptiQuant quantification program.

Immunofluorescence and microscopy. Cells were fixed with 3.7% paraformal-
dehyde in PBS and were permeabilized with 0.1% Triton X-100 in PBS. Primary
antibodies were incubated for 2 h at 37°C, washed extensively in PBS, and incubated
for 20 min at 37°C with a secondary anti-rabbit or anti-mouse antibody conjugated
to fluorescein or rhodamine (Molecular Probes). Samples were washed several times
with water and were mounted with Vectashield mounting medium (Vector Labo-
ratories) on glass slides. Slides were analyzed with either a Leica DMLB fluores-
cence microscope with a Leica photo camera (A01M871016) or a Zeiss LSM 510
confocal microscope with two lasers giving excitation lines at 480 and 510 nm. The
data were collected with a 60X objective oil immersion lens.

RESULTS

MAGI-1, DIg, and Scrib are degraded by E6 in HeLa and
CaSKi cells. Although several studies have identified a number
of PDZ domain-containing proteins as potential targets of the
high-risk HPV E6 proteins, many of these proteins were ana-
lyzed in ectopic overexpression systems; moreover, each study
used either different cell types or different HPV E6 proteins,
making it difficult to compare directly the susceptibilities of
these targets to E6-induced degradation in vivo. In an attempt
to compare directly the relative susceptibilities of the various
PDZ domain targets of E6 to degradation, we used siRNA to
block E6/E7 expression in CaSKi (HPV-16-positive) and HeLa
(HPV-18-positive) cells. Extracts from these cells were ana-
lyzed by Western blotting and were compared with those from
control cells treated with siRNA to luciferase, or from cells
treated with siRNA to E6AP. In the first set of assays, we
analyzed changes in the levels of expression of hScrib and hDlg
at 48 h and 72 h posttransfection. The results in Fig. 1 show
strong increases in the levels of p53 at both time points fol-
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FIG. 2. MAGI-1 is efficiently rescued in HeLa and CaSKi cells upon E6/E7 ablation. (A) HeLa and CaSKi cells were transfected with luciferase
siRNA, E6/E7 siRNA, or E6AP siRNA and were grown for 48 h before harvesting. Protein levels were assessed by Western blotting using an
anti-MAGI-1 antibody, an anti-p53 antibody, and an anti-a-actinin antibody to monitor protein loading. Protein bands corresponding to MAGI-1
were detected using the ECL Plus system, while ECL was used to detect p53 and a-actinin expression. (B) The assay described for panel A was
repeated, but cells were grown for 72 h before harvesting and Western blot analysis. (C) To confirm the identity of the band corresponding to
MAGI-1, CaSKi cells were transfected with luciferase siRNA, E6/E7 siRNA, MAGI-1 (M-1) siRNA, or a combination of E6/E7 siRNA and
MAGI-1 siRNA. Seventy-two hours after transfection, cells were harvested, and Western blot analysis was performed as for panels A and B.

(D) The assay was repeated in SiHa cells and was processed as for panel B.

lowing siRNA treatment against E6/E7 and E6AP in both
CaSKi and HeLa cells. This is in agreement with the findings of
previous studies (18, 39) and confirms efficient ablation of E6
expression. For hDlg, there was a modest increase in expres-
sion in HeLa cells at the 48-h and 72-h time points, confirming
hDIg as a substrate for HPV-18 E6-induced degradation in
HeLa cells (30, 31, 16), while there was a slight increase in the
overall level of hDlg expression in CaSKi cells. It is also note-
worthy that hDIg migrated somewhat differently in the two cell
lines, most likely reflecting differences in the degree of phos-
phorylation (data not shown). Whether this might also affect its
susceptibility to E6 degradation (32, 36) remains to be deter-
mined. In contrast to the pattern of hDlg expression, there was
a significant increase in hScrib levels in E6/E7 siRNA-treated
CaSKi cells at the 72-h time point, whereas changes in hScrib
levels in HeLa cells were minimal. E6AP ablation had only
modest effects, which were somewhat dependent on the time at
which the assays were performed, on both hDlg and hScrib;
however, there were slight increases in hDIg expression in
HeLa cells (Fig. 1A) and in hScrib expression in CaSKi cells
(Fig. 1C). Taken together, these results confirm that hDIg and
hScrib are proteolytic substrates of HPV-18 and HPV-16 E6,
respectively, in vivo.

Previous structural studies had highlighted MAGI-1 as a
strongly bound target of HPV-18 E6 (54), and in vitro studies
had suggested that it was also a good substrate for E6-induced
degradation (13, 45). A similar series of ablation experiments
was therefore performed, and MAGI-1 expression was ana-
lyzed at the 48- and 72-h time points. The results in Fig. 2
demonstrate strong increases in the levels of MAGI-1 expres-
sion in HeLa cells at both time points, which were observed
equally well following ablation of E6AP expression. In CaSKi
cells, there were modest increases in MAGI-1 levels, though
not as strong as those observed in HeLa cells. In order to

confirm that the protein rescued in CaSKi cells was indeed
MAGI-1, we repeated the analysis but included a siRNA
against MAGI-1. As can be seen from the results in Fig. 2C,
the protein that was rescued following treatment with siRNA
against E6/E7 disappeared when the MAGI-1 siRNA was in-
cluded. We also extended the analysis to another HPV-16-
positive cell line, SiHa, and obtained similar results (Fig. 2D).
Taken together, these results would suggest that while
MAGTI-1 is a strong substrate of HPV-18 E6, it is nonetheless
also subject to HPV-16 E6-induced degradation in vivo.
Analysis of FAP1, TIP2, PTPN3, and PSD95 expression
levels following E6/E7 knockdown. Recent studies have shown
that FAP1 (PTPN13), TIP2, PTPN3, and PSD95 are also po-
tential proteolytic substrates of E6, albeit in a variety of dif-
ferent experimental settings (10, 16, 20, 41, 49). Therefore, we
wanted to determine whether these PDZ substrates were sim-
ilarly targeted in the two cervical-tumor-derived cell lines. The
cells were transfected with siRNA against E6/E7, and changes
in the PDZ protein levels were ascertained by Western blot
analysis. The results in Fig. 3 show no significant changes in the
levels of expression of either PTPN3 (Fig. 3A) or TIP2 (Fig.
3C) following treatment with siRNA to either E6/E7 or E6AP.
In contrast, there was a significant increase in the level of
expression of PSD95 in HeLa cells and in CaSK:i cells (Fig. 3B)
following E6/E7 knockdown. Removal of E6GAP had no effect
on the levels of PSD95 expression in HeLa cells, while in
CaSKi cells, a modest increase was obtained. These results
confirm that PSD95 is a strong target for HPV-18 E6- and a
weaker one for HPV-16 E6-induced degradation in vivo (16).
In the case of FAP1, an apparently contradictory result was
obtained. Although its levels of expression in HeLa cells are
very low, siRNA to E6/E7 apparently reduced FAP1 levels still
further (Fig. 3D). This effect was more marked in CaSK:i cells,
where loss of E6/E7 expression resulted in a dramatic decrease
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FIG. 3. (A to D) Analysis of the susceptibilities of PTPN3, PSD95, TIP2/GIPC, and PTPN13/FAP1 to E6 degradation in vivo. HeLa and CaSKi
cells were transfected with luciferase siRNA, E6/E7 siRNA, or E6AP siRNA and were grown for 72 h before harvesting. The expression levels of
PTPN3 (A), PSD95 (B), TIP2/GIPC (C), PTPN13/FAP1 (D), p53, and a-actinin were assessed by Western blotting. Numbers are percentages of
band intensity for PTPN3, PSD95, TIP2, and FAP1 relative to that for the luciferase sSiRNA control (100%). (E) To confirm the correct identities
of the three PDZ proteins, cells were transfected with luciferase siRNA, PTPN3 siRNA, TIP2/GIPC siRNA, or PTPN13/FAP1 siRNA, and their
expression patterns were revealed by Western blot analysis as in panels A, B, C, and D.

in the levels of FAP1 expression. In addition, removal of E6AP
also resulted in lower levels of FAP1 expression in HeLa cells.
Since a number of these proteins were present at quite low
levels, we also verified that the correct proteins were detected
by the antibodies. To do this, we performed a series of Western
blot analyses on cell extracts following transfection with
siRNAs to each of the PDZ domain-containing proteins. The
results in Fig. 3E (PTPN3, TIP2, and FAP1) and Fig. 3B
(PSD95) show that the protein recognized by the relevant
antibody also disappeared following transfection with the rel-
evant siRNA.

Taken together, these results demonstrate that PTPN3 and
TIP2 are not major targets of E6-induced degradation in
monolayer cultures of cells derived from cervical tumors. In
contrast, PSD95 appears to be a good substrate for HPV-18
E6, in agreement with previous studies (16). Finally, it would
appear that, at least in cervical-tumor-derived cells in mono-

layer culture, E6/E7 might actually increase the levels of FAP1
expression. Whether this occurs through E6’s PDZ interac-
tions with FAP1 or through an as yet unknown function of E7
remains to be determined.

HPV E6 preferentially degrades nuclear and membrane-
bound pools of MAGI-1. Previous studies have shown that
certain cellular pools of hDlg are more susceptible than others
to E6-induced degradation (31, 32, 36). Since MAGI-1 is a
major common target for both HPV-16 and HPV-18 E6, we
were interested in determining whether there are also certain
cellular pools of MAGI-1 that are preferentially targeted by
E6. To investigate this, we fractionated HeLa cells after 72 h of
siRNA ablation of E6/E7 expression. For comparison, we also
included H1299 cells in the analysis to determine where
MAGI-1 would normally be expressed in the absence of HPV
sequences. The cells were fractionated into cytosolic (F1),
membrane (F2), nuclear (F3), and cytoskeletal (F4) compo-
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FIG. 4. Subcellular fractionation reveals that MAGI-1 is degraded at membrane and nuclear locations in HPV-positive cells. (A) HeLa cells
were transfected with luciferase siRNA or E6/E7 siRNA. After 72 h, cells were fractionated into 4 subcellular compartments: cytosol (F1),
membrane (F2), nucleus (F3), and cytoskeleton (F4). The expression patterns of MAGI-1 and those of the four subcellular fraction markers
E-cadherin, p84, a-tubulin, and vimentin were assessed by Western blotting. (B) The subcellular fractionation was repeated on H1299 cells, and

the levels of MAGI-1 and the subcellular fraction markers were detected as for panel A.

nents, and the levels of MAGI-1 expression in each fraction
were ascertained by Western blot analysis. The results ob-
tained again demonstrate that MAGI-1 is a strong substrate
for HPV-18 E6-induced degradation in vivo (Fig. 4A). Inter-
estingly, the bulk of the MAGI-1 protein that was rescued
upon ablation of E6/E7 expression resided in the membrane
and nuclear fractions of the cell, and the largest pool was
actually present within the nucleus. In contrast, a similar frac-
tionation of H1299 cells (Fig. 4B) showed that the main con-
centration of MAGI-1 was found at membrane sites, with
slightly smaller pools in the nuclear and cytosolic fractions.
These studies demonstrate that the rescue of MAGI-1 from
E6-induced degradation results in preferential restoration of
MAGI-1 expression at membrane sites and also within the
nucleus.

HPV E6-induced degradation of MAGI-1 disrupts cellular
TJs. Although there is no information on the potential role of
MAGTI-1 in the nucleus, previous studies have implicated the
membrane-bound form of MAGI-1 in the establishment of
cellular TJs (34). It has also been shown that TJs are disrupted
in HPV-positive cells, and a possible role for hScrib in this
phenotype has been suggested (35). However, we reasoned
that MAGI-1 was a more likely candidate to explain the dis-
ruption of TJs by HPV E6, and therefore, we proceeded to
investigate TJ status in cells in which E6/E7 expression had
been ablated. At the same time, we performed siRNA ablation
of MAGI-1 and of hScrib on a subset of cells treated with
siRNA to E6/E7 in order to determine whether any changes in
TJs were MAGI-1 or hScrib dependent. At 72 h and 96 h after
transfection of the siRNAs, HeLa cells were fixed and analyzed
by immunofluorescence for MAGI-1 and a TJ marker, ZO-1
(42, 7). We focused primarily on cells that were in contact so
that junctions would have the opportunity to become estab-
lished, and the results for MAGI-1 are shown in Fig. 5. As can
be seen, no MAGI-1 protein was detectable at sites of cell-cell
contact in luciferase siRNA control cells, and ZO-1 displayed
a diffuse pattern of expression and was also absent at these

sites. In contrast, siRNA to E6/E7 resulted in a very marked
accumulation of MAGI-1 expression at cell-cell junctions. In-
terestingly, this occurred in a beaded structure at the 72-h time
point, and there was also a perfect colocalization with ZO-1 in
these structures, suggesting the reinitiation of correct TJ for-
mation. By the 96-h time point, this pattern was even more
marked, and an intact TJ had already formed between adjacent
cells. These results demonstrate that TJs can be reestablished
in HeLa cells when E6/E7 expression is ablated. Interestingly,
a similar pattern of staining was obtained upon ablation of
E6AP expression, consistent with the results from the Western
blot analyses. We also analyzed cells that had been cotrans-
fected with a MAGI-1 siRNA. As can be seen in Fig. 5, there
was a complete failure to reestablish TJs in cells treated with
the MAGI-1 siRNA, as determined by the pattern of ZO-1
expression, even by the 96-h time point. In contrast, ablation of
hScrib (Fig. 6A) had no effect on the reestablishment of TJs
upon ablation of E6/E7 expression. In addition, removal of
E6/E7 expression in HeLa cells resulted in a marked increase
in hScrib expression at the cell membrane, despite the appar-
ent lack of significant levels of degradation seen in Fig. 1.
Similar results were also obtained in CaSKi cells (Fig. 6B),
suggesting that there may also be an element of relocalization
of hScrib by E6, rather than just simple degradation. However,
taken together, these results demonstrate that loss of TJs in an
HPV-positive, tumor-derived cell line is due to the ability of E6
to induce the degradation of MAGI-1.

DISCUSSION

The presence of a class I PDZ-binding motif located on the
extreme carboxy terminus of the high-risk HPV E6 proteins
would, in theory, render all the cellular class I PDZ domain-
containing proteins vulnerable as potential interacting partners
and putative proteolytic substrates for these viral oncoproteins.
However, from the data presented above and elsewhere (44,
47), it is clear that proteolytic degradation by E6 of its potential
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FIG. 5. Rescue of MAGI-1 from E6-induced degradation restores TJs. HeLa cells were seeded on glass coverslips and were transfected with
either luciferase siRNA, HPV-18 E6/E7 siRNA, a combination of HPV-18 E6/E7 siRNA and MAGI-1 siRNA, or E6AP siRNA. Cells were grown
for 72 h or 96 h before being fixed, incubated with anti-MAGI-1 and anti-ZO-1 antibodies, and counterstained with rhodamine-conjugated
(MAGI-1) or fluorescein-conjugated (ZO-1) secondary antibodies. Confocal images were taken at wavelengths of 480 and 510 nm.

PDZ domain-containing substrates is highly protein specific. HPV-18-containing cell lines. Most importantly, this restora-
This is particularly true for MAGI-1, whose levels of expres- tion of MAGI-1 expression correlates with the formation of
sion are low in HPV-positive cells and increase dramatically TJs in these HPV-positive cells. The role of E6AP in this
following removal of E6/E7 expression in both HPV-16- and activity of E6 remains unclear. Thus, in HeLa cells, degrada-
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FIG. 6. Loss of hScrib does not affect TJ formation. HeLa cells (A) and CaSKi cells (B) were seeded onto glass coverslips and were transfected with either
luciferase siRNA, HPV-18 E6/E7 siRNA, HPV-18 E6/E7 siRNA with hScrib siRNA, or HPV-16 E6/E7 siRNA as indicated (with two examples of CaSKi cells
shown). Cells were grown for 96 h before fixing and staining for hScrib (red) and ZO-1 (green) in HeLa cells or for hScrib (red) and p53 (green) in CaSKi cells.
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tion of MAGI-1 appears also to require the presence of E6AP,
while in CaSKi cells, removal of E6AP has a minimal effect.
The reasons for these differences are not clear, but they con-
tinue to demonstrate important differences in how different
substrates are targeted by E6 proteins derived from different
HPV types.

In the case of the other potential PDZ substrates of E6, we
found some marked differences in how they are targeted by
HPV-16 and HPV-18 E6. Thus, hDlg appears more susceptible
to degradation by HPV-18 E6 than by HPV-16 E6, and the
reverse is true for hScrib. These results are in agreement with
those of previously reported interaction studies in vitro (47).
Similarly, PSD95 appears to be similar to hDlg in that it is
efficiently targeted by HPV-18 E6 but less so by HPV-16 E6,
and this is in agreement with previous reports (16). Of the
remaining PDZ substrates of E6 that we were able to analyze,
we failed to obtain conclusive evidence that FAP1, TIP2, or
PTPN3 was targeted for degradation, either by HPV-16 E6 or
by HPV-18 E6, in monolayer cultures of cells derived from
cervical tumors. Indeed, the loss of E6/E7 expression may
actually decrease the levels of FAP1 expression. The underly-
ing mechanisms behind this are unclear but merit further in-
vestigation. However, these studies were done using ablation
of both E6 and E7 expression, and we cannot exclude the
possibility that some effects may be related to E7 depletion. In
addition, these studies do not rule out the possibility that these
PDZ domain-containing proteins may be degradation sub-
strates of E6 in other biological settings: during different stages
of the normal viral life cycle where the cells are subject to
terminal differentiation, or at an earlier stage of tumor devel-
opment. This might reflect differences in the phosphorylation
status of the target protein, which could influence accessibility
to E6 and subsequent targeting (32, 36). Finally, we should also
emphasize that although degradation has been proposed as a
major mechanism by which E6 exerts its function, it is possible
that some of these substrates may be only bound by E6 and
that blocking of a certain PDZ substrate-ligand interaction
might be sufficient for modulation of the function of that par-
ticular cellular PDZ domain-containing protein by E6. Alter-
natively, E6 might also alter the localization of the substrate
(as may be the case with HPV-18 E6 and hScribble in HeLa
cells) and thereby alter its function.

Since biochemical data suggest that MAGI-1 is the strongest
interacting partner of HPV E6 (45, 54), we focused on further
defining the relevance of MAGI-1 degradation to HPV-in-
duced malignancy. Using differential cell fractionation, we
found that abolition of E6/E7 expression restores MAGI-1 at
two main locations within the cell: the cell membrane and the
cell nucleus. This suggests that whatever functions these two
pools of MAGI-1 perform, the removal of one or both has
advantages for the virus. No studies that could offer an expla-
nation of the function of MAGI-1 in the nucleus are currently
available. Sequence analysis of MAGI-1 reveals a strong bi-
partite nuclear localization signal in the carboxy terminus of
the protein (8), consistent with the notion that a pool of
MAGI-1 is normally resident within the nucleus. Further stud-
ies will aim at more fully defining the functions of this form of
the protein.

In contrast, the membrane-bound form of MAGI-1 has been
implicated in the control of TJs (34), which are lost in HPV-
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positive cells (25, 35, 43). The results reported here show that
this loss is indeed a result of E6 directing the degradation of
MAGI-1. Using ZO-1 as a marker of TJ integrity, we have
confirmed that these junctions are largely absent in HPV-18-
positive HeLa cells and that ablation of E6 expression results
in a clear reaccumulation of MAGI-1 at the cell membrane,
accompanied by an accumulation of ZO-1 at the same cellular
location. Interestingly, this appears to be a slow process, in
which a bead-like structure, indicative of the early stages of
junction formation (22), is apparent at 72 h after transfection
with E6/E7 siRNA, and more-complete junctions are visible by
96 h. To verify that the restoration of TJs depends on the
rescue of MAGI-1 from E6-induced degradation, we cotrans-
fected a MAGI-1 siRNA with the E6/E7 siRNA, after which
there was no evidence of TJ formation. In contrast, cotrans-
fection of siRNA to hScrib with the E6/E7 siRNA had no
deleterious effects on TJ reassembly, confirming the specificity
of the results with MAGI-1. These results demonstrate that the
loss of TJs in HPV-18-positive HeLa cells is a direct conse-
quence of the ability of E6 to direct the degradation of
MAGI-1; thus, they provide a biological explanation of why
this protein is targeted by the virus during the life cycle and by
E6 in malignancy. TJs play an important role in differentiation:
their correct assembly promotes exit from the cell cycle and
contributes to keratinocyte differentiation (1, 4, 38). Loss of
TJs can therefore be expected to delay the differentiation pro-
cess. In addition, TJs participate directly in the regulation of
cell proliferation by modulating signaling cascades such as
mitogen-activated protein kinase (MAPK), PKB/Akt, and
RhoA signaling (1, 23, 28). Interestingly, ZO-1 is also believed
to be involved in controlling cell proliferation by binding and
sequestering the transcription factor ZONAB/DbpA at the cell
membrane (2). Taken together, these studies suggest that the
degradation of MAGI-1 by HPV E6 and the consequent per-
turbation of TJ assembly can have pleiotropic effects, both with
respect to the virus life cycle and with respect to HPV-induced
malignancy.
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