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The J6/JFH1-P47 strain of HCV used in this study possesses
adaptive mutations compared to the original strain (J6/JFH1-
P1). Therefore, we compared the impacts of the two strains on
cell viability/proliferation and DNA fragmentation. While both
strains caused inhibition of cell proliferation and an increase in
DNA fragmentation, J6/JFH1-P47 appeared to exert a stron-
ger cytopathic effect than J6/JFH-P1 (data not shown).

To further verify that HCV infection induces apoptotic cell
death, we analyzed caspase 3 activities in HCV-infected
Huh7.5 cells and the mock-infected control. As shown in Fig.
2A, caspase 3 activities in HCV-infected cells increased to
levels that were 2.2, 6.0, and 12 times higher than that in the
control cells at 2, 4, and 6 days postinfection, respectively. We
also examined HCV-induced caspase 3 activation by immuno-
blot analysis. Activation of caspase 3 requires proteolytic pro-
cessing of its inactive proenzyme into the active 17-kDa and
12-kDa subunit proteins. The anti-caspase 3 antibody used in
this analysis recognizes 35-kDa procaspase 3 and the 17-kDa
subunit protein. At 6 days postinfection, activated caspase 3
was detected in HCV-infected cells but not in the mock-in-
fected control (Fig. 2B, second row from the top). Analysis of
the death substrate PARP, which is a key substrate for active
caspase 3 (61), also demonstrated that the uncleaved PARP
(116 kDa) was proteolytically cleaved to generate the 89-kDa
fragment in HCV-infected cells but not in the mock-infected
control (Fig. 2B, third row). Cleavage of PARP facilitates
cellular disassembly and serves as a marker of cells undergoing
apoptosis (44).

In order to further confirm these observations, indirect im-
munofluorescence staining was performed by using an anti-
active caspase 3 antibody that specifically recognizes the newly
exposed C terminus of the 17-kDa fragment of caspase 3 but
not the inactive precursor form. As shown in Fig. 2C, the
activated form of caspase 3 was clearly observed in HCV-
infected cells but not in the mock-infected control at 6 days
postinfection. The activation of caspase 3 was observed also at
4 days postinfection (data not shown). We found that caspase
3 activation was detectable in 12% and 21% of HCV antigen-
positive cells at 4 and 6 days postinfection, respectively,
whereas it was detectable only minimally in mock-infected cells
at the same time points (Fig. 2D). These results strongly sug-
gest that HCV-induced cell death is caused by caspase 3-de-
pendent apoptosis. We also observed nuclear translocation of
active caspase 3 in HCV-infected cells (Fig. 2E). This result is
consistent with previous reports (28, 70) that activated caspase
3 is located not only in the cytoplasm but also in the nuclei of
apoptotic cells. Concomitantly, nuclear condensation and
shrinkage were clearly observed in the caspase 3-activated
cells. As the activation and nuclear translocation of caspase 3
occur before the appearance of the nuclear change, not all
caspase 3-activated cells exhibited the typical nuclear changes.
Taken together, these results indicate that HCV-induced apop-
tosis is associated with activation and nuclear translocation of
caspase 3.

HCYV infection induces the activation of the proapoptotic
protein Bax. The proteins of the Bcl-2 family are known to
directly regulate mitochondrial membrane permeability and
induction of apoptosis (63). Therefore, we examined the ex-
pression levels of proapoptotic proteins, such as Bax and Bak,
and antiapoptotic protein Bcl-2 in HCV-infected Huh7.5 cells
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and the mock-infected control. The result showed that expres-
sion levels of Bak or Bcl-2 did not differ significantly between
HCV-infected cells and the control. Interestingly, however,
Bax accumulated on the mitochondria in HCV-infected cells to
a larger extent than in the mock-infected control (Fig. 3A),
with the average amount of mitochondrion-associated Bax in
HCV-infected cells being 2.7 times larger than that in the
control cells at 6 days postinfection (Fig. 3B).

In response to apoptotic stimuli, Bax undergoes a confor-
mational change to expose its N and C termini, which facili-
tates translocation of the protein to the mitochondrial outer
membrane (32). Thus, the conformational change of Bax rep-
resents a key step for its activation and subsequent apoptosis.
We therefore investigated the possible conformational change
of Bax in HCV-infected cells by using a conformation-specific
NT antibody that specifically recognizes the Bax protein with
an exposed N terminus. As shown in Fig. 3C, Bax staining with
the conformation-specific NT antibody was readily detectable
in HCV-infected cells at 6 days postinfection whereas there
was no detectable staining with the same antibody in the mock-
infected control. Moreover, the activated Bax was shown to be
colocalized with MitoTracker, a marker for mitochondria, in
HCV-infected cells. The conformational change of Bax was
observed in 10% and 15% of HCV-infected cells at 4 and 6
days postinfection, respectively (Fig. 3D). This result was con-
sistent with what was observed for caspase 3 activation in
HCV-infected cells (Fig. 2D). Taken together, these results
suggest that HCV infection triggers conformational change
and mitochondrial accumulation of Bax, which lead to the
activation of the mitochondrial apoptotic pathway.

HCV infection induces the disruption of the mitochondrial
transmembrane potential, release of cytochrome ¢ from mito-
chondria, and activation of caspase 9. The accumulation of
Bax on the mitochondria is known to decrease the mitochon-
drial transmembrane potential and increase its permeability,
which result in the release of cytochrome ¢ and other key
molecules from the mitochondria to the cytoplasm to activate
caspase 9. Therefore, we examined the possible effect of
HCYV infection on mitochondrial transmembrane potential
in Huh7.5 cells. Disruption of the mitochondrial transmem-
brane potential was indicated by decreased Rho123 retention
and, hence, decreased fluorescence. As shown in Fig, 4, HCV-
infected cells showed ~50% and ~70% reductions in Rho123
fluorescence intensity compared with the mock-infected con-
trol at 4 and 6 days postinfection, respectively.

Recent studies have indicated that loss of mitochondrial
membrane potential leads to mitochondrial swelling, which is
often associated with cell injury (27, 50). Also, we and other
investigators have reported that HCV NS4A (43), core (53),
and p7 (22) target mitochondria. We therefore analyzed the
effect of HCV infection on mitochondrial morphology. Con-
focal fluorescence microscopic analysis using MitoTracker re-
vealed that mitochondria began to undergo morphological
changes at 4 days postinfection and that approximately 40% of
HCV-infected cells exhibited mitochondrial swelling and/or
aggregation compared with the mock-infected control at 6 days
postinfection (Fig. SA and B). It should also be noted that
mitochondrial swelling and/or aggregation was seen in a region
different from the “membranous web,” where the HCV repli-
cation complexes accumulate to show stronger expression of
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cleavage product of PARP {85 kDa) in HCVanieeted eells and the mock-infected comtrol at 2.4, and 6 days postinfection (dph). Huh7.5 cells treated
with actinomyein I {ActD: 30 ng/mi} for 30 h served s i positive controb. Amounts of actin were measured as an internal control 1o verify an equal
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Data represent means = SD of three independent experiments. #, P <0 003, compared with the control. (1) Wuclear ranslovation of active caspase 3
in HOV-nfected cells. Subeeliular localization of active caspase 3 in HOV-infected eclls was examined by indirect immunofluorescence analysis af 6 days
postinfection as deseribed in tie legend for panel C. Scale bar. 5 pam.
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tasolie fractions, (B) The intensities of the bunds of mitochondrion-
associated Bax in HOV-infected cells and the mock-infected control
were quantified. The intensity of the mock-infected control was arbi-
frarily expressed as LO. Data represent means = standard deviations
(3D of three independent experbments. =, [ <7 (001, compared with
the control. (C) Conformational change of Bux in HCV-infected eclls.
Huh 7.5 cells infected with HOV and the mock-infected control were
subjected to indirect immunofluoresce nee analysis at 6 days postinfec-
tion, After incubation with MitoTracker (middle row), the cells were

incubuted with an untibody specific for the N eyminus of Bax (NT

atibody). followed by Alexa Fluor 488-labeled poat anti-rabbit TgG
{top row ). Merged images are shown ow the bottom. Seale bar. 10 pm,
{0) Quantification of activated Bax-positive cells. The percentages of
cills expressing activated Bax were determined for HOV-infected cul-
tures and the mock-infected control, Data represent meuans = S1) of
three Sndependent experiments. x0 £ <0 0,01, compared with the
contiol

HCV antigens, This observation implics the possibility that an
indirect effect(s) of HCV infection, in addition to a direct elfect
of an HOV protein, as observed for NS34A (43). is involved in
mitochondrial swelling andior aggregation,
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Electron microscopic unalysis also demonstrated swelling
and structural alierations of mitochondria in HCV-infected
cells, whereas mitochondria remained intact in the mock-in-
fected control (Fig. SC). This result suggesis a detvimental
effect of HCV afection on the volume homeostasis and
morphology of mitochondria and is consistent with previous
observations that liver tissues from HCV-infected patients
showed morphological chunges in mitochondria {3).

Mitochondrial swelling and the morphological change of
mitochondrial cristae are associated with eytochrome ¢ release
(27. 54). We then examined the effect of HOCV infection on
cytochrome ¢ release in Hah?.5 cells. The result clearly dem-
onstrated eytochrome ¢ release from the mitochondria & the
cytoplasm in HCOVeinfeeted cells but not in the mock-infected
control (Fig. 6A). The release of cytochrome ¢ from mitochon-
dria is known 1o induce activation of caspase 9 (31), We then
analyzed caspase 9 activities in the cells. As shown in Fig. 6B,
caspase Y aclivities in HCV-infected cells increased 1o levels
that were ca. five times higher than that in the comtrof cells at
4 und 6 days postinfection,

HOCY infection induces a marginal degree of caspase 8 acti-
ation. In addition to the mitochondrial death (intrinsic) path-
way described above, the extrinsic cell death pathway, which is
initiated by the TNF family members and mediated by acti-
vated caspase 8 (31, 62). s also the focus of attention in the
study of apoplosis. Therefore, we examined caspase 8 activitics
in HCV-infected ceils and the mock-infected control. As
shown in Fig. 6C, caspase 8 activities in HCOV-infected cells
increased 1o a level that was cu, two times higher than that in
the control cells at 4 and 6 days postinfection. This increase
was much smaller than that observed for caspase 9 activation
{Fig. 6B).

HCV infection induces incrensed production of mitochon-
drial reactive oxygen species (ROS). The production of ROS,
such: as superoxide, by mitochondria is the major cause of
cellular oxidative stress (8), and a possible link between ROS
production and Bax activation has been reported (18, 42).
Therefore, we next examined the mitochondrial ROS produc-
tion in HCV- and mock-infected cells by using MitoSOX., 4
fluorescent probe specific for superoxide that selectively accu-
mulates in the mitochondrial compartment. As shown in Fig,
TA and B, approximately 25% of HCV-infected cells displayed
@ much higher signal than did the mock-infected control.
This result suggests that oxidative stress is induced by HCY
infection,

HOY infection does not induce ER stress. It is well known
that HCV nopstructural proteins form the replication complex
on the endoplasmic reticulum (ER) membrane (4, 19, 39, 46).
Tt was recently reported that HCV infection (55 as well as the
transfection of the full-length HCV replicon (17) and the ex-
pression of the entire HOV polyprotein (14) induced an ER
stress response. Therefore, we tested whether HCV infection
inour system induces ER stress. We adopted inereased expros-
sion of GRP78 and GRPY4 as indicators of ER stress (34) and,
as a positive control, used tunicamycin to induce ER stress (20,
25}, As had been expected, the expression levels of GRP7S and
GRPY4 were markedly incressed in Hul7.5 cells when cefls
were treated with tunicamyein Tor 48 b (Fig. 8, right). On the
other hand, HOV infection did not alier expression levels of
GRP78 or GRP94 at 2, 4, or 6 days postinfection compared
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FIG. 4. HCV infection induces disruption of the mitochondrial transmembrane

and the mock-infected control were stained with Rho123 and subjected
potential at 4 and 6 days postinfection (dpi). The red
control, respectively. The green profiles represent staining of the ¢
and the mock-infected controf at 4 and 6 dpi. Data represent mean
i, P < 0,01 (compared with the control).

with those for the mock-infected controf (Fig. 8). This result
suggests that ER stress, if there is any, is marginal and does not
play an important role in HCV-induced apoptosis in Huh7.5
cells,

DISCUSSION

The mitochondrion is an important organelle for cell sur-
vival and death and plays a crucial role in regulating apoptosis.
An increasing body of evidence suggests that apoptosis occurs
in the livers of HCV-infected patients (1, 2, 9) and that HCV-
associated apoptosis involves, at least partly, a mitochondrion-
mediated pathway (2). In those clinical settings, however, it is
not clear whether apoptosis is mediated by host immune re-
sponses through the activity of cytotoxic T lymphocytes or
whether it is mediated directly by HCV replication andfor
protein expression itself. In experimental settings, ectopic ex-
pression of HCV core (13, 36), E2 (12), and NS4A (43) has
been shown to induce mitochondrion-mediated apoptosis in
cultured cells. However, these observations need to be verified
in the context of virus replication. The recent development of
an efficient HCV infection system in cell culture (37, 66, 71)
has allowed us to investigate whether HCV replication directly
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causes apoptosis. In the present study, we bave demonstrated
that HCV infection induces Bax-triggered, mitochondrion-
mediated, caspase 3-dependent apoptosis, as evidenced by
increased accumulation of Bax on mitochondria and its con-
formational change (Fig. 3), decreased mitochondrial trans-
membrane potential (Fig. 4), and mitochondrial swelling (Fig.
5), which lead to the release of cytochrome ¢ from the mito-
chondria (Fig. 6A) and subsequent activation of caspase 9 and
caspase 3 (Fig. 6B and 2, respectively).

We also observed increased production of mitochondrial
superoxide in HCV-infected cells (Fig. 7). This result is con-
sistent with previous observations that expression of the entire
HCV polyprotein (47) or HCV replication (60) enhanced pro-
duction of ROS, including superoxide, through deregulation of
mitochondrial calcium homeostasis. ROS, which are produced
through the mitochondrial respiratory chain (8), were reported
to trigger conformational change, dimerization, and mitochon-
drial translocation of Bax (18, 42). It is likely, therefore, that
activation of Bax in HCV-infected cells is mediated, at least
partly, through increased production of ROS in the mitochon-
dria. Kim et al. (29) reported that ROS is a potent activator of
¢-Jun N-terminal protein kinase, which can phosphorylate Bax,
Jeading to its activation and mitochondrial translocation. In
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FIG. 5. HCV infection induces mitochondrial morphology changes in Huh7.5 cells. (A) Fluorescence microscopy anulysis. Mitochondrial
morphologies of HCV-infecied cells and the mock-infected control at 6 days postinfection were examined by confocal microscopy. The cells were
directly incubuted with MitoTracker (upper row) and then stained for HCV untigens by using an HCV-infected patient’s serum, followed by
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represent means = standurd devistions of three independent experiments, = P < 0.01, compared with the control, (C) Electron microscopic
analysis, Mitochondrial morphologies of HCV-infected cells and the mock-infected control at 6 days postinfection were examined by electron

microscopy. Arvows indicate mitochondria. Scale bar, 1 um.

this conncction, HCV core protein has been shown 1o play a
role in generating mitochondrial ROS (30). It was also re-
ported that HCV core protein bound (o the 14-3-3¢ protein to
dissociate Bax from the Bax/14-3-3¢ complex, thereby promot-
ing the Bax translocation to the mitochondria (36).

In addition to the caspase Y activation that is mediated
through the mitochondrial death (intrinsic) pathway. caspase 8
activation was seen in HCViinfected cells, though o a Jesser
extent (Fig, 6B and ), Caspase 8 is a key component of the
extrinsic death pathway initiated by the TNF family members
(31, 62). This pathway involves death receptorss, such us Fas,
INF receptor, and TNF-related apoptosis-inducing ligand
(TRAIL) receptors, which transduce signals to induce apopto-
sis upon binding to their respective ligands (52). In HCYV-

infected patients, the Fas-mediated signal pathway is involved
in apoptosis of virus-infected hepatocytes (24), 1t was also
reported that HCV (JFHI strain) infection induced apoptosis
through a TRAIL-mediated pathway in LH86 cells (72). On
the other hand, a caspase 9-mediated activation of caspase 8,
which is considered a cross talk between the intrinsic and the
extrinsic death pathways, in certain cell sysiems was also re-
ported (14, 11, 65). Whether the observed caspase 8 activation
in HCV-infected cells was mediated through the extrinsic
death pathway initiated by a cytokine(s) produced in the cul-
ture or whether it was mediated through the cross talk between
the intrinsic and the extrinsic death pathways awaits further
investigation. In this connection, activated caspase 8 is known
to cleave the proapoptotic protein Bid to generate the Bid
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FIG. 6. HOV infection induces eytochrome ¢ release and caspase 9
activation in Huh7.5 cells, (A) Cvtochrome ¢ elease. Mitochondnial
and evtosolic {ractions were pummd from HCV-infected cells and the
mack-infected control at 6 days postinfection und amsxlwzu by immu-
noblotting using antibodies against eytochrome ¢, Tim23 1, NS3, and
actin. Can Get Signal (Toyobo, Osaka, | apdn) was ll'sul to obtain
stronger signals for eytochrome ¢, Amounts of Tim23 and actin were
measured 1o verify uqu.i! amounts of mitochondrial and cytosolic frac-
tions, wapo@n\d\; Jso, Tim23 was used to show suceessful separation
of mitachondria. (B) Caspase 9 uctivation. Caspase ¥ activities in cells
infected with HOV and mock-infected controls were measured at 8, 2
4, and b days postinfection. The caspase 9 activity of the control cells
at day ¢ postinfection waus arbitrarily expressed as 1.0, Data represent
means % standard deviations {(8D) of three independent experiments.
w, P < 005, compared with the contral, (C) HOV infection induces a
nmiundi degree of uxsg»m § activation. Caspase 8 activities io uii
infected with HOV and mock-infected controls were measured ad 0,2
4. and 6 duys postinfection. The caspase 8 activity of the controf u!!a
ut duy () pmlmfu.tmn was urbitrarily cxp;msul as L0 Data reprosent
means = SO of three independent experiments. #, P < .03, compured
with the control,

cleavage product truneated Bid (1Bid), which fucilitates the
activation of Bax (63, 68). Under our experimental conditions,
however, 1Bid was barely detected in HCOV-infected cells even
at 6 days postinfection (data not shown). 1Uis thus likely that
caspase § activation is marginal and is not the primary cause of
Bax activation in our experimental system.

HOV protein expression and HCV RNA replication take
place primarily in the ER or an ER-like membrancus structure
(39, 46). Like other members of the family Flaviviridae, such as
dengue virus (69), Japanese encephalitis virus (69), West Nile
virus (413, and bovine viral diarrhea viros (26), HCV has been
reported to induce ER stress in the host cells (5,14, 17,55, 601).
ER stress is triggered by perturbations in normal ER function,
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duction in HCV-infected cells and the mock-infected control was ox-
amined at 6 days postinfection. Cells were directly incubated with
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homan IgG (hottom yow). Scale bar, 10 pm. (B) Quuntification
of MitoSOX-stuined cells. The percentages of cells stained with
MitoSQX were determined for HOV- inmmi cultures and the mock-
infected control. Data represent means =+ standard deviations of three
independent experiments. x, £ < 0.05, compared with the control.

such as the accumulation of unfolded or misfolded proteins in
the lumen. On the other hand, in response to ER stress, the un-
folded protein response (UPR) Is activated 1o alleviste the ER
stress by stimulating protein folding and degradation in the ER
as well as by inhibiting protein synthesis (7). The UPR of the
host cell is disadvantageous for progeny viras production and
may therefore be considered an antiviral host cell response. It
was reported that, to counteract the disadvantageous UPR so
as to maintain viral protein synthesis, HOV RNA replication
suppressed the IRE1-XBP1 pathway, which is responsible for
protein degradation upon UPR (59). Also, HCV E2 was shown
to inhibit the double-stranded RNA-activated protein kinase-
tike ER-resident kinase (PERK). which attenuates protein syn-
thesis during ER stress by phm;phorvlating., the alpha subunit of
eukaryotic translation initiation factor 2 (43). 1t is reasonable,
therefore, to assume that HOV-infected cells may not neces-
sarily exhibit typical responses to ER stress. In fact, our results
revealed that HCV infection in Huh7.5 cells did not enhance
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FIG. 8. HOV infection does not induce ER stress in Hub7.5 cells.
Huh7.5 oells mlf:dui with HOV and mock-infected controls were
harvested ot 2, 4, and 6 days postinfection (v.ipx) and the whole-cell
Iysutes were sub[ului 1o immunoblot analysis using antibodies against
GRP7R, GRPO4, NS2. and actin, Amounts of actin were measured to
verify equal amounts of sxmpl; jonding. Huh7.5 cells treated with
wnicamyein {TM: 5 pg/ml) for 48 B seyved as a pasitive control
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expression of GRP78 and GRP94, which are ER stress-in-
duced chaperone proteins (Fig. 8). Our result thus implies the
possibility that ER stress is not crucially involved in HCV-
induced apoptosis in Huh7.5 cells. Taking advantage of this
phenomenon, we could demonstrate that an ER stress-inde-
pendent, mitochondrion-mediated pathway plays an important
role in HCV-induced apoptosis. In this connection, Korenaga
et al. (30) reported that HCV core protein increased ROS
production in isolated mitochondria, independently of ER
stress, by selectively inhibiting electron transport complex 1
activity.

In this study, we observed that increased ROS production,
Bax activation, and caspase 3 activation were detectable in
approximately 15% to 25% of HCV antigen-positive Huh7.5cells
at 6 days postinfection (Fig. 7B, 3D, and 2D, respectively). On
the other hand, >90% of the cells in the cultures were con-
firmed positive for HCV antigens (Fig. 1B). These results im-
ply the possibility that HCV establishes persistent infection in
Huh7.5 cells, with a minor fraction of virus-infected cells be-
ginning to undergo apoptosis after a prolonged period of time.
Alternatively, it is possible that Huh7.5 cells, though being
derived from a cell line (6), are a mixture of two sublineages,
with one sublineage being apoptosis prone and the other
apoptosis resistant. To test the latter possibility, further cloning
of Huh7.5 cells is now under way in our laboratory.

In conclusion, our present results collectively suggest that
HCYV infection induces apoptosis through a Bax-triggered, mi-
tochondrion-mediated, caspase 3-dependent pathway.
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiquitin. Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28y, a binding partner of the core, is involved in the
ubiquitin-independent degradation of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and 15). We have previously reported that the
E6AP E3 ubiquitin (Ub) ligase binds to the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28y/REG-y as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28vy-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent manner.

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub
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moiety tagged with six His residues (His,). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. Hisq-tagged proteins were purified from the
extracts by Ni**-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (UbR*®), After 24 h of transfec-
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FIG. 1. In vivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks. Substitution of Lys with Arg (R) is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG132 and harvested 48 h
after transfection. Hise-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel). Core proteins conjugated to a number of Hisg-Ub are denoted
with asterisks. Whole lysates of transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 to C152KR, as
indicated for panel A. Lane 12; empty vector.

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-UbR*®
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order kinetics (Fig. 2B and D).
MG132 completely blocked the degradation of C173 and C152
(Fig. 2B), and C152K6-23R and C152KR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to be 5 to 6 h, whereas those of C152K6-23R and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28y specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FIG. 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHFR sequence, which is extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). Ub™* moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construct, cells were treated with 50
pg of cycloheximide/ml in the presence or absence of 10 pM MG132 for the
different time periods indicated. Cells were lysed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels Band C.
At each time point, the ratio of band intensity of the core protein relative to
the reference DHFR-HA-Ub®*® was determined by densitometry and is
plotted as a percentage of the ratio at time zero.

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28y-binding region (aa 44 to
71) (17), we tested the influence of the mutations of C152KR
on the interaction with PA28y by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28y (F-PA28y) was ex-
pressed in cells along with C152 or C152KR, F-PA28vy precip-
itated along with both C152 and C152KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28vy on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased to
a nearly undetectable level in the presence of PA28y (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG132 increased the
steady-state level of the C152KR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments.
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28y (Fig. 3C, left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28y-dependent manner. These results suggest
that PA28y may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28y
with respect to degradation of full-length wild-type (C191) and
mutated (C191KR) core proteins in human hepatoma Huh-7
cells. As expected, exogenous expression of PA28y or E6AP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the C191KR level was decreased with expression of
PA28vy but not of EGAP. We further used RNA interference to
inhibit expression of PA28y or EGAP. An increase in the abun-
dance of C191KR was observed with PA28y small interfering
RNA (siRNA) but not with E6AP siRNA (Fig. 4B). An in-
crease in the C191 level caused by the activity of siRNA against
PA28vy or E6AP was confirmed as well.

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 20S pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
P73, Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
208 proteasome independently of ubiquitylation through their
interaction with PA28y (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28y-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector, The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodies. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28vy-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28y. In some cases, cells were treated with 10 pM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-CI191KR with or without E-
PA28y (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different time periods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies.
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.
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FIG. 4. Ub-dependent and Ub-independent degradation of the
full-length core protein in hepatic cells. (A) Huh-7 cells were cotrans-
fected with plasmids for the full-length core protein (C191) or its
Lys-less mutant (C191KR) in the presence of F-PA28y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lysed and
Western blot analysis was performed using anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with siRNA against PA28y or E6AP or with
negative control siRNA. Cells were harvested 72 h after transfection
and subjected to Western blot analysis.

viral protein studied that has led to identification of key cellu-
lar factors responsible for proteasomal degradation via dual
distinct mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein, it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may play an impor-
tant role in representing the potential for its functional activity.
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ABSTRACT

E6-assaciated protein (E6AP) is a cellular ubiquitin protein ligase that mediates ubiquitylation and degradation of p53 in conjunction with the
high-risk human papillomavirus E6 proteins, However, the physiological functions of EGAP are poorly understood. To identify a novel
biological function of EGAP, we screened for hinding partners of EGAP using GST pull-down and mass spectrometry. Here we identified
annexin A1, a member of the annexin superfamily, as an E6AP-binding protein, Ectopic expression of E6AP enhanced the degradation of
annexin Al in vivo. RNAi-mediated downregulation of endogenous E6AP increased the levels of endogenous annexin A1 protein. EGAP
interacted with annexin Al and induced its ubiquitylation in a Ca’**-dependent manner. GST pull-down assay revealed that the annexin
repeat domain Il of annexin Al is important for the E6AP binding. Taken together, our data suggest that annexin A1 is a novel substrate for
E6AP-mediated ubiquitylation. Qur findings raise the possibility that EBAP may play 2 role in controlling the diverse functions of anpexin A1
through the ubiquitin-proteasone pathway. J. Cell. Biochem. 106: 1123-1135, 2009. © 2009 Wiley-Liss, Inc,

KEY WORDS: £6Ar: ANNEXIN A1: UBIQUITIN; DEGRADATION

T he ubiquitin/26S proteasome pathway plays important roles
in the control of many basic cellular processes, such as cell
cycle progression, signal transduction, transcriptional regulation,
DNA repair, and the regulation of inflammation responses
{Hershko and Ciechanover, 1998}. Ubiquitin is a 76-aa polypeptide
that is highly conserved among eukaryotic organisms. The
ubiquitin-proteasome pathway consists of an enzymatic cascade
that ubiquitylates proteins, thereby targeting them for proteasomal
degradation. The E1 ubiquitin-activating enzyme binds ubiquitin
through a thioester linkage in an ATP-dependent manner [Ciechan-
over ef al., 1981; Haas and Rose, 1982]. The activated ubiquitin is
then transferred to the E2 ubiquitin-conjugating enzyme, E2 works
in conjunction with the E3 ubiquitin-protein ligase, which is

responsible for conferring substrate specificity [Hershko et al,
1986]. E3 mediates the transfer of ubiquitin to the target protein. The
polyubiquitylated substrates are rapidly recognized and degraded by
the 265 proteasome [Ciechanover, 1998; Ciechanover et al,, 2000],

E6-associated protein (E6AP) was initially identifed as the
cellular factor that stimulates ubiquitin-dependent degradation
of the tumor suppressor p53 in conjunction with the E6 protein
of cervical cancer-associated buman papillomavirus (HPV] types 16
and 18 [Huibregtse et al., 1993a; Scheffner et al, 1994). The
E6-E6AP complex functions as an E3 ubiquitin ligase in
the ubiquitylation of p53 [Scheffner et al., 1993). E6AP is the
prototype of a family of ubiquitin ligases called HECT domain
ubiquitin ligases, all of which contain a domain homologous to the

Abbreviations used: EGAP, E6-assaciated protein; HPV, human papillomavirus; MALDI-TOF, matrix assisted laser
desorption ionization-time of flight; MS, mass spectrometry: HCV, hepatitis C virus; MAb, monocional antibady; PAD,
polyclonal antibody; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; CHX, cycloheximide.
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EBAP earhboxryl rerminus [Hulbregise et al.. 1995]. Known substrates
of the E6-EGAP complex include the tumor suppressor pS3
[Scheffner et al, 1993], the PDZ domain-containing protein scribble
[Nakagawa and Huibregise, 2000} and NFX1-91, a transcriptional
repressor of the gene encoding hTERT [Gewin et al, 2004].
Interestingly, EOGAP is not involved in the ubiquitylation of p53 in
the absence of E6 {Talis et al, 1998]. Several potential E6-
independent substrates for E6AP have been identified, such as
HHR2Z3A and HHR23B {the human orthologs of Saccharemyces
cerevisae Rad23) [Kumar et al, 1999}, Bik {a member of the Src
family kinases) [Oda et al,, 1999], M7 (which is involved in DNA
replication) {Kuhne and Banks, 1998], trihydrophobin 1 {Yang etal.,
2007), and AIB1 {a steroid receptor coactivator) [Mani et al,, 2006}

Some patients with Angelman syndrome, a severe neurological
disorder linked to E6AP, have mutations within the catalytic cleft
that have heen shown to reduce E6AP ubiquitin ligase activity
[Kishino et al.,, 1997; Cooper et al, 2004]. Despite the significant
progress in the study of Angelman syndrome-associated E6AP
mutations, none of the identified EGAP substrates have been directly
linked to the disorder. The physiological functions of EGAP are
poorly undersiood at present.

in an attempt to identify novel substrates of E6AP, we identified
annexin Al {ormerdy known as lipocortin 1) as an E6AP-binding
protein. Annexin Al is a 37-kDa member of the annexin
superfamily of Ca®* and phospholipid-binding proteins {Lim and
Pervaiz, 2007]. Annexin Al is involved in the inhibition of cell
proliferation, anti-inflammatory effects, and the regulation of cell
differentiation. In addition, anpexin Al is involved in the regulation

of cell death signaling, phagocytosis of apoptosis, and the process of

carcinogenesis [Buckingham et al., 2006; Lim and Pervaiz, 2007}
Aunnexin A1 is phosphorylated by various kinases such as tyrosine
kinase, pp60c-src [Varticovski et al, 1988], protein kinase
C {Qudinet et al, 1993], epidermal growth factor receptor protein
kinase [Haigler et al., 1987], and hepatocyte growth factor receptor
kinase [Skouteris and Schroder, 1996].

In this study, we have examined the possibility that the sability
of annexin A1 is regulated through EGAP-dependent ubiquitylation.
Our study revealed that E6AP mediates ubiquitin-dependent
degradation of annexin Al in a Ca’**-dependent manner. Our
results raise the possibility that E6AP may have a role in controlling
the diverse functions of annexin Al

CELL CULTURE AND TRANSFECTION

Human embryonic kidney (HEK} 293T cells, and human cervical
carcinoma €33-A cells were cultured in Dulbecco's modified Eagle's
medium {DMEM) {Sigma, St. Louis, MO) supplemented with 50 1U/ml
penicillin, 50 pgfml streptomycin {fnvitrogen, Carlsbad, CA), and
10% {v/v} fetal bovine serum {FBS) {JRH Biosciences, Lenexa, KS) at
37°C in a 5% €0, incubator. HEK 2937 cells and 33-A cells were
transfected with plasmid DNA using FuGene 6 transfection reagents
{Roche, Mannheim, Germany). The Spodopiera frugiperda (SD 9 cells
were cultured in TC100 [JRH Biosciences) supplemented with 10%
{v/v) FBS and 100 pg/ml kanamycin at 26°C in an incubator. The

Trichoplusia ni (In) 5 cells were cultured in Ex-Cell 405 (JRH
Biosciences) at 267C in 4n incubator.

PLASMIDS AND RECOMBINANT BACULOVIRUSES

To express annexin Al as a FLAG-tagged fusion protein in
mammalian cells, annexin Al fragment was amplificd from pKK-
tre-lipo-155 (a kind gift from Dr. Browning, Biogen) by polymerase
chain reaction (PCR) using two oligonucleotides, 5'-TATCCCGG-
GAACCACCATGGCAATGGTATCAGAATTCC-3' and 5'-TATGCGG-
CCGCTTACTTATCGTCGTCATCCTIGTAATCGTITCCTCCACAAAG-
AGCC-3'. The FLAG-tag sequence was fused to the C-ferminus of the
annexin Al gene in frame, The amplified PCR fragment was digested
with Smal and Notl, purified, and subcloned into pCAGGS [Niwa
et al, 1991), resulting in pCAG-annexin A1-FLAG. To express
E6AP and the active-site cysteine-to-alanine mutant of E6AP in
mammatian cells, pCAG-HA-EGAP isoform 1 and pCAG-HA-LE6AP
C-A were used [Shirakura et al., 2007). The C-A mutation was
iniroduced at the site of E6AP (8473 [Kao et al., 2000]. To express
Nedda, pCAG-HA-Nedd4 was constructed. To make a fusion protein
consisting of glutathione S-transferase {GST) fused 10 the
N-terminus of E6AP in Escherichia coli (E. coli), pGEX-EGAP was
used [Shirakura et al., 2007]. Recombinant baculoviruses expressing
GST-EGAP were described previously [Shirakura et al,, 20071, To
express hexahistidine (His)-tagged annexin Al in E. coli, annexin
At fragment was amplified from pKK-tre-lipo-155 by PCR using
two oligonucleotides, 5'-TATCCCGGGAACCACCATGGCAATGG-
TATCAGAATTCC-3' and 5-ATAGCGGCCGCGTTTCCTCCACAAA-
GAGCC-F. The PCR fragment was purified and digested with
Smal and Notl, pET2 1b was digested with Ndel, blunt ended with a
DNA blunting kit {Takara, Japan), and digested with Neotl. Then, the
PCR fragment of annexin Al was ligated into the pET21b fragment,
resulting in pET2 th-annexin AL To map the E6AP-binding site on
annexin Al protein, a series of expression plasmids for GST-annexin
Al fusion proteins were constructed by amplifying annexin A1 gene
fragments with PCR using sense primers containing Smal site and
antisense primers containing a Nod site. The amplified PCR
fragments were subcloned into pGEM T-Easy (Promega, Madison,
WD and verified by sequencing. Then, the annexin Al gene
fragments were digested with Smal and Nofl and ligated into the
Smal-Notl site of pGEX 4T-1 (GE Healtheare, Uppsala, Sweden). The
annexin A1 {1-41) gene fragment was amplified from pET21b-
annexin Al by PCR using two oligonucleotides, 5 -TATCCCGG-
GAACCACCATGGCAATGGTATCAGAATTCC-3 and 5 -ATATAGC-
GGCCGCTTAGGTAGGATAGGGGCTCACCGCT-3. The PCR primers
used to amplify the annexin Al fragments were as follows:

Annexin Al {(42-346): 5-TATCCCGGGAACCACCATGTICAAT-
CCATCCTCGGATGTCG-3 and 5 -ATATAGCGGCCGCTTAGTTT-
CCTCCACAAAGAGCC-3.,

Annexin Al {42-113): 5 -AAACCCGGGTATGTICAATCCATCCT-
CGGATGTCG-3' and 9-TTTGCGGCCGCTTATTITAGCAGAGC-
TAAAACAAC-3.

Annexin Al {114-195): 5-AAACCCGGGTATGACTCCAGCG-
CAATTTGATGC-3' and 5 -TTTGCGGCCGCTTAATICACACCAA-
AGTCCTCAG-3.
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Annexin Al {196-274): 5 -AAACCCGGGTATGGAAGACTTGG-
CTGATICAG-T and 5-TTTGCGGCCGCTTAGCTTGTGGCGCAC-
TICACG-3'.

Annexin A1 {275-346): 5'-AAACCCGGGTATGAAACCAGCTTT-
CTTTGCAGAG-3" and 5'-ATATAGCGGCCGCTTAGTITCCTCCA-
CAAAGAGCC-Y.

Annexin Al {42-195): 5-AAACCCGGGTATGTTCAATCCATCC-
TCGGATGTCG-3" and 5 -TTTGCGGCCGCTTAATTCACACCAAA-
GTCCTCAG-Y.

Annexin Al (114-274): 5"-AAACCCGGGTATGACTCCAGCGCA-
ATTTGATGC-3 and 5 -TTTGCGGCCGCTTAGCTTGTGGCGCAC-
TICACG-Y.

Annexin Al {196-346): 5'-AAACCCGGGTATGGAAGACITGG-
CTGATTCAG-Y and 5 -ATATAGCGGCCGCTTAGTITCCTCCAC-
AAAGAGCC-3.

The sequences of the inserts were extensively verified using an
ABI PRISM 3100-Avant Genetic Analyzer {Applied Biosystems,
Foster City, CA), To express GST, GST-E6AP, and MEF-EGAP in the
baculovirus expression system, recombinant baculoviruses were
recovered using a BaculoGold transfection kit {Pharmingen, San
Diego, CA} as described previously [Shirakura et al., 2007,

ANTIBODIES

The mouse monocional antibodies {MAbs} used in this study were
anti-HA MAb {(12CA5) {Roche), anti-HA 16B12 MAb {HA.1L;
BabCO), anii-Annexin { MAb {BD Biosciences, San Jose, CA), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAL (Che-
micon, Temecula, CA), anti-GST MAb {Santa Cruz Biotechnology,
Santa Cruz, CA), anti-ubiguitin MADb {Chemicon), anti-E6AP MAb
(E6AP-330) (Sigma), and anti-B-actin MAb (Ab-1} {Calbiochem, San
Diego, CA). The polyclonal antibodies (PAbs) used in this study were
anti-HA rabbit PAb {Y-11; Santa Cruz Biotechnology), anti-FLAG
rabbit PAb (F7425; Sigma), anti-E6AP rabbit PAb (H-182; Santa
Cruz  Biotechnology), and anti-GST goat PAb  {Amersham
Bioscience, Buckinghamshire, UK},

IDENTIFICATION OF EGAP-BINDING PROTEINS WITH MALDI-TOF
MASS SPECTROMETRY

To screen for potential EGAP-binding proteins, GST pull-down
assays were performed using GST-E6AP and ten 225 em”-flasks
{Corning, New York, NY) of confluent C-33A cells as the source of
protein. The cells were lysed in 15 ml of the cell lysis buffer (100 mM
Tris-HCl, pH 7.4, 100 mM NaCl, 05% Triton X-100 [ICE
Biomedicals, Aurora, OH], Complete protease inhibitor cocktail
{Roche}). The samples were incubated at 4°C for | h, and centrifuged
at 13,000 for 30 min. The supernatants were collected and pre-
cleared with 250 pl of 50% slurry glutathione-Sepharose 4B beads
{Amersham Bioscience) to remove proteins that can nonspecifically
bind to glutathione-Sepharose 4B beads. The supematants were then
pre-cleared with 250 pg of GST immobilized on glutathione-
Sepharose 4B beads to remove proteins which can bind to GST.
Then, the supemnatant was collected, mixed with 250 pyg of GST-
E6AP or GST immobilized on glutathione-Sepharose 48 beads, and
incubated for 1 h at 4°C. The beads were collected and washed with
the cell lysis buffer three imes. To remove the bound proteins from

GST-E6AP, the hound proteins were released with the releasing
buffer (10 mM Tris-HCL pH 7.4, 150 mM NaCl, 1% sodium
deoxycholate, 0. 1% sodium dodecyl sulfate [SDS], 196 Triton X~100)
five times, The released proteins were mixed with 200 (wiv)
trichloroacetic acid {TCA) and incubated at 4°C for 30 min.
After centrifugation, the TCA-precipitated samples were washed
with ice-cold acetone four times, dried, and lysed in SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer.
The samples were separated by 7.5% SDS-PAGE and stained with
Coomassie brilliant blue (CBB). The specific protein bands were
excised from the gel and subjected to in-gel trypsin digestion. The
tryptic peptide mixtures were analyzed by MALDI-TOF/MS analysis
{Kaji et al, 2000]. Prior to MALDI-TOF/MS analysis, the peptide
mixtures were desalted using C18 Zip Tips {Millipore, Bedford, MA)
according to the manufacturer's instructions, The peptide data were
collected in the reflection mode and with positive polarity, using a
saturated solution of «-cyano-4-hydroxycinnamic acid (Sigma) in
50% acetonitrile (PE Biosystems, Foster City, CA) and 0.1%
trifluoroacetic acid as the matrix. Spectra were obtained using a
Voyger DE-STR MALDI-TOF mass spectrometer (PE Biosysters).
The database-fitting program MS-Fit at the website (hiipy//

Jpslludwig.eduaufucsthtml.4/msfithtnm) of the University of

California, San Francisco was used {o interpret the MS spectra of
the protein digesis.

EXPRESSION AND PURIFICATION OF RECOMBINANT PROTEINS

E. coli BL21 (DE3) cells were transformed with plasmids expressing
GST fusion protein or His-tagged protein and grown at 37°C.
Expression of the fusion protein was induced by 1 mM isopropyl-B-
p-thiogalactopyraneside at 257C for 4 h. Bacteria were harvested,
suspended in lysis buffer {phosphate-buffered saline [PBS] contain-
ing 1% Triton X-100, Complete protease inhibitor cockiail, EDTA
free [Rochel]), and sonicated on ice,

Hi5 cells were infected with the recombinant baculoviruses
to produce GST-E6AP or GST. GST-E6AP and GST-fusion
proteins were purified on glutathione-Sepharose beads (Amersham
Bioscience) according to the manufacturer's protocols. His-tagged
proteins were purified on Ni-NTA beads (Qiagen, Hilden, Germany)
according to the manufacturer’s protocels. MEF-EGAP and MEF-
EGAP C-A {Shirakura et al., 2007] were purified on anti-FLAG M2
agarose beads (Sigma) according to the manufacturer's protocols,

IMMUNOPRECIPITATION AND IMMUNOBLOT ANALYSIS

Cells were lysed in 1P buffer {100 mM Tris-HCl, 100 mM NaCl,
pH 7.4, 0.5% Triton X~100, 0.5 mM CaCl,, plus Complete protease
inhibitor cocktail, EDTA free) at 4°C for 15 min. Extracts were
clarified by centrifugation at 13,000¢ for 20 min, and soluble lysates
were pre-cleared with protein G Sepharose {GE Healiheare), The
samples were incubated with anti-FLAG M2 agarose (Sigma) and
rotated at 4°C for 5 h. The beads were washed five times with JP
buffer, and bound proteins were eluted with Laemmli sample buffer.
Samples were separated by 108 SDS-PAGE. Immunoblot anulysis
was performed essentially as described previously [Harris et al,,
1999]. The membrane was visualized with SuperSignal West Pico
Chemiluminescent Substrate {Pierce, Rockford, 1L},
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N VIVO UBIQUITYLATION ASSAY

iy vive ubiguitylation assays were performed essentially as
deseribed previously [Shirakuras et al., 2007). Where indicated, cells
were treated with 25 wM MG 132 (Calbiocheny) or with dimethyl-
sulfoxide {DMSQO; vontrol) for 30 min prior to collection. FLAG-
anmexin Al was immunoprecipitated  with anti-FLAG MAb,
Immunoprecipitates were analyzed by immunoblotiing, using either
anti-HA PADL or anti-annexin Al MAD to detect ubiquitylated
annexin Al

IN VITRO UBIQUITYLATION ASSAY

In vitro ubiguitylation assays were performed essentially  as
deseribed  previously [Shirakura et al, 2007]. For in vitro
ubiquitylation of annexin A), purified GST-annexin Al was used
as a substrate. Purified GST was used as a negative control. Assays
were done in 40-pl volumes containing 20 mM Tris-HCL, pH 7.6,
50 mM NaCl 5 mM ATP, 8 pg of bovine ubiguitin (Sigma), 0.1 mM
DTT, 200 ng of mouse E1, 200 ng of E2 {UhcH7), and 0.5 pg of MEF-
EBAP, in the presence or absence of CaCly as indicated. The reaction
mixtures were incubated at 37°C for 120 min followed by
immunoblotting.

SIRNA TRANSFECTION

HEK 2937 cells (3 = 107 cells in a 6-well plate} were transfected with
40 pmol of cither E6AP-specific small interfering RNA [sIRNA;
Sigma), or scramble negative-control siRNA duplexes {Sigma) using
HiPerFect transfection reagent {Qiagen) following the manufac-
turer’s instructions. The E6AP-siRNA target sequences were as
follows:

SIEBAP-1 [sense) 5 -GGGUCUACACCAGAUUGCUTT-3; scramble
negative control {(siCont-1) {sense) 5 -UUGCGGGUCUAAUCACC-
GATT-3 [Shirakura et al., 2007); EGAP-2 (sense). 5 -CAACUCCUG-
CUCUGAGAUATT-3'; and scramble negative control {siCont-2), 5'-
AGACCUACCCGAUUACUGUTT-3' [Kelley et al,, 2005].

ANNEXIN A1 PROTEIN AND EBAP-BINDING ASSAYS

To map the E6AP hinding site on annexin Al protein, GST pull-
doven assays were performed. A series of recombinant GST-annexin
Al proteins were expressed in E. coli and purified using glutathione-
Sepharese 4B heads. Equivalent amounts of purified proteins, as
estimated by CBB staining, were used for the binding assays. For
pull-down assays, purified MEF-E6AP was incubated with GST-
annexin Al proteins immobilized on glutathione-Sepharose 4B
beads in 1 wl of the binding buffer (50 mM Tris-HCl [pH 7.4},
150 mM NaCl, 1% Triton X-100, and 5 mM CaCl,) at 4°C for 4 h.
The beads were washed four times with binding buffer, and the pull-
down complexes were separated by SDS-PAGE on 10% poly-~
acrylamide gels and analyzed by immunoblotting with anti-FLAG
MAD.

CYCLOHEXIMIDE (CHX} HALF-LIFE EXPERIMENTS

To examine the half-life of annexin Al protein, transfected HEK
29T cells were treated with 50 pgfml CHX at 44 h post-transfection.
The cells at time-point zero were harvested immediately after
treatment with CHX. Subsequent time points were incubated in
medium containing CHX at 37°C for 3, 6, and 9 h as indicated.

CONFOCAL IMMUNOFLUDRESCENCE MICROSCOPY

Cells were transfected with pCAG-HA-E6AP C-A and pCAG annexin
AT-FLAG using TransIT-LT1 {Takara) according to the manufac-
turer's instructions. Transfected cells grown on collagen-coated
coverslips were washed with PBS, fixed with 4% paraformaldehyde
for 30 min at 4 C, and permeabilized with PBS containing 2% FCS
and 0.3% Triton X-100. Cells were incubated with anti-HA mouse
MAD and anti-FLAG rabbit PAb as primary antibodies, washed, and
incubated with Alexa Fluor 488 goat anmi-mouse IgG (Molecular
Probes, Eugene, OR) and Alexa 555 Fluor goat anti-rabbit 1gG
{Molecular Probes) as secondary antibodies. Then the cells were
washed with PBS, mounted on glass slides, and examined with
an LSMS510 laser scanning confocal microscope {Carl Zeiss,
Oberkochen, Germany).

IDENTIFICATION OF ANNEXIN A1 AS A BINDING PARTNER

FOR EGAP

To identify novel substrates for E6AP, we screened for EGAP-
binding proteins using pull-down experiments with GST-E6AP.
Whole cell lysates from (33-A cells were prepared as described
above and incubated with immobilized GST-E6AP or GST alone.
After the separation of bound proteins by $DS-PAGE, (BB staining
of the gels revealed at least 15 specific bands precipitating with the
GST-E6AP. The protein bands were excised from the gel and
subjected to in-gel trypsin digestion. The tryptic peptide mixtures
were analyzed by MALDE-TOF/MS as described above. Masses
obtained using MALDI-TOF were analyzed using the MS-Fit
program. This procedure identified seven individual proteins
{Fig. 1Aa-g), such as a heat shock protein and a translation
clongation facter. One of these bands, migrating at 37 kDa
{Fig. 1A,¢0), was identified as annexin Al based on six independent
MS spectra {Fig. 1B). To verify the interaction of annexin Al with
EGAP, we repeated the pull-down experiments by incubating
immobilized GST-EGAP with lysate from C-33A cells. Immunoblot
analysis confirmed the proteomic identification of annexin Al
{Fig. 1Q).

IN VIVO INTERACTION BETWEEN ANNEXIN A1 AND EGAP

To determine whether the interaction between annexin At and EGAP
could take place in vivo, annexin A1-FLAG expression plasmid was
introduced into HEK 2937 cells together with either HA-EGAP
expression plasmid or HA-Nedd4 {another HECT domain ubiguitin
ligasc) [Staub et al. 1996] expression plasmid. A catalytically
inactive form of EGAP in which the active site cysteine residue has
been substituted with alanine {C843A) was used to avoid potential
degradation of interacting proteins, Cells were lysed and annexin
A1-FLAG was immunoprecipitated with FLAG-beads. As shown in
Figure 2A, HA-EGAP but not HA-Nedd4 was co-immunoprecipi-
rated with annexin A1-FLAG, indicating that EGAP actually
interacts with annexin Al in the cells, We confirmed that the
active form of HA-EBAP was also colmmunoprecipitated with
annexin Al-FLAG (data not shown).
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lientification of annexin A1 as a binding partner for the EGAP, A: GST-EGAP on glutathione-Sepharose beads was incubated with whole-cell extract from C~33A cells.

Bound proteins were detected by SDS-PAGE and CBB staining, Molecular weight markers are indicated, as well as the position of pa7 {e), which fikely corresponds to annexin A1.
B: Peptide masses weve identified by MALDI-TOR/MS and corresponding amino acids of annexin Al {trypsin cleavage). Annexin A (accession no. 12664863) was identified
through MALDI-TOF/MS as a candidate protein interacting with GST-EGAP. The database-fitting program MS-Fit was used to interpret the MS spectra of the protein digests, Six
aut of 22 masses obtained through the MALDI-TOF analysis corresponded to the theoretical values for annexin A1 cleavage {upper panel, amine acids cosresponding Yo tryptic
fragments in brackets) and represented 18% of the proteing’ fragments (Jower panel, peptides in bold print). The molecular weight search score, MOWSE, was 3,94E + 03, C: The
identity of the band shawn in pancl A as annexin A1 was confirmed by Western blotting with anti-annexio AT mouse MAb,

To determine whether annexin Al and EGAP co-localize in the
cells, immunofluorescence microscopy analysis was performed in
two different cell lines, HEK 2937 cells and C-33A cells. The
immunofluorescence study showed that E6AP partially co-localized
with annexin Al in the cytoplasm of both types of cells {Fig. 2B).

To determine whether endogenous E6AP interacts with endo-
genous annexin Al in vivo, C-33A cells were lysed and subjected 1o
immunoprecipitation with anti-annexin Al antibody or anti-E6AP
antibody. Endogenous E6AP was co-immunoprecipitated with anti-
annexin At antibody, but not with control antibody (Fig. 2€, lefi
panel, upper lane). Moreover, endogenous annexin Al was co-
immunoprecipitated with anti-EGAP antibody, but net with conirol
antthody (Fig. 2C, right panel, Jower lanel. These results suggest
that endogenous E6AP can interact with endogenous annexin Al in
C-33A cells.

ESAP DECREASES STEADY-STATE LEVELS OF ANNEXIN A1 PROTEIN
To determine whether E6AP functions as an E3 ubiquitin Jigase
for the ubiquitylation of annexin Al, we assessed the effects

of E6AP on annexin Al protein in HEK 2937 cells. The annexin
AL-PLAG expression plasmid together with the plasmid for
HA-tagged wild-type EGAP, catalytically inactive mutant E6AP,
EBAP C-A, or Nedd4, was introduced into HEK 2037 cells, and the
levels of annexin AJ proteins were examined by immunoblotting.
The steady-state levels of annexin Al protein decreased with
an increase of the EGAP plasmids (Fig. 3A,B). However, neither EGAP
C-A nor Nedd4 decreased the steady-state levels of the annexin Al
profein, suggesting that E6AP enhances the degradation of annexin
Al protein.

ESAP ENHANCES THE DEGRADATION OF ANNEXIN A1 PROTEIN

To determine whether the E6AP-induced reduction of the annexin
Al protein is due to an increase in the raie of degradation of annexin
At protein, we examined the degradation of annexin At using the
protein synthesis inhibitor CHX. Annexin A1 together with wild-
type E6AP or inactive mutant EGAP C-A was expressed in HEK 2937
cells, Af 44 h after transfection, the cells were treated with either
50 pggfmi CHX alone or 50 pgf/ml CHX plus 250 M MG 132 1o inhibit
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fig. 2. Invivo interaction between annexin A1 and EBAP. A HEK 2937 cells were co~transfected with pCAG-annexin A1-FLAG together with pCAG-HA-EGAP C-A oy pCAG-
HA-Nedd4, The cell fysates were immunoprecipitated with FLAG beads and analyzed by immunoblotting with anti-HA PRb or anti-FLAG PAb, B: HEK 2937 cells snd C-33A cells
wire transfected with either HA-ESAP plasmid or annexin A1-FLAG plasmid, grown on coversiips, fixed, and processed for double-fabel immunafivorescence for HA-EBAR or
annexin AT-FLAG. All the samples were examined with an LSMS10 laser scanning confocal microscope (bar, 10 um). C C33A cells were lysed in the cell Iysis buffer, The cell
lysates were immunoprecipitated with anti-annesin A1 mouse MAB of control nosmal mouse 5B and analyzed with anti-EGAP mouse mAb or anti-annexio A1 mouse MAD a5
ingicated {left panet}. The ceft lysates were immunoprecipitated with anti-EBAP mouse mib or contral normal mouse 196 and analyzed with anti-EGAP mouse mAb oy anti-

annexin A1 mouse mAb as indicated {right panet).

proteasome function. Cells were collected at 0, 3, 6, and 9 h
foflowing the treatvent and analyzed by immunablotting {Fig. 4A).
Overexpression of E6AP resulted in rapid degradation of the
annexin Al protein, whereas the annexin AL prolein was stable in
the cells wansfected with inactive mutant L6AP C-A. Treatinent
of the cells with MG 132 inhibited the degradation of annexin Al
{Fig. 4A). These results sugpest that EBAP enhances proteasomal
degradation of annexin Al

KNOCKDOWN OF ENDOGENOUS ESAP BY SIRNA RESULTS IN
ACCUMULATION OF ENDOGENOUS ANNEXIN A1 PROTEIN

To determine whether or not BBAP is critical for the degradation
of endogenous annexing Al profein, the expression of E6AP
was knocked down by SiRNA and the expression of annexin

Al and EGAP was snalyzed by immunoblotting, We used two
different siEGAP duplexes, sIEGAP-1 and sIE6AP-2, o knockdown
the endogenous EGAP. Transfection of either siEGAP-1 or sIEGAP-2
into HEK 2937 cells resulted in a decrease in EBAP levels by 70-85%
(Fig. 4B, the first panel), indicating that both siRNAs against
EGATP resulted in a remarkable decrease in the protein level of
EGAP. Knockdown of endogenous EGAF resulted i an accumulation
of the endogenous annexin Al protein, but ne accumulation
of the endogenous annexin A2 protein {Fig. 4B, the second
and third panels), suggesting that the ubiquitylation and degrada-
fion of endogenous anpexin AV s specifically inhibited by
knockdown of endogenous EGAP in vivo, These resulis suggest
that endogenous EGAP plays a role in the proteolysis of endogenous
annexin Al
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Fig. 3. EBAP decreases steady-state fevels of annexin A1 protein in HEK 2937 cells. HEK 2837 cells {1 x 10% cells/10-cm dish) were transfected with 1 1.9 of pCAG annexin
A1-FLAG along with either pCAG-HA-EGAP, pCAG-HA-EBAP C-A, or pCAG-HA-Nedd4 as indicated. At 48 h post-transfection, protein extracts were separated by SDS~PAGE
and analyzed by immunoblotting with anti-HA PAb (top panel), anti-FLAG MAb {middie pancl), and anti-f-actin MAb {bottom panel). B: Quantitation of data shown in panel A,
Intensities of the gel bands were quantitated using the NIH Image 1,62 program, The level of fi-actin served as a loading contral, Circles, EGAP; squares, EBAP C-A; triangles,

Nedd4,

EGAP MEDIATES UBIQUITYLATION OF ANNEXIN A1 IN VIVD

To determine whether E6AP can induce ubiquityiation of annexin
Al in cells, we performed in vivo ubiquitylation assays. HEK 293T
vells were transfected with annexin AI-FLAG plasmid and
either E6AP or Nedd4 plasmid, together with a plasmid encoding
HA-fagged ubiquitin to facilitate the detection of ubiquitylated
annexin A protein. Cell lysates were immunoprecipitated with anti-
FLAG MAb and immunoblotied with amti-HA PAb 1o defect
ublquitylated annexin A protein, Only a faint wbigquitin signal was
detected in the cells co-transfected with empty plusmid or Nedd4
plasmid (Fig. 5A, lanes 4 and 6]. In contrast, co-expression of EGAP
led to readily detectable ubiquitylated forms of the annexin A1 as
a smear of higher-molecular-weight bands (Fig., 5A, lane 5).
Immunoblot analysis with anti-FLAG PAb confirmed that annexin
AL-FLAG proteins were immunoprecipitated and that higher-
melecular-weight bands conjugated with HA-ubiquitin were indeed
ubiquitylated forms of the annexin Al proteins (Fig. 58, lane 5}
These resuldts suggest that E6AP enhances ubiquitylation of annexin
Al in the cells.

EGAP MEDIATES UBIQUITYLATION OF ANNEXIN A1 IN VITRO
To reconstitute the E6AP-mediated ubiquitylation of annexin Al in
vitre, we performed an in vitro ubiquitylation assay of the annexin

Al using purificd MEF-E6AP and GST-annexin Al as described
abave. When the in vitro ubiquitylation reaction was carried out
either in the absence of MEF-EGAP or in the presence of MEF-EGAP
C-A, no ubiquitylation signal was detected (Fig. 5C, lanes 4 and 5).
However, inclusion of purified MEF-E6AP in the reaction mixture
resulted in ubiquitylation of GST-annexin A1 {Fig. 5C, lane 6), while
no ubiquitylation was observed in the absence of ATP (Fig. 5C, lane
7). No signal was detected when GST was used as a substrate {data
not shown). These resulis indicate that EGAP directly mediates
ubiquitylution of annexin A1 protein in an ATP-dependent manner,

CA?*-DEPENDENT INTERACTION BETWEEN

ANNEXIN A1 AND EGAP

We next assessed the effects of Ca®* on the interaction between
annexin Al and EGAP. We performed the pull-down experiments by
incubating immabilized GST-E6AP or GST alone with purified His-
tagged annexin Al in the presence or absence of | mM CaCl,. After
precipitation and SDS~-PAGE, the bound annexin Al was detected
by immunoblotting with anti-annexin Al antibedy. GST-E6AP, but
not GST, was able 10 precipitate annexin A1 only in the presence
of Ca™ (Fig. BA, lane 4). These interactions were dependent on the
concentration of Ca®*, as increasing concentrations ofCa®? resulted
in an increase of binding of annexin AJ te E6AP (Fig. 6B). These
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fig. 4, E6AP-dependent degradation of annexin A1 peotein, AvHEK 2837 eells {1 x 10° cefisf 10-cm dish) were transfected with 1 jug of pCAG-annexin A1-FLAG plus 4 pg of
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respective lanes. Dats are representative of three independent experimenatal determinations.

results indicate that EGAP binds annexin Al in a Ca”* -dependent
manner.

UBIQUITYLATION OF ANNEXIN A1 BY EGAP iS CA**-DEPENDENT

‘The HECT-type ubiquitin ligases transfer ubiguitin molecules to the
substrates through direct interaction. Therefore, the E6AP-annexin
Al interaction is considered 1o be necessary for E6AP-mediated
annexin Al uobiguitylation. To derermine if the moelecular
interaction is required for E6AP-medinted annexin Al ubiquityla-
tion, we performed in vitro ubiquitylation assay in the presence or
absence of 1 mM CaCl,. When in vitro ubiguitylation reaction was
carried out in the presence of Ca®*, the higher-molecular-weight
species of GST-annexin Al were detected with anti-GST PAb
{Fig. 6C, lane 2}, indicating that annexin Al is polyubiquitylated by
E6AP in vitro, However, no ubiquitylation signal was detected when
the ubiquitylation reaction was carried out in the absence of Ca*?
{Fig. 6C, fane 1), indicating that the E6AP-annexin Al interaction is
required for E6AP-mediated annexin A1 ubiquitylation,

To further investigate whether the ubiquitylation of annexin Al is
dependent on the presence of Ca”", we examined the effects of EGTA
on the EGAP-mediated ubiguitylation of annexin AL Polyubiquitin
chains were synthesized even in the presence of a high concentra-
tion of EGTA {Fig. 6D), indicating that EGAP was active even in the

presence of EGTA, However, increasing amounts of EGTA resulted in
decreases in the ubiquitylation of annexin Al {Fig. 6F), suggesting
that chelating the Ca®* in the reaction mixture with EGTA inhibits
the ubiquitylation of annexin A1, These findings suggest that the
ubiguitylation of anmexin A1 by E6AP is dependent on the presence
of Ca?*,

EGAP-BINDING DOMAIN FOR ANNEXIN A1 PROTEIN

To map the E6AP-binding domain on annexin A1 protein, GST puli-
down assays were performed using a panel of annexin Al deletion
mutants expressed as GST-fusion proteins. Figure 7A shows a
schematic representation of annexin At and known wotifs in
annexin Al A series of deletion mutants of annexin Al as GST
fusion proteins {Fig. 7A) were expressed in E. coli. Purified MEF-
EGAF was used to determine E6AP-binding domain. G5T pull-down
assays revealed that the core domain of annexin Al {42-346), but
nat the N-terminal tail of apnexin A1 {(1-41), bound to LE6AP
{Fig. 78, lanes 4 and 3). GST pull-down assays also showed that
annexin Al {114-274) and annexin A1 {196-346), but not annexin
Al {42-195), were able to bind to E6AP (Fig. 7B, lanes 5-7). As
shown in Fig. 7C, GST-annexin A1{196-274) bound to E6AP. These
findings suggest that annexin repeat domain I is important for
EBAP binding.
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