384  TSUTSUMI ET AL.

leads to ROS accumulation. In addition, MnSOD, which
plays a key role in protecting cells from oxidative damage,
was up-regulated in core-expressing cells, reflecting ROS
increase in the cells. Several protein chaperons such as
HSP70 and GrpE-like protein co-chaperon were also
identified as up-regulated proteins. Because these proteins
are known to be important in the mitochondrial protein-
import mechanisms, the modulated expression of these
proteins may be associated with the different expressions
of the identified mitochondrial proteins.

Prohibitin, a mitochondrial protein chaperon, was
identified as an up-regulated protein in core-expressing
cells. Prohibitin is a ubiquitously expressed and highly
conserved protein that was originally determined to play a
predominant role in inhibiting cell-cycle progression and
cellular proliferation by attenuating DNA synthesis.?>%°
Prohibitin is present in the nucleus and interacts with
transcription factors that are important in cell cycle pro-
gression. In core-expressing cells used in chis study, pro-
hibitin was also detected in the nucleus and its expression
level was also higher than that in control Hepswx cells or
HepG2 cells (data not shown). The growth rate of core-
expressing cells, however, was similar to: that of control
cells (data not shown). The physiological significance of
the high expression level of prohibitin in the nucleus re-
mains to be determined, but it may be related to enhanced
apoptosis by Fas ligand, as shown by Ruggieri et al.,'®
because prohibitin interacts with E2F, Rb, and p53 and
modulates the transcription activity of these factors and
induces apoprosis. 2627

Mitochondrial prohibitin acts as a protein chaperon by
stabilizing newly synthesized mitochondrial translation
products through direct interaction.2! We examined the
interaction between prohibitin and mitochondrially en-
coded subunit IT of COX and found a suppressed inter-
action between these proteins in core-expressing cells. In
addition; there are several studies that showed the associ-
ation of prohibitin with the assembly of mitochondrial
respiratory complex I as well as complex IV (COX) 2128
Complex I also consists of both nuclear- and mitochon-
drial-DNA-encoded subunics; therefore, it is probable
that the assembly and function of complex I are impaired
by the core protein. We attempted to examine the inter-
action of prohibitin with the mitochondrial DNA-en-
coded subunit of complex I, but commercially available
antibodies against this subunit could not detect the pro-
tein itsell by immunoblotting (data not shown). With
respect to the complex I function, we found a decreased
complex [ activity in core-expressing cells (H. Miyoshi et
al., manuscript in preparation). Other groups have also
shown that complex I activity is decreased in the liver of
transgenic mice harboring HCV core and envelope genes®
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as well as in cultured cells.”® From these findings, the
interaction berween prohibitin and the core protein may
impair the function of complex I as well as complex IV,
leading to an increase in ROS production. In fact, the
suppression of the prohibitin function is shown to result
in an increased production of ROS,*" a phenomenon ob-
served in core-expressing cells used in this study (Miyoshi
et al., in prep.) as well as in the liver of core-gene trans-
genic mice.”® Interestingly, Berger and Yaffe3! showed
that loss of function of prohibitin leads to an altered mi-
tochondrial morphology, that is, the loss of the normal
reticular morphology and organized mitochondrial distri-
bution. In hepatocytes from the core-gene transgenic
mice, we observed a change in morphology of mitochon-
dria, a disappearance of the double structure of mitochon-
drial membranes.2 These changes in mitochondrial
morphology are somewhat different, but the dysfunction
of prohibitin may be responsible for the morphological
abnormality of mitochondria observed in the core-gene
transgenic mice.

We concluded that prohibitin overexpression is due to
increased stability induced by the interaction with the
core protein. In this study we showed that prohibitin
might be degraded by proteasome, although we could not
detect ubiquitinated forms of prohibitin. If the degrada-
tion is mediated by ubiquitin as reported,?? it is possible
that the interaction with the core protein interferes with
ubiquitin-binding and protects prohibitin from degrada-
tion by proteasome. Some posttranslational protein mod-
ifications such as phosphorylation are other possible
factors for the stabilization, because prohibitin can be
serine-phosphorylated?®?; however, in our examination no
serine/threonine/tyrosine phosphorylation of prohibitin
was detected in core-expressing cells (data not shown).
Thus far, there are no studies showing that prohibitin
stabilization leads to a supptessed function as a mitochon-
drial chaperon. Therefore, this finding is novel and note-
worthy because the prohibitin expression level has been
considered to be proportional to the chaperon function.
Prohibitin is highly expressed in several human tu-
mors.3334 In addition, a 2D-PAGE of the hepatoma cell
line HCC-M identified prohibitin as a positively regu-
lated protein3> In these studies, the mechanism of
prohibitin overexpression was not elucidated, but consid-
ering that prohibitin is associated with the inhibition of
cell proliferation, the function of prohibitin is suppressed
by stabilization by some molecules in the tumor, similar
to the mechanism we suggest in the current study.

In addition to HepG2 cells constitutively expressing
the core protein, increased prohibitin expression levels
were also found in livers of core-gene transgenic mice.
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The difference in expression levels between the transgenic
mice and nontransgenic littermates, however, was a litte
bit smaller than that in the studies of HepG2 cells. This
may be due to the low expression level of the core protein
in the transgenic mice compared with that in core-ex-
pressing HepG2 cells because the expression level of pro-
hibitin was proportionally increased to that of the core
protein as shown in this study (Fig. 2D). Otherwise, there
might be some 7 vivo mechanism for suppressing prohib-
itin expression in mice.

In this study, COX subunit IV as well as IT were found
to interact with prohibitin (Fig. 5A). Although there are
no studies demonstrating that prohibitin also works as
chaperon for nuclear DNA-encoded mitochondrial pro-
teins as far as we investigated, knockdown of prohibitin
expression by siRNA led to decreases in expression levels
of both nuclear (COX 1V, VIb) and mitochondrial (COX
I, II) DNA-encoded subunits in mitochondria (Fig. 5B
and Supporting Figs. 1 and 2). We showed that COX IV
interacts with prohibitin (Fig. 4), suggesting that prohib-
itin also works for stable expression of nuclear DNA-
encoded COX IV. Degrees of decrease in COX IV and
VIb expression, however, were smaller than those in [ and
1I. Prohibitin might contribute to stabilization of COX
IV and VIb by mechanism(s) other than chaperon func-
ton. Steglich et al.?¢ showed that prohibitin regulates
protein degradation by the m-AAA protease in mitochon-
dria. Recently, Da Cruz et al.3” showed that SLP-2, a
member of the stomatin gene family, interacts with pro-
hibitin and regulates the expression of mitochondrial pro-
teins such as COX IV and NDG6 of complex I encoded by
nuclear DNA by AAA proteases. In view of these findings,
COX 1V and VIb expression in mitochondria is depen-
dent on prohibitin but other factors may also be involved
in the attainment of stable expression of these subunits.
The expression levels of COX II and IV in the whole-cell
lysates were not so drastic among cell samples (Fig. 5A)
compared to those in the mitochondria (Fig. 5B). The
reason is not clear, but it is possible that redundant pro-
teins such as improperly folded proteins by lack of chap-
erons were included in the whole-cell lysates.

In summary, we analyzed mitochondrial proteins in
core-expressing HepG2 cells by proteomics analysis and
identified prohibitin as an up-regulated protein. The dys-
function of prohibitin induced by the core protein may
lead to ROS overproduction in the mitochondrion,
which plays a key role in the pathogenesis of chronic
hepatitis C. The restoration of prohibitin function might
be a therapeutic option for correcting the dysregulated
assembly and dysfunction of mitochondrial respiratory
chain complexes.
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Cochaperone Activity of Human Butyrate-Induced Transcript 1

Facilitates Hepatitis C Virus Replication through an
Hsp90-Dependent Pathway”
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Hepatitis C virus (HCV) nonstructural protein SA (NS5A) is a component of the replication complex
consisting of several host and viral proteins. We have previously reported that human butyrate-induced
transcript 1 (hB-ind1) recruits heat shock protein 90 (Hsp90) and FKS06-binding protein 8 (FKBP8) to the
replication complex through interaction with NS5A. To gain more insights into the biological functions of
hB-indl in HCV replication, we assessed the potential cochaperone-like activity of hB-indl, because it has
significant homology with cochaperone p23, which regulates Hsp90 chaperone activity, The chimeric p23 in
which the cochaperone domain was replaced with the p23-like domain of hB-ind1 exhibited cochaperone activity
comparable to that of the authentic p23, inhibiting the glucocorticoid receptor signaling in an Hsp90-dependent
manner. Conversely, the chimeric hB-ind1 in which the p23-like domain was replaced with the cochaperone
domain of p23 resulted in the same level of recovery of HCV propagation as seen in the authentic hB-ind1 in
cells with knockdown of the endogenous hB-ind1. Immunofluorescence analyses revealed that hB-ind1 was
colocalized with NS5A, FKBPS, and double-stranded RNA in the HCV replicon cells. HCV replicon cells
exhibited a more potent unfolded-protein response (UPR) than the parental and the cured cells upon treatment
with an inhibitor for Hsp90. These results suggest that an Hsp90-dependent chaperone pathway incorporating
hB-ind1 is invelved in protein folding in the membranous web for the circamvention of the UPR and that it

facilitates HCV replication.

Hepatitis C virus (HCV) is the major causative agent of
non-A, non-B hepatitis in. humans and infects approximately
170 million people worldwide (64). HCV belongs to the genus
Hepacivirus of the family Flaviviridae and is classified into six
major genotypes (39). The virus forms small, round, enveloped
particles and possesses a genome consisting of a single posi-
tive-stranded RNA with a nucleotide length of 9.6 kb. The viral
genome encodes a single precursor polyprotein consisting of
approximately 3,000 amino acids, which in turn is posttransla-
tionally processed into 10 viral proteins by host and viral pro-
teases. The structural proteins are cleaved from the N-terminal
one-fourth of the polyprotein by the host signal peptidase and
signal peptide peptidase (36, 43, 44), resulting in the matura-
tion of capsid protein, two envelope proteins, and viroporin
p7. The nonstructural protein 2 (NS2) protease cleaves its
own carboxyl terminus, and then NS3 cleaves the appropri-
ate downstream positions to produce NS3, NS4A, NS4B,
NS5A, and NS5B (24, 60), which form the replication complex,
together with several host proteins (14, 35).

NSS5A is a membrane-anchored zinc-binding phosphopro-
tein that appears to possess diverse functions, including the
suppression of host defense and the regulation of virus repli-
cation (1, 15, 58), but its biological function remains unclear.
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Several groups, including ours, have suggested that the molec-
ular chaperone, heat shock protein 90 (Hsp90), and several
cochaperones participate.in the replication complex of HCV
through interaction with NS5A or other NS proteins (45, 56,
65). Hsp90 is the highly conserved and ubiquitously expressed
protein that acts as a key regulator for the turnover and the
activities of more than 200 signaling proteins, including steroid
receptors and cell-signaling kinases (66). The chaperone activ-
ity of Hsp90 contributes to the refolding of an unfolded protein
in an ATP-dependent manner, and the execution of Hsp90-
dependent protein folding requires. the formation of a multi-
chaperone complex.containing other chaperones (e.g., Hsp70,
Hspl04, and Hsp40) and cochaperones (e.g., p23; Hop, and
immunophilins) (4, 18, 48). Geldanamycin or its derivatives,
which are represented as specific inhibitors of Hsp90, can de-
stabilize and then degrade client proteins (41, 55).

The host chaperone mechanism is involved in the folding of
viral polymerase to support viral replication (6, 27). Moreover,
host chaperones have been reported to play roles in the as-
sembly of viral particles and the sorting of virus proteins (9, 32,
38). We have previously reported that Hsp90 chaperone activ-
ities and chaperone-associated proteins are required for the
efficient propagation of HCV (45, 56) and that human bu-
tyrate-induced transcript-1 (hB-ind1) is involved in the prop-
agation of HCV through interactions with NS5A and Hsp90
via the coiled-coil domain and the FXXW motif, respectively
(56). hB-ind1 was first reported to be a multiple-membrane-
spanning protein consisting of 362 amino acids that possesses
asignificant homology with a cochaperones, p23, that regulates
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Hsp90 function by its cochaperone activity (11). However, the
roles of hB-ind1 in the life cycle of HCV have not been precisely
clarified. In this study, we investigated the role of the Hsp90-
related chaperone system, including hB-ind1, in the regulation of
the RNA replication and particle production of HCV.

MATERIALS AND METHODS

Plasmids, The plasmids encoding hB-ind1, NSSA, Hsp90, and FK506-binding
protein 8 (FKBPS) were prepared by methods described previously (45, 56).
The DNA fragments encoding hB-ind1 mutants were prepared by PCR with the
introduction of a silent mutation that is resistant to the short hairpin RNA in the
hB-ind1 knockdown cells, as described previously (56). The human p23 gene and
glucosc-regulated protein 78 (GRP78) promoter region (—151 to +22) were
amplified by PCR [rom the total cDNA and genomic DNA of Huh7 cells,
respectively. The DNA fragments encoding mutants of hB-ind1 and p23 were
prepared by the method of splicing by overlap extension (26) and introduced into
pEF FLAGGs pGKpuro (28). The GRP78 promoter region was introduced
between the Kpnl and Hind111 sites of pGL3-busic (Promega, Madison, WI) and
designated pGRP78-luc. The reporter plasmid carrying a firefly luciferase gene
under the control of the GR promoter (pGR-luc) was purchased from Panomics
(Fremont, CA). The internal-control plasmid cncoding a Renilla luciferase
(pRL-TK) was purchased from Promcga, The plasmid pFK-Iyg nco/NS83-3'/
NKS5.1 (47) was kindly provided by R. Bartenschlager. The plasmids used in this
study were confirmed by sequencing them with an ABI Prism. 3130 genetic
analyzer (Applicd Biosystems, Tokyo, Japan).

Cells and virus infection, All cell lines were cultured at 37°C under a humidi-
fied atmosphere and 5% CO,. The human embryonic kidney 293T and hepato-
cellular carcinoma Huh7 cell’ lines were maintained in Dulbecco’s modified
Eagle’s mediim (DMEM) (Sigma, St. Louis, MO) supplemented with 100 U/mi
penicillin, 100 g/mi streptomycin, and 10% fetal calf serum (FCS). The human
hepatocellular carcinoma cell line Huh7.5.1 was kindly provided by F. Chisari
(70) and was maintaincd in DMEM containing noncssential amino acids,. 100
U/ml penicillin, 100 pg/ml streptomycin, and 10% FCS, The Huh9-13 cell line,
which is a Huh7 cell linc harboring a subgenomic HCV RNA replicon (35), was
maintained in DMEM containing 10% FCS, noncssential amino acids, and 1
mg/ml G418 (Nukalai Tesque, Kyoto, Japan). The hB-ind1 knockdown ccll line
Huh-KD and control celt line Huh-ctrl were deseribed previously (56). Huh-KD
cells were transfected with each of thie expression plasmids encoding wild-type or
mutant hB-ind! and cultured for 1 week in the prescice of 10 jrg/ml of puro-
mycin, The remaining cells were used for the experiments described below. The
viral RNA of JFH1 was introduccd into Huh7.5.1 cells according to the method
of Wakita et al, (62) for preparation of the infectious HCV particles in ‘cell
culture.

Autibiodics: Thie rabbit anti-hB-ind1 antibody was prepared as described pre-
viously (56). Mouse morioclonal antibodics to HCV. NS5A, influenza virus hem-
agglutinin. (HA): and FLAG tags, and B-actin were purchased- from - Austral
Biologicals (San Ramon, CA), Covance (Richmond, CA), and Sigma, respec-
tively. ‘Mouse anti-protein disulfide isomerase (PDI) immunoglobulin G2a
(IgG2a) ‘was from “Affinily Biorcagents (Golden, CO). Mouse anti-double-
strandéd RNA (dsRNA) T1gG2a (J1 and K2) antibodics were from Biocenter Lid,
(Szirak, Hungary). Alcxa Fluor, 488 (AF488)-conjugated -anti-mouse: IgG1,
AF647-conjugated anti-rabbit 1gG, and AF594-conjugated anti-mouse 18G2a
and IgG2b antibodics were from Invitrogen (San Dicgo, CA).

Transfection; i blotting, and i precipitation, Transfection and
immunoprecipitation analyses were carricd out as described previously (25, 45).
Immunoprecipitates boiled in loading buffer were subjected to 12.5% sodium
dodecyl sulfatc-polyacrylamide gel cleetrophoresis. The proteins were trans-
ferred to polyvinylidene diffuoride’ membranes (Millipore, Bedford, MA) and
were feacted with the sppropriate” antibodics. The' immunc complexes were
visualized: with Super Signal West Femto substrate (Pierce, Rockford, IL) and
detected by an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan). The
protein bands of GRP78 and B-actin were quantified by Multi Gauge software
(Fujifilm), and the values of GRP78 expression were normalized with those of
PBeuctin,

Quantitative reverse transcriptase PCR, HCV: RNA was estimated by the
method described previously (56). Total RNA was preparcd from cells by using
an RNcasy minikit (Qiagen, Tokyo, Japan), First-strand cDNA was synthesized
using an RNA LA PCR in vitro cloning kit (Takara Bio Inc., Shiga, Japan) and
random primers. Each ¢DNA was estimated with Platinum SYBR green gPCR
SuperMix UDG (Invitrogen) according to the manufacturer’s protocol, Fluores-
cent signals were analyzed with an ABI Prism 7000 (Applicd Biosystems), The
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internal ribosomal entry site regions of HCV and mRNAs of GAPDH (glycer-
aldchyde-3-phosphate dchydrogenase), GRP78, and growth arrest- and DNA
damage-inducible gene 153 (GADD153) were amplified using the primer pairs
5'-GAGTGTCGTGCAGCCTCCA-3' and 5'-CACTCGCAAGCACCCTATC
A-3', 5'-GAAGGTGAAGGTCGGAGTC-3' and 5'-GAAGGTGAAGGTCGG
AGTC-¥, 5'-CGCCAAGCGGCTCATC-3' and 5-AACCACCTTGAACGGC
AAGA-3', and 5'-AGCTGGAACCTGAGGAGAGA-3' and 5'-TGGATCAGT
CTGGAAAAGCA-3, respectively. The values of the HCV genome or each
mRNA were normalized with those of GAPDH mRNA. Each PCR product was
detected as a single band of the correct size on agarose gel clectrophoresis (data not
shown).

In vitro transcription and RNA transfection. The plasmid pFK-Isge nco/NS3-
3'/NKS5.1 was lincarized by treatment with Scal and then transcribed in vitro
using the MEGAscript T7 kit (Applicd Biosystems) according to the manufac-
turer's protocol. The in vitro-transeribed RNA was clectroporated into cclls at 4
million cells/0.4 mi under conditions of 270 V and 960 pF using a Gene Pulser
(Bio-Rad, Hercules, CA). The colony formation assay was carried out by a
method described previously (45).

Indirect immunofluorescence assay. Cells culturcd on glass slides were fixed
with 4% paraformaldchyde in phosphate-buffercd saline (PBS) at room temper-
ature for 30 min, After being washed twice with PBS, the cells were permeabil-
ized for 20 min at room temperature with PBS containing 0.25% saponin and
blocked with PBS containing 0.2% gelatin (gelatin-PBS) for 60 min at room
tempcrature. The cells were incubated with gelatin-PBS containing rabbit anti-
hB-ind1 antibody, mousc anti-NS5A IgG1, mousc anti-PDI IgG2a, mousc anti-
FKBP8 IgG2b, or mousc anti-dsRNA 1gG2a (J1 and K2) at 37°C for 60 min;
washed three times with PBS ‘containing 1% Tween 20; and incubated with
gelatin-PBS “containing ' AF488-conjugated anti-mouse 18G1 or AF647-conju-
gated anti-rabbit or AF594-conjugated anti-mousc 1gG2a or 1gG2b antibodies at
37°C for 60 min. Finally, the cells were washed three times with PBS containing
1% Tween. 20 and obscrved with a FluoView FV1000 laser scanning confocal
microscope (Olympus, Tokyo, Japan).

Correlative. FM-EM, Correlative fluorescence microscopy-electron micros-
copy (FM-EM) allows individual cells to be cxamined both in an overview with
FM and in a detailed subcellular-structure view with EM (51). The endogenous
hB-ind1 and NSSA were stained and obscrved in the HCV replicon cells by the
correlative FM-EM method as described previously (45).

Luciferase assay. Each plasmid was transfected into Huh7, Huh9-13, and
interferon (IFN)-curcd cells sceded in a 12-well plate, and the cells were treated
with 17 jtM-dexamethasone (Sigma) for 12 h or with 17-dimethylamino-cthyl-
amino-17-demethoxygeldanamycin (DMAG) (Sigma).for 6 h at 36 h posttrans-
fection and lysed in 200 pl of passive lysis buffer (Promega). Luciferase activity
was measured in 20-pl aliquots of the cell lysates using 2 Dual-Luciferase Re-
porter Assay System (Promega). Firefly luciferase activity was standardized with
thaat of Renilla Tuciferase cotransfected with the internal-control plasmid pRL-
TK: The resulting values were expressed as the increase in relative light units
(RLU).

Statistical analysis. Results were expressed as the mean  standard deviation.
The significance of diffcrences in the means was determined by Student's £ test,

RESULTS

The p23-like domain of hB-ind1 has cechaperone activity.
Although we had previously reported that hB-ind1 regulates
HCV"RNA replication through- interaction withn NS5A and
Hsp90; the molecular mechanisms underlying the regulation of
HCV replication remained to be clarified. To gain more in-
sights into the potential cochaperone activity of hB-ind1 in the
Hsp90 chaperone system, we- prepared expression plasmids
encoding a wild-type p23 and three p23 mutants—one in which
the FXXW motif was replaced with AXXA (p23AxxA), one in
which the cochaperone domain of p23 was replaced with the
p23-like domain of hB-ind1 (cp23), and one in which both
substitutions were made (cp23AxxA) (Fig. 1A). HA-tagged
Hsp90 was coexpressed with FLAG-tagged p23 or the FLAG-
tagged p23 mutants in 293T cells (Fig. 1B). Hsp90 was coim-
munoprecipitated with wild-type p23 and a cp23 mutant, but
not with the p23AxxA or cp23AxxA mutants, indicating that
the FXXW motif of hB-indl, as is the case with that of p23
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FIG. 1. Construction: " and - characterization - of p23 mutants,
(A) Structures of hB-ind1; p23, and the three p23 mutants. hB-ind1
consists of a p23-like domain, an FXXW motif, a coiled-coil domain
(CC), and a transmembrane domain (TM). p23 consists of a cochap-
erone domain, an FXXW motif, and a chaperone domain (CD). The
three p23 ‘mutants, p23AxxA, cp23, and cp23AxxA, were constructed
by replacing the FXXW motif with AXXA; the cochaperone domain of
p23 with: the .p23-like’ domain ‘of: hB-ind1, and both. of the regions,
respectively. (B) FLAG-tagged p23, p23AxxA, cp23; or cp23AxxA was
coexpressed with HA-tagged Hsp90 in 293T cells and immunoprecipi-
tated (IP) with anti-FLAG antibody. The immunoprecipitates were
subjected to immunoblotting (IB). (C) The expression plasmid encod-
ing FLAG-tagged p23, cp23, p23AxxA, or cp23AxxA was cotransfected
with pGR-luc and pRL-TK plasmids into 293T cells and treated with
1 mM dexamethasone [Dex(+)] at 36 h posttransfection or untreated
[Dex(-)], and the luciferase activities were determined at 12 h of
incubation. The firelly luciferase activity was normalized with that of
Renilla luciferase, and the GR-responsive promoter activity was indi-
cated as the RLU. The error bars indicate standard deviations. The
asterisks indicale significant differences (P < 0.01) versus the control
value. The data shown are representative of three independent exper-
iments.
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(67), is also involved in binding to Hsp90. Hsp90 participates in
the folding and stabilization of the ligand-binding domain of
the glucocorticoid receptor (GR), together with p23 and other
cofactors (49). p23 was shown to act not only in the activation
(30), but also in the inhibition, of GR signaling (67). To ex-
amine whether hB-ind1 has the ability to work as a cochaper-
one in an Hsp90-dependent manner, each of the plasmids
encoding p23 or the p23 mutants was cotransfected with a
reporter plasmid carrying a firefly luciferase gene under the
control of the GR promoter (pGR-luc), together with an in-
ternai-control plasmid (pRL-TK), and GR-mediated transcrip-
tional activity was determined at 12 h after treatment with
dexamethasone, a ligand of GR. Expression of the p23 or c¢p23
mutant, but not of the AXXA mutants, significantly inhibited
GR-mediated transcription (Fig. 1C). These results indicate
that the p23-like domain of hB-indl possesses cochaperone
activity comparable to that of p23.

The p23-like domain of hB-indl is interchangeable with
the p23 cochaperene domain during complex formation with
NS5A, Hsp90, and FKBPS. Previous reports have suggested
that HCV NSSA interacts with several host proteins, including
FBL2 (63), vesicle-associated membrane protein-associated
protein subtype A (VAP-A) (61), VAP-B (25), FKBP8 (45),
and hB-ind1 (56), and that these interactions participate in the
replication _of HCV. We have shown that hB-indl interacts
with NS5A and Hsp90 through the coiled-coil domain and the
FXXW. motif in the p23-like domain, respectively, and that
coexpression of FKBP8 enhances the interaction of Hsp90 with
hB-indl (56). To determine the effect of the mutation in the
p23-like domain of hB-ind1 on interaction with Hsp90, NS5A,
and FKBPS, we prepared an expression plasmid encoding wild-
type hB-indl and three hB-indl mutants, one in which the
p23-like domain was replaced with the cochaperone domain of
p23 (chB-ind1), one in which the' FXXW motif was replaced
with AXXA (hB-ind1AxxA), and one in which both replace-
ments were made (chB-ind1AxxA) (Fig. 2A). The FLAG-
tagged wild-type or mutant hB-ind1 was coexpressed with HA-
tagged Hsp90 (Fig. 2B, left) or HA-tagged NS5A (Fig. 2B,
right) in 293T cells and immunoprecipitated with anti-FLAG
antibody. Hsp90 was coprecipitated with wild-type hB-ind1
and the chB-ind1 mutant, but not with the hB-ind1AXXA and
chB-ind1AXXA mutants (Fig. 2B, Icft), conlirming that the
FXXW motif is crucial for the: interaction with Hsp90, In
contrast, NS5A was coprecipitated with each of the hB-ind1
proteins, suggesting that mutation in the p23-like domain of
hB-ind1 has: no: effect. on the binding of hB-indl to NS5A
through the coiled-coil domain (Fig. 2B, right). To determine
the effect of FKBP8 expression on the interaction between
hB-ind1 and Hsp90, FLAG-tagged wild-type hB-indl or the
chB-ind1 mutant. was - coexpressed with HA-tagged FKBP8
andfor Hsp90 in 293T cells and immunoprecipitated with anti-
FLAG antibody. The amounts of Hsp90 coprecipitated with
hB-ind1 or chB-ind1 were increased by coexpression of FKBP8
(Fig. 2C). To further examine the interaction of hB-ind1 with
Hsp90 and NS5A at an endogenous expression level in Huh9-13
cells-harboring an HCV subgenomic RNA replicon, lysates of
the replicon cells were subjected to immunoprecipitation anal-
ysis. Endogenous Hsp90 and NS5A were specifically coimmu-
noprecipitated with endogenous hB-ind1 (Fig. 2D). These
results suggest that the p23-like domain of hB-ind1 is inter-

6002 ‘€ Jaquiajdeg uo Ajissaniun BXeSQ je Blo Wwse A WoJj pepeoiumog



10430 TAGUWA ET AL.
CcD
A p23:: B ™
CC L
hB-ind1 TR L
U O
hB-ind1AxxA auineiteii
chB-ind1 S AR i
chB-ndiaxal B0 0 DD O
| p23-like domain 1 FxxW motif
. Co-chaperone domain | AxxA mutation
B HA-Hsp90 HA-NS5A
HA-HSpOOMNSSA + + + + +  + + + + +
Empty vector + +
FLAG-hB-ind1 + +
FLAG-hB-ind1AxxA + +
FLAG-chB-ind1 + 3
FLAG-chB-ind1AxxA + +
L " WD kDa e
ysate e s 62
IB: a-HA a3 *ﬂﬁ*&“s ——
Lysate - e
1B: G’FLAG 325 532'5 na——
IP: o-FLAG e e | 52 Lo
B:a-HA g o) e
iP: a-FLAG T 2 ] i
B: G-FLAG g5 T S 525 l
C
HA-Hspg0 + o+ o+ + *
HA-FKBP8 + + + + o+ D
FLAG-hB-indt  +. . + +
FLAG'ChB':,n:;d-« e P X Moot 1: IP: rabbit IgG
Lysate ~ 1ogg; o TR ""“‘i sp 2: IP: a-hB-ind1
B:ra-HA ¢

ks Input 1 2
1B: a-Hsp90 | |

I

Lysale |
1B: a-FLAG L8 S
1B: a-NS5A {
475+ s

LR
18: a-hB-Ind1 | e
3254

1P: a-FLAG
B a-FLAG

{ M“‘ IhB-‘"‘“

325+

FIG. 2. Construction . and: characterization of hB-indl. mutants.
(A) Structures of p23, hB-indl, and the three hB-ind1 mutants, The
three hB-ind1 mutants, hB-ind1AxxA, chB-ind1, and chB-ind1AXxA,
weré constructed by replacing the FXXW motif with AXXA, the
p23:like domain of hB-ind1 with-the cochaperone domain of p23, and
both of the regions; respectively. (B) FLAG-tagged hB-indl, hB-ind1
AxxA, chB-ind1, or. chB-ind1AxxA was.coexpressed with either HA-
tagged Hspd0 (left) or NSSA (right) in 293T cells and immunoprecipi-
tated (IP) with anti-FLAG antibody. The immunoprecipitates were
subjected to immunoblotting (IB). (C) HA-tagged: Hsp90 and HA-
FKBP8 were expressed with FLAG-tagged hB-ind1 and chB-indl.in
various combinations in 293T cells and immunoprecipitated with anti-
FLAG antibody, and the immunoprecipitates were detected by immu-
noblotting. (D) Endogenous hB-indl in Huh9-13 cells harboring
subgenomic HCV ‘replicon RNA was immunoprecipitated with anti-
hB-ind1 rabbit IgG (lane 2). The cell lysate was mixed with normal
rabbit IgG as a negative control (lane.1). The immunoprecipitates
were analyzed by immunoblotting with an antibody to Hsp90, NS5A,
or hB-ind!l. The data shown are representative of three independent
experiments,
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changeable with the cochaperone domain of p23 during com-
plex formation with NS5A, Hsp90, and FKBPS.

Cochaperone activity in the p23-like domain of hB-indl is
required for propagation of HCV. The p23-like domain of
hB-ind1 has been suggested to be required for HCV propaga-
tion (56). However, the involvement of the cochaperone activ-
ity of hB-ind1 in HCV propagation has not been examined. To
assess the effect of cochaperone activity in the p23-like domain
of hB-ind1 on the RNA replication and particle production of
HCV, each of the expression plasmids encoding the FLAG-
tagged wild-type or mutant hB-indl carrying the silent muta-
tions resistant to small interfering RNA was transfected into
hB-ind1 knockdown (Huh-KD) cells and cultured for a week in
the presence of puromycin. The expressions of FLAG-tagged
hB-ind1 and the mutants in the Huh-KD cells were compara-
ble to that of the endogenous hB-ind1 in the control (Huh-ctrl)
cells transfected with an emply vector (Fig. 3A). Subgenomic
HCYV replicon RNA transcribed from pFK-lsge neo/NS3-3'/
NKS5.1 was transfected into these cells and cultured for 4 weeks
in the presence of G418. Although the number of colonies was
reduced in the Huh-KD cells compared with the Huh-ctrl cells
after transfection with an empty vector, as described previously
(56), the colony numbers were recovered by the expression
of the hB-ind1 or chB-ind1 mutant, but not by that of the
hB-ind1AXXA or chB-ind1AXXA mutants (Fig. 3B). Sim-
ilarly, intracellular HCV RNA and infectious viral titers in
the culture supernatants of Huh-KD- cells infected with
JFH1 virus were partially recovered by the expression of the
hB-ind1 or chB-ind1 mutant, but not by that of the hB-
ind1AXXA or chB-ind1AXXA mutant (Fig. 3C). These re-
sults suggest that cochaperone activity in the p23-like do-
main of hB-ind1 is required for HCV propagation and that
the cochaperone domain of p23 can substitute for the p23-
like domain of hB-indl.

hB-ind1 colocalizes with.NS5A, FKBPS8, and dsRNA on the
membranous web. Our previous report revealed the interplay
among hB-ind1, Hsp90, FKBPS, and NS5A and showed that
these interactions play an important role in HCV replication
(56). However, the subcellular localization of the endogenous
hB-ind1 in the replicon cells and JFH1 virus-infected cells has
not been precisely assessed. To determine the subcellular lo-
calization of hB-ind1 in the context of HCV replication, the
expression of hB-ind1 and NS5A in the replicon cells and
JFH1 virus-infected cells was examined by immunofluores-
cence analyses (Fig. 4A). Endogenous hB-ind1 was colocalized
with the endoplasmic reticulum (ER)-marker PDI and NS5A
as dot-like structures- in ‘the- Huh9-13: replicon' cells (Fig. 4A,
top) and in-célls’infected with- JFH1 virus (Fig. 4A, bottom),
and these dot-like structures disappeared in concert with the
loss of NSSA expression by treatment with IFN-a in the rep-
licon cells and was not observed in the mock-infected Huh7.5.1
cells. Furthermore; FKBP8 (Fig: 4B; top) and dsRNA (Fig. 4B,
bottom) were colocalized with hB-ind1 and NSSA in the dot-
like structures in Huh9-13 replicon cells. These results indicate
that HCV replicating RNA is localized with hB-ind1, FKBPS,
and NSSA in the dot-like compartments. HCV RNA replica-
tion or-expression of viral proteins leads to formation of the
convoliuted membranous structures designated the membra-
nous web (14, 23). The large structures of the replication com-
plexes in the replicon cells indicate membranous webs with
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FIG. 3. Effects of the cochaperone activity of hB-ind1 on the prop-
agation of HCV. (A) Huh-KD cells were transfected with either an
empty vector or an expression plasmid encoding FLAG-tagged hB-
ind1, hB-ind1AxxA, chB-ind1, or chB-ind1AxxA, which are resistant to
small interfering RNA due to the introduction of silent mutations, and
cultured for a-week in the presence of 10 pg/ml of puromycin. The
surviving cells were used in the subsequent experiments, The endog-
enous and exogenous expression of hB-indl and the mutants was
detected by immunoblotting. The control cell line (Huh-ctrl) or the
Huh-KD cell line transfected with an empty vector (EV) was used as
a control: (B) Huh-KD cells were transfected with the plasmids and
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restricted motility (68). To further analyze the subcellular com-
partments, including hB-ind1 and NS5A, the same field of the
Huh9-13 replicon cells was observed under FM and EM by
using the correlative FM-EM technique (Fig. SA, upper two
rows). The large structures that included hB-ind1 and NS5A in
the: replicon  cells were observed under FM and EM (white-
boxed areas) and further magnified (black-boxed areas). Con-
voluted membranous structures that consisted of small vesicles
and that were similar to the membranous web were observed.
Another field of view yielded similar results (Fig. 5A, lower two
rows). The membrarnous web resembling the convoluted struc-
tures was.not observed in the Huh9-13 cells depleted of viral
RNA by IFN treatment (Fig. 5B). Together, these results sug-
gest that hB-ind1 interacts with NS5A on the membranous web
in cells replicating HCV RNA.

Hsp90 is involved in the circumvention of the UPR during
HCYV replication. Hsp90 regulates the folding and stability of
proteins in all eukaryotes (59), and inhibition of the chaperone
pathway suppresses correct protein folding, which leads to
induction of proteasome-mediated degradation of the un-
folded proteins and the unfolded protein response (UPR). Our
previous. (46) and present studies (Fig. 4 and 5) showed that
several cochaperone components are recruited in the membra-
nous web, suggesting that the Hsp90 chaperone system partici-
pates in the replication complex to circumvent the induction of
the UPR and to maintain the folding of the host and viral
proteins in a: replication-competent state. To determine the
induction of the UPR by HCYV replication, Huh9-13 replicon
cells were transfected with a reporter plasmid carrying a firefly
luciferase gene under the control of the GRP78 promoter,
which is activated by the induction of the UPR, together with
an internal-control plasmid. Although the GRP78 promoter
activity was slightly enhanced in the Huh9-13 cells compared to
that in the parental cells, a fourfold increase of GRP78 pro-
moter activity in the replicon cells was observed after treat-
ment with an Hsp90 inhibitor, DMAG, in contrast to the two-
fold increase in similarly treated parental Huh7 cells, and the
activation of the GRP78 promoter was canceled by treatment
with IFN-a despite DMAG treatment (Fig. 6A), suggesting
that the Hsp90 chaperone system participates in the circum-
vention of the UPR induced by the replication of HCV RNA.
In addition, activation of GRP78 at transcriptional and trans-
lational levels after treatment with DMAG was higher in the

then selected with puromycin. The resulting cells were further trans-
fected with a replicon RNA transcribed from pFK-L 4 neo/NS3-3'/
NKS.1, cultured for 4 weeks in the presence of 1 mg/ml of G418, and
stained with crystal violet after fixation with 4% paraformaldehyde.
The Huh-KD cell line transfected with an empty vector (EV) was used
as a positive control. (C) The cells prepared as described above were
infected with JFH1 virus and harvested at 3 days postinfection. The
amount of intracellular HCV RNA was estimated by quantitative re-
verse transcriptase PCR and normalized with that of GAPDH mRNA.
The values of HCV RNA are presented as percentages versus those of
Huh-ctr} cells transfected with an empty vector. The culture superna-
tants were subjected to a focus-forming assay. Virus. titers are pre-
sented as focus-forming units (FFU) per ml. The error bars indicate
standard deviations. The asterisks indicate significant differences (P <
0.01) versus the value of the control. The data shown are representa-
tive of three independent experiments,

6002 ‘€z Jequiaydss uo Ajsiaalun exesQ e bio wse' Al woly papeojumod



10432

TAGUWA ET AL.

hB-ind1

erge
hB-ind1

dsRNA

Merge

J. VIROL.

Magnification

FIG. 4. Intracellular localization of hB-ind1 in replicon cells and infected cells. (A) Huh9-13 replicon cells with IFN-a or untreated and
Huh7.5.1 cells infected with JFH1 virus or naive cells were stained with antibodies against NS5A, hB-ind1, or PDI and examined by immunofiu-
orescence assay. The boxed areas in the merged images are magnified and displayed on the right. The arrowheads indicate intracellular positions
colocalized with NSSA, hB-ind1, and PDI. (B) Huh9-13 replicon cells were fixed, permeabilized, and stained with appropriate antibodies to NS5A,
hB-ind1, and FKBP8 (top) or dsRNA (bottom). The boxed areas in the merged images are magnified and displaycd on the right. The arrowheads
indicate intracellular positions colocalized with NS5A, hB-ind, and FKBP8 or dsRNA. The images shown are representative of three independent

experiments.

HCYV replicon cells than in the parental cells or in cured cells,
which were depleted of HCV RNA by treatment with IFN-a
(Fig. 6B). Furthermore, DMAG treatment enhanced the tran-
scription of the UPR marker protein GADD153 at a higher
level in the replicon cells than in the parental Huh7 or the
cured cells (Fig. 6C). These results suggest that the Hsp90-
dependent chaperone system plays a crucial role in the folding
of the host and viral proteins involved in HCV replication and
in the regulation of UPR induction.

DISCUSSION

Studies of the relationship between Hsp90 and steroid re-
ceptors, such as GR, have revealed the activities of cochaper-
ones (52, 67). Cochaperones, such as p23, appear to interact
with and dissociate from Hsp90 and the client protein complex
in a defined order. These cochaperones participate in the chap-
erone complex in a late step and promote the dissociation of
the client proteins from Hsp90 to facilitate formation of the
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FIG. 5. hB-indl interacts with NSS5A in the membranous web, Huh9-13 replicon cells were stained with specific antibodies to hB-ind1 and
NSS5A. Identical fields of Huh9-13 (A) or the cured cells (B) were observed under EM by using the correlative FM-EM technique. The white-boxed
areas indicate the colocalized areas of hB-ind1 with NS5A. Magnified views of the white-boxed areas are displayed in the third column from the
left. The right column contains further-magnified images of each of the black-boxed areas. Another field of view is presented in the lower two rows.

chaperone complex in the next chaperone cycle (16-18). In this
study, we have shown that hB-ind1 participates in HCV repli-
cation and that the p23-like domain of hB-ind1 possesses co-
chaperone activity comparable to that of the cochaperone do-
main of p23, suggesting that hB-ind1 is involved in the recycling of
the chaperone complex in the membranous web to maintain
the function of the replication complex of HCV.

Previous studies have indicated that HCV proteins rear-

range the ER membrane into the small convoluted membra-
nous vesicles that are collectively known as the membranous
web, and these vesicles have been suggested to be the intra-
cellular compartments in which HCV replication takes place
(14, 23, 68). In the living replicon cells, two forms of replication
complexes, small and large vesicles, are detected, both of which
include the viral replication complexes (68). Large vesicles,
corresponding to membranous webs, exhibit restricted motil-
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FIG. 6. Effect of Hsp90 inhibitor on the induction of the UPR in
HCYV replicon cells. (A) Huh7 and Huh9-13 replicon cells were trans-
fected with a reporter plasmid, pGRP78-luc, and an internal-control
plasmid, pRL-TK. The transfected cells were treated with IFN-«
(+1FN) from 6 to 36 h posttransfection or left untreated and then
further incubated for 6 h in the presence or absence of 1 1M DMAG.
The resulting cells were harvested and subjected to a dual-luciferase
assay. The firefly luciferase activity is indicated as the RLU (top) after
standardization with that of Renilla luciferase. The enhancement of
promoter activity by treatment with DMAG is presented as the in-
crease (bottom). (B) Huh7 cells, Huh9-13 cells, and Huh9-13 cells
cured by IFN-a treatment (Cured) were cultured for 6 h in the pres-
ence or absence of 1 pM DMAG, and the amount of GRP78 mRNA
was measured by real-time PCR. The value of the mRNA was nor-
malized with the amount of GAPDH mRNA (upper left), and the
transcriptional enhancement by treatment with DMAG is presented as
the increase (lower left). The expression levels of GRP78 and B-actin
in the cells were determined by immunoblotting (upper right) and are
presented as the increase (lower right). (C) The amounts of GADD153
mRNA in Huh7 cells, Huh9-13 cells, and the cured cells cultured for
6 h in the presence or absence of 1 pM DMAG were measured by
real-time PCR. The values of the mRNA were normalized with the
amount of GAPDH mRNA (top), and the transcriptional enhance-
ment by treatment with DMAG is presented as the increase (bottom).
The error bars indicate standard deviations. The asterisks indicate
significant differences (P < 0.01) versus the control value. The data
shown are representative of three independent experiments.

Huh7 Huh 9-13 Cured

ity, while small vesicles show fast movement (68), and FM and
EM have revealed that NS5A is colocalized with hB-ind1, as
well as FKBPS (45), in the membranous webs. hB-ind1 was first
identified as a regulator of Racl that activates JNK and NF-«B
(11). Racl is a member of the Rho GTPase family and plays
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crucial roles in cytoskeletal dynamics, membrane ruffling, and
gene transcription through the effectors of the Rho GTPase
family members. IQGAPI1 and PAKI are Racl effectors that
bind to Rac proteins and are also involved in the replication of
HCV (5, 7, 19, 31, 50). The tetratricopeptide repeat domain
of immunophilin family members, such as FKBPS, has been
shown to interact with Hsp90 (12, 45) and the GR-Hsp90
complex that leads to association with dynein for retrograde
transport, along with microtubules (12). Hsp90 has been shown
to play an important role in the interaction of transcriptase
with genomic RNA of hepatitis B virus (27) and the nuclear
transportation of the polymerase of influenza virus (40). Flock
house virus also recruits Hsp90 in the polymerase synthesis in
the early step of infection (9). Hsp90 may be involved in the
regulation of the movement and arrangement of the HCV
replication complexes through interaction with Racl, hB-ind1,
and FKBPS8. Further investigation is needed to clarify the role
of the Hsp90 chaperone system in the life cycle of HCV,

The surrounding membranes, including the membranous
web, may protect the viral replication complex and RNA ge-
nome against digestion by the host proteases and nucleases
(69). The replication complex is composed of viral nonstruc-
tural proteins and host proteins, including chaperone and co-
chaperone proteins. HCV NSSA has been shown to interact
with various host proteins, including cochaperones, such as
FKBPS8 and hB-ind1, and to recruit a chaperone, Hsp90, into
the replication complex through interaction with these cochap-
erones. Recruitment of the chaperone complex into the repli-
cation complex is crucial for the correct folding of newly syn-
thesized viral proteins to maintain the eflicient replication of
the viral genome. HCV replication has been shown to be im-
proved by the adaptive mutations suppressing the phosphory-
lation status of NS5A in the replicon cells (3). Although sup-
pression of the hyperphosphorylation of NS5A by treatment
with kinase inhibitors improves the replication of the replicons
that have no adaptive mutations (42), several kinase inhibitors
have been shown to suppress the replication of the HCV rep-
licon carrying the adaptive mutations (29), and phosphoryla-
tion of NS5A by casein kinase II was shown to improve virus
production but not HCV RNA replication (57). Hsp90 is ca-
pable of directly modulating the activities of several kinases
(37, 53, 54), and thus, it might be feasible that cochaperones,
including hB-ind1 and FKBPS, participate in the propagation
of HCV by regulating the phosphorylation status of NS5A in
cooperation with Hsp90.

The host chaperone system regulates the quality of client
proteins, and impairment of the chaperone activity induces
accumulation of misfolded proteins and affects the natural
cellular function and viability (20, 21, 33). In this study, DMAG
treatment induced a higher level of UPR in HCV replicon cells
than in parental and cured cells, indicating that the Hsp90
chaperone system participates in the maintenance of correct
folding of the viral and host proteins in the replication complex
in the membranous web and in the circumvention of the UPR
induced by HCV replication. Treatment with geldanamycin or
its derivatives has been shown to inhibit GRP94, which is the
HspY0 paralog located in the ER (10), and to disrupt the ER
chaperone pathway, leading to the induction of ER-associated
protein degradation, transcriptional attenuation, and eventu-
ally induction of apoptosis (34). ER chaperones, such as
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GRP9Y4, may also participate in the correct folding of the viral
and host proteins in the replication complex for efficient rep-
lication of the HCV genome.

Geldanamycin and its derivatives have been reported to
remarkably inhibit poliovirus replication in vivo without any
emergence of drug-resistant escape mutants (22), suggesting
that an inhibitor of the chaperone system may be a promising
candidate for the treatment of viral infectious diseases with low
risk of the emergence of drug-resistant viruses. In addition,
Hsp90 inhibitors exhibit anticancer activities through the sup-
pression of various cell signals essential for cancer growth and
the enhancement of radiation sensitivity (2, 8, 13). In conclu-
sion, our data indicate that hB-ind1 is included within the
HCV replication complex and regulates HCV RNA replication
through its own cochaperone activity. Hsp90 and cochaper-
ones, including hB-ind1 and FKBPS, which are required for
efficient HCV replication, should be ideal targets for the treat-
ment of chronic hepatitis C with a low frequency of emergence
of drug-resistant breakthrough viruses.
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ABSTRACT

E6-associated 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 E6AP are poorly understood. To identify a novel
biological function of E6AP, we screened for binding partners of E6AP using GST pull-down and mass spectrometry. Here we identified
annexin A1, a member of the annexin superfamily, as an EGAP-binding protein. Ectopic expression of EGAP enhanced the degradation of
annexin Al in vivo. RNAi-mediated downregulation of endogenous E6AP increased the levels of endogenous annexin Al protein. EGAP
interacted with annexin A1 and induced its ubiquitylation in a Ca®*-dependent manner. GST pull-down assay revealed that the annexin
repeat domain III of annexin A1 is important for the EGAP binding. Taken together, our data suggest that annexin Al is a novel substrate for
E6AP-mediated ubiquitylation. Our findings raise the possibility that EGAP may play a role in controlling the diverse functions of annexin A1
through the ubiquitin-proteasome pathway. J. Cell. Biochem. 106: 1123-1135, 2009. © 2009 Wiley-Liss, Inc.

KEY WORDS: E6AP; 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 et 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 26S proteasome [Ciechanover, 1998; Ciechanover et al., 2000].

E6-associated protein (E6AP) was initially identified as the
cellular factor that stimulates ubiquitin-dependent degradation
of the tumor suppressor p53 in conjunction with the E6 protein
of cervical cancer-associated human 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: E6AP, E6-associated protein; HPV, human papillomavirus; MALDI-TOF, matrix assisted laser
desorption ionization-time of flight; MS, mass spectrometry; HCV, hepatitis C virus; MAb, monoclonal antibody; PAb,
polyclonal antibody; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; CHX, cycloheximide.
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E6AP carboxyl ferminus [Huibregtse et al., 1995]. Known substrates
of the E6-E6AP complex include the tumor suppressor p53
[Scheffner et al., 1993], the PDZ domain-containing protein scribble
[Nakagawa and Huibregtse, 2000] and NFX1-91, a transcriptional
repressor of the gene encoding hTERT [Gewin et al., 2004].
Interestingly, EGAP 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
HHR23A and HHR23B (the human orthologs of Saccharomyces
cerevisae Rad23) [Kumar et al., 1999], Blk (a member of the Src
family kinases) [Oda et al., 1999], Mcm7 (which is involved in DNA
replication) [Kuhne and Banks, 1998], trihydrophobin 1 [Yang et al.,
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 been shown to reduce EGAP 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 E6AP substrates have been directly
linked to the disorder. The physiological functions of E6GAP are
poorly understood at present.

In an attempt to identify novel substrates of EGAP, we identified
annexin A1 (formerly known as lipocortin 1) as an E6GAP-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, annexin A1 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].
Annexin A1 is phosphorylated by various kinases such as tyrosine
kinase, pp60c-src [Varticovski et al, 1988], protein kinase
C [Oudinet 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 stability
of annexin A1 is regulated through E6AP-dependent ubiquitylation.
Our study revealed that EGAP mediates ubiquitin-dependent
degradation of annexin Al in a Ca®*-dependent manner. Our
results raise the possibility that EGAP 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 C33-A cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, St. Louis, MO) supplemented with 50 IU/ml
penicillin, 50 pg/ml streptomycin (Invitrogen, Carlsbad, CA), and
10% (v/v) fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS) at
37°C in a 5% CO, incubator. HEK 293T cells and C33-A cells were
transfected with plasmid DNA using FuGene 6 transfection reagents
(Roche, Mannheim, Germany). The Spodoptera frugiperda (Sf) 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 (Tn) 5 cells were cultured in Ex-Cell 405 (JRH
Biosciences) at 26°C in an incubator.

PLASMIDS AND RECOMBINANT BACULOVIRUSES

To express annexin Al as a FLAG-tagged fusion protein in
mammalian cells, annexin A1 fragment was amplified 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-
CCGCTTACTTATCGTCGTCATCCTTGTAATCGTTTCCTCCACAAAG-
AGCC-3'. The FLAG-tag sequence was fused to the C-terminus of the
annexin A1 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
mammalian cells, pCAG-HA-E6AP isoform II and pCAG-HA-E6AP
C-A were used [Shirakura et al., 2007]. The C-A mutation was
introduced at the site of EAP C843 [Kao et al., 2000]. To express
Nedd4, pCAG-HA-Nedd4 was constructed. To make a fusion protein
consisting of glutathione S-transferase (GST) fused to the
N-terminus of E6AP in Escherichia coli (E. coli), pGEX-E6AP was
used [Shirakura et al., 2007]. Recombinant baculoviruses expressing
GST-EGAP were described previously [Shirakura et al., 2007]. To
express hexahistidine (His)-tagged annexin A1 in E. coli, annexin
A1 fragment was amplified from pKK-trc-lipo-155 by PCR using
two oligonucleotides, 5-TATCCCGGGAACCACCATGGCAATGG-
TATCAGAATTCC-3’ and 5-ATAGCGGCCGCGTTTCCTCCACAAA-
GAGCC-3'. The PCR fragment was purified and digested with
Smal and Nofl. pET21b was digested with Ndel, blunt ended with a
DNA blunting kit (Takara, Japan), and digested with Nofl. Then, the
PCR fragment of annexin A1 was ligated into the pET21b fragment,
resulting in pET21b-annexin Al. To map the E6GAP-binding site on
annexin A1 protein, a series of expression plasmids for GST-annexin
A1 fusion proteins were constructed by amplifying annexin A1 gene
fragments with PCR using sense primers containing Smal site and
antisense primers containing a Nofl site. The amplified PCR
fragments were subcloned into pGEM T-Easy (Promega, Madison,
WI) and verified by sequencing. Then, the annexin Al gene
fragments were digested with Smal and NofI and ligated into the
Smal-Nofl site of pGEX 4T-1 (GE Healthcare, Uppsala, Sweden). The
annexin A1 (1-41) gene fragment was amplified from pET21b-
annexin A1 by PCR using two oligonucleotides, 5'-TATCCCGG-
GAACCACCATGGCAATGGTATCAGAATTCC-3' and 5'-ATATAGC-
GGCCGCTTAGGTAGGATAGGGGCTCACCGCT-3'. The PCR primers
used to amplify the annexin A1 fragments were as follows:

Annexin Al (42-346): 5'-TATCCCGGGAACCACCATGTTCAAT-
CCATCCTCGGATGTCG-3’ and 5'-ATATAGCGGCCGCTTAGTTT-
CCTCCACAAAGAGCC-3'.

Annexin A1 (42-113): 5-AAACCCGGGTATGTTCAATCCATCCT-
CGGATGTCG-3' and 5'-TTTGCGGCCGCTTATITTAGCAGAGC-
TAAAACAAC-3'.

Annexin Al (114-195): 5-AAACCCGGGTATGACTCCAGCG-
CAATTTGATGC-3’ and 5'-TTTGCGGCCGCTTAATTCACACCAA-
AGTCCTCAG-3'.
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Annexin A1 (196-274): 5'-AAACCCGGGTATGGAAGACTTGG-
CTGATTCAG-3' and 5'-TTTGCGGCCGCTTAGCTTGTGGCGCAC-
TTCACG-3'.

Annexin A1 (275-346): 5'-AAACCCGGGTATGAAACCAGCTTT-
CTTTGCAGAG-3' and 5'-ATATAGCGGCCGCTTAGTTICCTCCA-
CAAAGAGCC-3'.

Annexin A1 (42-195): 5'-AAACCCGGGTATGTTCAATCCATCC-
TCGGATGTCG-3' and 5'-TTTGCGGCCGCTTAATTCACACCAAA-
GTCCTCAG-3'.

Annexin A1 (114-274): 5'-AAACCCGGGTATGACTCCAGCGCA-
ATTTGATGC-3' and 5'-TTTGCGGCCGCTTAGCTTGTGGCGCAC-
TICACG-3'.

Annexin A1 (196-346): 5'-AAACCCGGGTATGGAAGACTTGG-
CTGATTCAG-3' and 5'-ATATAGCGGCCGCTITAGTTTCCTCCAC-
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-E6AP 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 monoclonal antibodies (MAbs) used in this study were
anti-HA MAb (12CA5) (Roche), anti-HA 16B12 MAb (HA.11;
BabCO), anti-Annexin I MAb {BD Biosciences, San Jose, CA), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MAb (Che-
micon, Temecula, CA), anti-GST MAb {Santa Cruz Biotechnology,
Santa Cruz, CA), anti-ubiquitin MAb (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 E6AP-binding proteins, GST pull-down
assays were performed using GST-E6AP and ten 225 cm?-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, 0.5% Triton X-100 [ICE
Biomedicals, Aurora, OH], Complete protease inhibitor cocktail
[Roche]). The samples were incubated at 4°C for 1 h, and centrifuged
at 13,0004 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 supernatants 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 supernatant was collected, mixed with 250 pg of GST-
EGAP or GST immobilized on glutathione-Sepharose 4B beads, and
incubated for 1 h at 4°C. The beads were collected and washed with
the cell lysis buffer three times. To remove the bound proteins from

GST-E6AP, the bound 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], 1% Triton X-100)
five times. The released proteins were mixed with 20% {(w/v)
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 a-cyano-4-hydroxycinnamic acid (Sigma) in
50% acetonitrile (PE Biosystems, Foster City, CA) and 0.1%
trifluorcacetic acid as the matrix. Spectra were obtained using a
Voyger DE-STR MALDI-TOF mass spectrometer (PE Biosystems).
The database-fitting program MS-Fit at the website (http://
jpslludwig.edu.aufucsfhtml3.4/msfit.htm) of the University of
California, San Francisco was used to interpret the MS spectra of
the protein digests.

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-8-
p-thiogalactopyranoside at 25°C for 4 h. Bacteria were harvested,
suspended in lysis buffer (phosphate-buffered saline [PBS] contain-
ing 1% Triton X-100, Complete protease inhibitor cocktail, EDTA
free [Roche]), 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 protocols. MEF-E6AP and MEF-
E6AP 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 IP 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 Healthcare). 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 1P
buffer, and bound proteins were eluted with Laemmli sample buffer.
Samples were separated by 10% SDS-PAGE. Immunoblot analysis
was performed essentially as described previously [Harris et al,,
1999}, The membrane was visualized with SuperSignal West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL).
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IN VIVO UBIQUITYLATION ASSAY

In vivo ubiquitylation assays were performed essentially as
described previously [Shirakura et al., 2007]. Where indicated, cells
were treated with 25 pM MG 132 (Calbiochem) or with dimethyl-
sulfoxide (DMSO; control) for 30 min prior to collection. FLAG-
annexin Al was immunoprecipitated with anti-FLAG MAD.
Immunoprecipitates were analyzed by immunoblotting, using either
anti-HA PAb or anti-annexin A1 MADb to detect ubiquitylated
annexin Al.

IN VITRO UBIQUITYLATION ASSAY

In vitro ubiquitylation assays were performed essentially as
described previously [Shirakura et al., 2007]). For in vitro
ubiquitylation of annexin A1, purified GST-annexin A1 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 ubiquitin (Sigma), 0.1 mM
DTT, 200 ng of mouse E1, 200 ng of E2 (UbcH7), and 0.5 g of MEF-
E6AP, in the presence or absence of CaCl, as indicated. The reaction
mixtures were incubated at 37°C for 120 min followed by
immunoblotting.

SIRNA TRANSFECTION
HEK 293T cells (3 x 10° cells in a 6-well plate) were transfected with
40 pmol of either 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:

siE6AP-1 (sense) 5-GGGUCUACACCAGAUUGCUTT-3'; scramble
negative control {siCont-1) (sense) 5’-UUGCGGGUCUAAUCACC-
GATT-3 [Shirakura et al., 2007}; E6AP-2 (sense), 5-CAACUCCUG-
CUCUGAGAUATT-3’; and scramble negative control (siCont-2), 5'-
AGACCUACCCGAUUACUGUTT-3' [Kelley et al., 2005].

ANNEXIN A1 PROTEIN AND EGAP-BINDING ASSAYS

To map the EGAP binding site on annexin A1 protein, GST pull-
down assays were performed. A series of recombinant GST-annexin
A1 proteins were expressed in E. coli and purified using glutathione-
Sepharose 4B beads. 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 ml of the binding buffer (50 mM Tris-HClI [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 A1l protein, transfected HEK
293T cells were treated with 50 pg/ml 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 IMMUNOFLUORESCENCE MICROSCOPY

Cells were transfected with pCAG-HA-E6AP C-A and pCAG annexin
A1-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 anti-mouse IgG (Molecular
Probes, Eugene, OR) and Alexa 555 Fluor goat anti-rabbit IgG
{Molecular Probes} as secondary antibodies. Then the cells were
washed with PBS, mounted on glass slides, and examined with
an LSM510 laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany).

IDENTIFICATION OF ANNEXIN A1 AS A BINDING PARTNER

FOR E6AP

To identify novel substrates for E6AP, we screened for E6AP-
binding proteins using pull-down experiments with GST-E6AP.
Whole cell lysates from C33-A cells were prepared as described
above and incubated with immobilized GST-E6AP or GST alone.
After the separation of bound proteins by SDS-PAGE, CBB 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 MALDI-TOF/MS as described above. Masses
obtained using MALDI-TOF were analyzed using the MS-Fit
program. This procedure identified seven individual proteins
(Fig. 1A,a-g), such as a heat shock protein and a translation
elongation factor. One of these bands, migrating at 37 kDa
(Fig. 1A,e}, was identified as annexin A1 based on six independent
MS spectra (Fig. 1B). To verify the interaction of annexin A1 with
E6AP, we repeated the pull-down experiments by incubating
immobilized GST-E6AP with lysate from C-33A cells. Inmunoblot
analysis confirmed the proteomic identification of annexin Al
(Fig. 1Q).

IN VIVO INTERACTION BETWEEN ANNEXIN A1 AND E6AP

To determine whether the interaction between annexin A1 and E6AP
could take place in vivo, annexin A1-FLAG expression plasmid was
introduced into HEK 293T cells together with either HA-EGAP
expression plasmid or HA-Nedd4 (another HECT domain ubiquitin
ligase) [Staub et al, 1996] expression plasmid. A catalytically
inactive form of E6AP 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-E6AP but not HA-Nedd4 was co-immunoprecipi-
tated with annexin A1-FLAG, indicating that E6AP actually
interacts with annexin Al in the cells. We confirmed that the
active form of HA-E6AP was also coimmunoprecipitated with
annexin A1-FLAG (data not shown).
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Identification 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 p37 (), which likely corresponds to annexin A1,
B: Peptide masses were identified by MALDI-TOF/MS and corresponding amino acids of annexin A1 (trypsin cleavage). Annexin A1 (accession no, 12664863) was identified
through MALDI-TOF/MS as a candidate protein interacting with GST-E6AP. The database-fitting program MS-Fit was used to interpret the MS spectra of the protein digests. Six
out of 22 masses obtained through the MALDI-TOF analysis corresponded to the theoretical values for annexin A1 cleavage (upper panel, amino acids corresponding to tryptic
fragments in brackets) and represented 18% of the proteins' fragments (lower panel, peptides in bold print). The molecular weight search score, MOWSE, was 3.94E + 03. C: The
identity of the band shown in panel A as annexin A1 was confirmed by Western blotting with anti-annexin A1 mouse MA®b,

To determine whether annexin Al and E6AP co-localize in the
cells, immunofluorescence microscopy analysis was performed in
two different cell lines, HEK 293T cells and C-33A cells. The
immunofluorescence study showed that EGAP partially co-localized
with annexin A1 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 to
immunoprecipitation with anti-annexin A1 antibody or anti-E6AP
antibody. Endogenous E6AP was co-immunoprecipitated with anti-
annexin A1l antibody, but not with control antibody (Fig. 2C, left
panel, upper lane). Moreover, endogenous annexin Al was co-
immunoprecipitated with anti-E6AP antibody, but not with control
antibody (Fig. 2C, right panel, lower lane). These results suggest
that endogenous E6AP can interact with endogenous annexin Al in
C-33A cells.

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

of E6AP on annexin Al protein in HEK 293T cells. The annexin
A1-FLAG expression plasmid together with the plasmid for
HA-tagged wild-type E6AP, catalytically inactive mutant E6AP,
E6AP C-A, or Nedd4, was introduced into HEK 293T cells, and the
levels of annexin A1 proteins were examined by immunoblotting.
The steady-state levels of annexin A1l protein decreased with
an increase of the EGAP plasmids (Fig. 3A,B). However, neither E6AP
C-A nor Nedd4 decreased the steady-state levels of the annexin Al
protein, suggesting that EGAP enhances the degradation of annexin
A1 protein.

E6AP ENHANCES THE DEGRADATION OF ANNEXIN A1 PROTEIN

To determine whether the E6AP-induced reduction of the annexin
A1 protein is due to an increase in the rate of degradation of annexin
A1 protein, we examined the degradation of annexin A1 using the
protein synthesis inhibitor CHX. Annexin A1 together with wild-
type E6AP or inactive mutant EGAP C-A was expressed in HEK 293T
cells. At 44 h after transfection, the cells were treated with either
50 pg/ml CHX alone or 50 pg/ml CHX plus 25p.M MG132 to inhibit
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In vivo interaction between annexin A1 and EGAP, A: HEK 293T cells were co-transfected with pCAG-annexin A1-FLAG together with pCAG-HA-EGAP C~A or pCAG-

HA-Nedd4. The cell lysates were immunoprecipitated with FLAG beads and analyzed by immunoblotting with anti-HA PAb or anti-FLAG PAb. B: HEK 2937 cells and C-33A cells
were transfected with either HA-EGAP plasmid or annexin A1-FLAG plasmid, grown on coverslips, fixed, and processed for double-label immunofluorescence for HA-EGAP or
annexin A1-FLAG. All the samples were examined with an LSM510 laser scanning confocal microscope {bar, 10 pm). C: C33A cells were lysed in the cell lysis buffer, The cell
lysates were immunoprecipitated with anti-annexin A1 mouse MAb or control normal mouse IgG and analyzed with anti-EGAP mouse mAb or anti-annexin A1 mouse MAb as
indicated (left panel). The cell lysates were immunoprecipitated with anti-E6AP mouse mAb or control normal mouse g6 and analyzed with anti-E6AP mouse mAb or anti-

annexin A1 mouse mAb as indicated (right panel).

proteasome function. Cells were collected at 0, 3, 6, and 9 h
following the treatment and analyzed by immunoblotting (Fig. 4A).
Overexpression of E6AP resulted in rapid degradation of the
annexin A1 protein, whereas the annexin A1 protein was stable in
the cells transfected with inactive mutant E6AP C-A. Treatment
of the cells with MG132 inhibited the degradation of annexin Al
(Fig. 4A). These results suggest that E6GAP enhances proteasomal
degradation of annexin Al.

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

To determine whether or not E6AP is critical for the degradation
of endogenous annexin A1l protein, the expression of EGAP
was knocked down by siRNA and the expression of annexin

Al and E6AP was analyzed by immunoblotting. We used two
different siE6AP duplexes, siEGAP-1 and siE6AP-2, to knockdown
the endogenous E6AP. Transfection of either siE6AP-1 or siEGAP-2
into HEK 293T cells resulted in a decrease in E6AP levels by 70-95%
(Fig. 4B, the fust panel), indicating that both siRNAs against
E6AP resulted in a remarkable decrease in the protein level of
E6AP. Knockdown of endogenous E6AP resulted in an accumulation
of the endogenous annexin A1l protein, but no accumulation
of the endogenous annexin A2 protein (Fig. 4B, the second
and third panels), suggesting that the ubiquitylation and degrada-
tion of endogenous annexin A1l is specifically inhibited by
knockdown of endogenous E6AP in vivo. These results suggest
that endogenous E6AP plays a role in the proteolysis of endogenous
annexin Al.
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Fig. 3. EGAP decreases steady-state levels of annexin A1 protein in HEK 293T cells. HEK 2937 cells (1 x 10° cells/10-cm dish) were transfected with 1 j1g of pCAG annexin
A1-FLAG along with cither pCAG-HA-EBAP, pCAG-HA-EGAP 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 (middle panel), and anti-B-actin MAb (bottom panei). 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 B-actin served as a loading control. Circles, EGAP; squares, EEAP C-A; triangles,

Nedd4.

E6AP MEDIATES UBIQUITYLATION OF ANNEXIN A1 IN VIVO

To determine whether E6AP can induce ubiquitylation of annexin
A1 in cells, we performed in vivo ubiquitylation assays. HEK 293T
cells were transfected with annexin A1-FLAG plasmid and
either E6GAP or Nedd4 plasmid, together with a plasmid encoding
HA-tagged ubiquitin to facilitate the detection of ubiquitylated
annexin A1 protein. Cell lysates were immunoprecipitated with anti-
FLAG MAb and immunoblotted with anti-HA PAb to detect
ubiquitylated annexin A1 protein. Only a faint ubiquitin signal was
detected in the cells co-transfected with empty plasmid or Nedd4
plasmid (Fig. 5A, lanes 4 and 6). In contrast, co-expression of EGAP
led to readily detectable ubiquitylated forms of the annexin Al as
a smear of higher-molecular-weight bands (Fig. 5A, lane 5).
Immunoblot analysis with anti-FLAG PADb confirmed that annexin
A1-FLAG proteins were immunoprecipitated and that higher-
molecular-weight bands conjugated with HA-ubiquitin were indeed
ubiquitylated forms of the annexin Al proteins (Fig. 5B, lane 5).
These results suggest that EGAP enhances ubiquitylation of annexin
Al in the cells.

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

A1 using purified MEF-E6AP and GST-annexin Al as described
above, When the in vitro ubiquitylation reaction was carried out
either in the absence of MEF-E6AP 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 results indicate that E6AP directly mediates
ubiquitylation of annexin A1 protein in an ATP-dependent manner.

CA?*-DEPENDENT INTERACTION BETWEEN

ANNEXIN A1 AND E6AP

We next assessed the effects of Ca>" on the interaction between
annexin Al and E6AP. We performed the pull-down experiments by
incubating immobilized GST-E6AP or GST alone with purified His-
tagged annexin A1 in the presence or absence of 1 mM CaCl,. After
precipitation and SDS-PAGE, the bound annexin A1 was detected
by immunoblotting with anti-annexin A1 antibody. GST-E6AP, but
not GST, was able to precipitate annexin A1 only in the presence
of Ca®* (Fig. 6A, lane 4). These interactions were dependent on the
concentration of Ca®", as increasing concentrations of Ca** resulted
in an increase of binding of annexin A1 to E6AP (Fig. 6B). These
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