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VIRAL HEPATITIS

Involvement of PA28y in the Propagation of
Hepatitis C Virus

Kohji Moriishi,' Tkuo Shoji,” Yoshio Mori,' Ryosuke Suzuki, Tetsuro Suzuki,® Chikako Kataoka,’
and Yoshiharu Matsuura’

We have reported previously that the proteasome activator PA28y participates not only in
degradation of hepatitis C virus (HCV) core protein in the nacleus but also in the patho-
genesis in transgenic mice expressing HCV core protein. However, the biclogical signifi-
cance of PA28y in the propagation of HCV has not been clarified. PA28y is an activator of
proteasome responsible for ubiquitin-independent degradation of substrates in the nu-
cleus. In the present study, knockdown of PA28y in cells preinfection or postinfection with
the JFH-1 strain of HCV impaired viral particle production but exhibited no effect on vi-
ral RNA replication. The particle production of HCV in PA28y knockdown cells was
restored by the expression of an small interfering RNA (siRNA)-resistant PA28y. Although
viral proteins were detected in the cytoplasm of cells infected with HCV, suppression of
PA28y expression induced accumulation of HCV core protein in the nuclens. HCV core
protein was also degraded in the cytoplasm after ubiquitination by an ¥3 ubiquitin ligase,
EGAP. Knockdown of PA28y enhanced ubiquitination of core protein and impaired viras
production, whereas that of E6AP reduced ubiquitination of core protein and enhanced
virus production. Furthermore, virus production in the PA28y knockdown cells was
restored through knockdown of EGAP or expression of the siRNA-resistant wild-type but
not mutant PA28y incapable of activating proteasome activity. Conclusion: Our results
suggest that PA28y participates not only in the pathogenesis but also in the propagation of
HCYV by regulating the degradation of the core protein in both a ubiquitin-dependent and

ubiquitin-independent manner. (HeparoLoGy 2010;52:411-420)

ver 170 million individuals worldwide are
infected with hepatitis C virus (HCV), which
is a major etiological agent of liver diseases,
including hepatic steatosis, cirrhosis, and hepatocellular
carcinoma (HCQC).! HCV is classified into the genus

Abbreviations: HA, hemagglutining HCC, hepatocellular careinoma; HCYV,
hepatitis C viruss JEV, Japanese encephalitis virus; moi, multiplicity of
infection; ShRINA, short hairpin RNA; siRNA, simall interfering RNA.

From the ' Depariment of Molecular Virology, Research Instituze for Microbial
Diseases, QOsaka University Osaka, Japan; the “Divicion of Microbiology, Kobe
University Graduate School of Medicine, Hyego, Japan; and the 5].')3/):27'17;1??7)‘ of
Virology 11, National Institnte of Infections Diseases. Tokyo, Japan.

Received February 3, 2010; accepted March 13, 2010.

Supported in part by grants-in-aid from the Minisiry of Health, Labosy, and
Welfare; the Minisiry of Education, Culture, Sports, Science, and Technology;
the Osaka University Global Center of FExcellence Program; and the
Foundation for Biomedical Research and Innovation.

Potential conflict of interest: Noshing to report.

Address repring requests to: Yoshiharn Matsunra, D.V.M., Ph.D..Department
of Molecrlar Virology, Research [Insiitute for Microbial Diseases, Osaka
University, 3-1 Yamada-oka, Suits, Osaka 565-0871, Japan. E-mail:
maisuura@biken.osaka-u.acjp; fax: (81)-6-6879-8269.

Copyright © 2010 by the American. Association for the Study of Liver Diseases.

Published online in Wiley InterScience (wwnirinterscience.wiley.com).

DOI 10.1002/bep.23680

Additional Supporting Information may be found in the online version of
this article.

Hepacivirus of the Flaviviridae family and has a positive,
single-strand RNA genome that encodes a single poly-
protein consisting of about 3,000 amino acids.” The N-
terminal one-third of the polyprotein is occupied by the
structural proteins, and the remaining portion consists
of nonstructural proteins involved in viral replication
and assembly. Host and viral proteases cleave the appro-
priate sites of the polyprotein, resulting in generation of
at Jeast 10 viral proteins. The capsid (core), E1 and E2
proteins, and p7 are cleaved off by signal peptidase from
the polyprotein. Furthermore, the C-terminal signal
sequence of the core protein is processed by signal pep-
dide peptidase.” Our recent data indicate that signal pep-
tide peptidase cleaves the polyprotein between Phe'””
and Leu'"" in che signal sequence, and this processing is
required for HCV propagationf/’ The mature core pro-
teins make nucleocapsid with viral RNA, and HCV par-
ticles bud into the lumen of the endoplasmic reticulum
bearing E1 and E2 glycoproteins on the host lipid com-
ponents, and are released from the host cells.

Several reports suggest that HCV core protein plays
an important role in the development of various out-
comes of liver failure, including steatosis and HCC.>®
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We have reported previously thar HCV core protein
specifically interaces with a  proteasome activator
PA287y/REGy in the nucleus and is digested by a
PA28y-dependent proteasome activity.” In vivo experi-
ments in a mouse model suggest that PA28y plays a
critical role in the pathogenesis induced by HCV core
protemg") PA28y forms a homoheptamer in the nu-
cleus and enhances the proteasome-mediated cleavage
after basic amino acid residues, whereas PA28a and
PA28f exhibic 41% and 34% homology to PA28y,

respectively, and form a heteroheptamer in the cyto-
plasm to activate cleavage after hydrophobic, acidic, or
basic amino acid residues.'” Recendly, several groups
reported that PA28y interacts with steroid receptor
suppressors  such  as
nd p19*" and enhances
the degradation of these proteins in a ublqmcm— and
adenosine triphosphate~independent manner.'""? Fur-
thermore, other mechanisms of ubiquitin-independent
degradation have been considered for cell cycle regula-
tion, summarized in the review of Jariel -Encontre

coactivator-3 and cell cycle
p2 ] WAFI/CIPL g gINKdA

et al.!
PA28y are largely unknown in wvive, because PA283-
knockout mice exhibit only mild growth retardation
and live approximately as long as their conwol
licrermates.”™'®

HCV core protein is degraded in a PA28y-depend-
ent and ubiquitin-independent manner in the nuo-
cleus,”"” while EGAP is also involved in the degrada-
tion of the core prowin in a ubiquitin-dependent
manner.”'® EGAP is a member of E3 ligases, which
catalyze ubiquitin ligation of host and foreign proteins.
Knockdown of E6 AP suppressed degradation of HCV
core protein and enhanced the release of infectious
particles, sucrgestmw that EGAP negmvel} regulates
HCV propagation.’ 8 However, the role of 14’3&28}’ in
the propagation of HCV has not yet been character-
ized. In this study, we examined the biological signifi-
cance of PA287 in the propagation of HCV.

Materials and Methods

Transfecrion, Inmunoblotting, and RNA Interfer-
ence. Plasmid DNA was transfected into Huh70K]
cells by way of liposome-mediated eransfection using
Lipofectamine LITX with Plus reagent (Invitrogen,
Carlsbad, CA). Expression of HCV core protein was
determined by way of enzyme-linked immunosorbent
assay as described.'” Immunobloting was performed
as described.® The small interfering RNAs (siRNAs)
targeted to the PA28y gene were purchased from

However, the precise physiological functions of
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Ambion (Austin, TX) and were introduced into the
cell lines using Lipofectamine RNAIMax (Invitrogen).
siRNAs with the Ambion siRNA 1D numbers 138669
and 138670 designated as siPA28y1 and
siPA2872, respectively. Antdbodies and plasmids are
described in the Supporting Information.

Cell Lines and Virus Infection. All cell lines were
culrured at 37°C under the conditions of humidified
atmosphere and 5% CO;. The human hepatoma cell
line Huh70OK1 and derivative cell lines were main-
wined in Dulbecco’s modified Eagle’s medium (Sigma,
St. Louis, MO) supplemented with nonessential amino
acids, sodium pvmvate, and 10% feral bovine serum.
The Huh7-derived cell line harboring a subgenomic or
a full-length HCV replicon RNA™ was maintained in
Dulbecco’s modified Eagle’s medium containing 10%
feral bovine serum, nonessential amino acids, sodium
pyruvate, and I mg/ml G418 (Nakarai Tesque, Kyoro,
Japan). Huh70K1 cells were transfected with pSi-
lencer-shPAZ874 or a control plasmid, pSilencer 2.1
U6 hygro negative control (Ambion), and drug-resist-
ant clones were selected by treatment with hygromycin
(Wako, Tokyo, Japan) at a final concentration of 100
pg/mL. Huh7OK1 cells cransfected with the control
plasmid were selected with puromycin and designated
as shCntrl, whereas those transfected with p@ilencer—
shPA2874 were established by limited dilution,® and
two of the resulting cell lines were designated as KD5
and KD7. Plasmids encoding wild-type or mutant
PA28y complementary DNAs resistant to siRNA
against PA28y were prepared by using the silent mura-
tions as reported.® These plasmids were transfected
into Huh70K1 cells and cultivated in medium con-
taining 0.1 pg/mL of puromycin for 2 days. The susr-
viving cells were used for virus infection. The shCurl
and KD5 cells were transformed with pSilencer
shEGAP or pSilencer 3.1 HI puro negative control
(Ambion) and treated with 0.1 pg/mL of pmomvcm
for 2 days. The surviving cells were infected with JFH-
1 virus at a mulmphcxty of infection (mol) of 0.05.
The viral RNA derived from the plasmid pJFH1 was
transcribed  and  introduced into Huh70K1  cells
according to the method of Wakita et al. *Y The infec-
tivity of JFHI smm was determined using a focus-

Were

forming assay” and is expressed in focus-forming
units. The Huh7 cell line harboring subgenomic repli-
con RNA of the Conl or JFHI strain was prepared
according to the method of Pictschmann et al.”> The
infectivity of the Japanese encephalitis virus (JEV) was
determined by an immunostaining
described™ and is expressed in focus-forming units.
Colony formation and replication assays, quantitative

focus assay as
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reverse-transcription  polymerase chain reaction, and
estimation of cell growth was performed as described
in the Supporting Information.

Immunofluovescent Staining. Huh70K1-derived
cells were seeded at 0.5 x 10% cells/well in an eight-
well chamber slide, infected with JFH-1 virus at an moi
of 0.3 after incubation at 37°C for 24 hours, stained
with Bodipy 558/568 C;; according to the method of
Targere-Adams et al* ard days postinfection, and then
fixed at 4°C for 30 mintues with 4% paraformaldehyde
in phosphate-buffered saline. After treatment of cells
with 1 pg/mL of RNase A, nuclei were stained with 50
uM Heachest 33258. The fixed cells were permeabilized
with 20 mM Tris-HCl containing 1% Nonider P-40
and 135 mM NaCl at room temperature for 5 minutes,
reacted with rabbit ant-core or anti-NS5A antibody
followed by Alexa Fluor 488-goat antdbody to rabbit
immunoglobulin G, washed three times with phos-
phate-buffered saline, and observed with a FluoView
FV1000 laser scanning confocal microscope (Olympus,
Tokyo, Japan). The percentage of the area occupied by
the core protein in nucleus and cytoplasm was calcu-
lated using Image-Pro software (Media Cybernetics).
The percentage of the nuclear core protein to the total
core protein was examined randomly in 10 fields of ev-
ery three wells. The percentage of the nuclear NS3A two
total NS5A was estimated by the same method as the
ratio of the core protein.

Results

Transient Knockdown of PA28y Prior to or After
Infection With HCV Reduces Particle Produc-
tion. We reported previously that Huh7OK1 cells are
as permissive to JFH-1 virus infection as Huh7.5.1
cells.”® The Huh-7OK1 cell line retained the ability to
produce type I 1FNs through the RIG-I-dependent
signaling pathway upon infection with RNA viruses
and exhibited a cell surface expression level of human
CD81 comparable to that of the parental cell line.
However, the mechanism through which the Huh7
OK1 cell line exhibits highly permissive to JFF-1 vi-
rus infection has not been clarified yet. Two siRNAs
were used to knock down PA28y, but only one,
siPA2871, was used because the other had off-target
effects (Supporting Fig. 1). To examine the effect of
PA28y on the propagation of HCV, siPA28v1 was
introduced into Huh7OK1 cells 24 hours before infec-
tion. The levels of viral RNA, core protein, and infec-
tious viral titer were determined at 48 and 96 hours
postinfection. Viral RNA in the culeare supernatant
and cells was clearly reduced by the knockdown of

MORUSHI ET AL 413

PA287 at 48 and 96 hours postinfection, respecrively
i ¥
(Fig. 1A), whereas a significant reduction of core pro-
tein expression was derected atr 96 hours but not at 48

A~ 48h !

2 No BNA
silntri

g6h

HOY RNA/GAPDH (Log,o)
b

E2s

o

48h
£ No BNA
E ] siPA28yt
b=d
&
£
g
£
EE3
5
F
Sup Cell Sup
C ¢ I
48h B NoRNA P
siCnirl
*

Virus titer (log,q Hu/ml)

LSS ——
24h after

R
infection: 24k before

Fig. 1. Transient knockdown of PA28y before or after infection with
HCV reduces particle production. (A) Huh70K1 cells transfected with &
control SIRNA {siCntrt) or PA287y SIRNAL were infected with JFH-1 virus
at 24 hours postiransfection and then harvested at 48 hours {left
panel) and 96 hours postinfection (right panel). The quantity of HCV
RNA in cells and supernatants was determined by way of guantitative
reverse-transcription polymerase chain reaction. {B) The expression of
HCV core protein in cells and supematants at 48 hours (left panel)
and 96 hours {right panel) postinfection was determined by ELISA. {(C)
Huh70K1 cells that were transfected with siCnirl or PA28» siRNA1
were infected with JFH-1 virus at 24 hours posttransfection. The infec-
tivity of the virus in the culture supematant was determined by a
focus-forming assay at 48 hours postinfection {left panel). Those trans-
fected with the siRNAs at 24 hours before and after infection with
JFH-1 virus were determined similarly at 96 hours postinfection (vight
panel). *P < (.05, **P < (.01 versus contiol siRNA-transfected
cells. Data are representative of three independent experiments.
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hours postinfection (Fig. 1B). Infectious viral titer in
the culture supernatant was significantly reduced at 48
and 96 hours postinfection by the PA28y knockdown
(Fig. 1C), consistent with the suppression of the viral
RNA in the supernatant. Furthermore, a comparable
suppression of the production of infectious particles in
the supernatant was also achieved by introducing
siPA28y1 inw cells even at 24 hours postinfection
(Fig. 1C, right panel). These results suggest that
PA28y participates in the regulation of HCV propaga-
tion in postentry steps.

Stable Knockdown of PA28y Impairs Viral Propa-
gation. To establish the PA28y knockdown cell lines,
Huh70K1 cells were transfected with a  plasmid
encoding a short hairpin RNA (shRNA) targeted 1o
PA287 and selected with hygromycin, resulting in two
clones—KD5 and KD7—that exhibited a clear reduc-
tion of PA28y expression (Fig. 2A). Although the sup-
pression of PA28y expression in KD7 cells was slighdy
more efficient than that in KD5 cells, the growth of
KD7 cells was impaired (Fig. 2B). Viral production in
the culture supernatants in cells infected with the JFH-
1 virus was significantly impaired in PA28y knock-
down KD5 cells compared with control cells (Fig.
2C). The viral RNA and core protein in the superna-
tant were also reduced in KD5 cells (Fig. 2D). Expres-
sion of siRNA-resistant PA28v in PA28y knockdown
KD5 and KD7 cells recovered virus production in the
supernatant to a level similar to that in the control
cells transfected with an empty vector, and overexpres-
sion of siRNA-resistant PA28y in control cells slightly
enhanced virus productdon (Fig. 2E). Our previous
data suggest that capsid protein of JEV does not bind
to PA28y.” To examine whether PA28y regulates JEV
propagation, KD5 and shCnurl cells were infected with
JEV ar an moi of 0.5. The infectivity of JEV in KD3
cells was similar to that in shCnurl cells (Fig. 2F), sug-
gesting that PA287 does not participate in the virus
production pathway of JEV. These results further sup-
port the notion that PA28y participates in HCV
propagation.

Kunockdown of PA28y Exhibits No Effect on Viral
RNA  Replication. Although knockdown of PA28y
resulted in the suppression of viral particle and RNA
production in the culture supernatant at 48 hours
postinfection with JHF-1 virus, viral RNA in the cells
was not reduced (Fig. 1), suggesting that PA287 does
not participate in viral replication. To gain more
insight on this point, we examined the effect of PA28y
knockdown on RNA replication in replicon cells.
Transient knockdown of PA28y through introduction
of siPA287 into the subgenomic HCV replicon cells

HEPATOLOGY. August 2010
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Fig. 2. Establishment of PA28y knockdown cell lines and propaga-
tion of HCV. (A} Huh70K1 cells were transfected with pSilencer
shPA28» or control plasmid and selected by hygromycin at 48 hours
posttransfection. Two PA28y knockdown cell lines (KDS and KDT) and
one control cell line (shCntrl) were established, and PA28y knockdown
was confirmed by way of immunoblotiing. (B} Growth of the cell lines
was determined by staining with carboxyfiuorescein succinimidyl ester.
{(C,D) KD5 and shCntil cell lines were infected with the JFH-1virus at an
moi of 0.05. The infectious virus titers in the culture supernatants (C)
was determined by way of focus-forming assay. The virus RNA (D, left
panel) and the core protein (D, right panel in both cell and the super-
natant were deterimined at 5 days postinfection by way of ELISA and
quantitative reverse-transcription polymerase chain reaction, respec-
tively. (E) The plasmid encoding an siRNA-resistant PA28y or empty
vector was transfected into the cell fines, seeded at 5 x 10% calls into
a six-well plate after cultivation in the presence of puromyein for 2
days, and infected with JFH-1 virus at an moi of 0.05. The viral titers
were determined at 5 days postinfection. ¥P < 0.05, **P <« 0.01 ver-
sus shCntd cells transfected with an empty vector. (F). KD5 and shCntil
cell lines were infected with the JEV virus at an moi of 0.5, The infectiv-
ity of JEV in the supematant was determined at 1 and 2 days postin-
fection. Data are representative of three independent experiments.

derived from the Conl or [FH-1 strain induced
no significant reduction of HCV RNA (Fig. 3A). Fur-
thermore, luciferase activities in the stable PA28y
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knockdown cell line KD5 and the control cell line
rransfected with the subgenomic replicon RNA (W)
were gradually increased undl 4 days posteransfection,
whereas luciferase acrivities in the same two cell lines
transfected with the polymerase-dead replicon RNA
(GND) were decreased in a time-dependent manner
(Fig. 3B). Next, to explore the effect of PA287 knock-
down on the viral replication over a longer period,
replicon RNA encoding the neomycin-resistance gene
was transfected into the cell lines for a colony forma-
tion assay. The numbers of colonies in the KI5 cell
line afrer 4 weeks of selection with G418 were similar
o those in the control cell line (Fig. 3C). To furcher
clarify the roles of PA28y on the postreplication steps,

A
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in vitro wanscribed full-length viral RNA was trans-
fected into Huh7OK1 cells, and siPA28v1 was then
introduced into the cells at 24 hours posttransfection
of viral RNA. Intracellular core protein was increased
in a dme-dependent manner, but no significant differ-
ence was observed berween cells transfected with con-
trol siRNA and those transfected with siPA2871 (Fig.
3D, left panel). However, infectious virus titers in the
supernatant were significantly decreased by the tran-
sient and stable knockdown of PA28y compared with
control cells (Fig. 3D, middle and right panels). Fur-
thermore, PA28y did not contribute to the virus pro-
duction of JEV (Fig. 2F), suggesting that the general
sorting pathway of the flavivirus is funcrional under

B cont
L G

<

'
Py

Fig. 3. Effect of PA28+ knockdown on HCV
RNA replication. {A) The siCntrl or siPA28+1 (10
nM) was transfected into the subgenomic HCV
replicon cells derived from Conl and JFH-1
strains. The transfected cells were harvested at
72 hours positransfection. The replicon RNA
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to PA28v and glyceraldehyde 3-phosphate de-
hydrogenase (lower). {B) The HCV replicon RNA
encoding luciferase gene (WT) or the HCV repli-
con RNA that has a replication-deficient muta-
tion (GND) was transfected into the shCntil
(Control) and KD5 cell lines. Relative luciferase
activity was determined using the activity at 4
hours post-electroporation as a transfection ef-
ficiency. (C) Colony formation assay. Replicon
RNA encoding the neomycin-resistance gene
was transfected into the shCntrl and KD5 cell
lines, and the remaining colonies were fixed
with 4% paraformaldehyde at 4 weeks post-
transfection and then stained with crystal violet.
The number of colonies was counted {right). (D)
Huh70K1 cells wansfected with 10 ug of
in vitro-transcribed full-length JFH-1 viral RNA
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Merge C
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Fig. 4. Effect of PA28y knockdown on the localization of HCV core protein and lipid droplets. The shCntrl and KD5 cell lines infected with
JFH-1 virus were fixed with methano! or paraformaldehyde for 5 minutes at 4 days postinfection. HCV core (A) and NSBA (B) proteins were
stained with rabbit antibodies raised against the proteins and Alexa Flour 488-conjugated goat anti-rabbit immunoglobulin G antibody. Lipid
droplets were stained with Bodipy 558/568 C12. Nuclei were stained with 50 1M Heachest 33258 after treatment with 1 pg/mb of RNase A.
Data are representative of three independent experiments. (C} The percentage of the area occupied by the core protein in nucleus and cytoplasm
was calculated using the method described in Materials and Methods. The percentage of the nuclear NS5A 1o total NSBA was estimated by the
same way as the ratio of the core protein. **P < 0.01 versus control siRNA-transfected celis.

the PA28y knockdown condition. These results suggest
that PA287 specifically regulates the postreplication
steps in the life cycle of HCV.

Corve Protein Is Partially Accumslated in the
Nucleus of PA28y Knockdown Cells. We reported
previously that some fraction of HCV core protein
migrates into the nucleus and is then degraded by a
PA28y-dependent proteasome pathway.7 Furthermore,
we have demonstrated that HCV core protein is clearly
accumulated in the nucleus of the liver cells of PA287-
knockout mice.® However, the role of PA287 on the
intracellular localization of HCV core protein in the
infected HCV cells has not been characterized. HCV
core protein was chiefly detected in cytoplasm of the
control cell line infecred with the JFH-1 virus, where
it appeared around lipid droplets after staining with
Bodipy 558/568 (12 (Fig. 4A, upper panels). In con-
trast, the core protein was detected not only in the
cytoplasm around the surface of lipid droplets, but
also in the nucleus in the KD5 cell line (Fig. 4A,
lower panels). The NS5A protein was detected in the
cytoplasm but not in the nucleus in both the shCnul
and KD5 cell lines (Fig. 4B). The percentage occupied
by nuclear core protein to total core protein was
increased by about six time levels in the KDS5, while
the ratio of nuclear NS5A to rotal NS5A exhibited ro

difference (Fig. 4C). These results suggest that PA28y
participates in the degradation of HCV core protein in
the nucleus.

PA28y Positively Regulates HCV Propagation by
Inbibiting Ubiguitin-Dependent Degradation of
Core Protein in Cyroplasm. We reported previously
that HCV core protein is degraded by at least two dis-
tinct pathways: a ubiquitin-dependent proteasome
pathway and a ubiquitin-independent proteasome
pathway.'” The ubiquitin E3 ligase, EGAP. can
catalyze ubiquitin ligaton of the core protein for
ubiquitin-dependent degradation in the cyroplasm,'®
whereas PA28y participates in the degradation of the
core protein through a ubiquitin-independent pathway
in the nucleus.’” We have also demonstrated that
PA28y knockdown leads to enhanced ubiquitination of
HCV core protein.’ However, the interplay between
these two pathways in cells infected with HCV has
not been determined. To address this point, we exam-
ined the effects of knockdown of EGAP or PA28y on
the virus propagation and the ubiquitination of ¢he
core protein. JFH-1 virus was inoculated into EGAP-
and/or PA287 knockdown cell lines (Fig. 5A). Trans-
fection of the plasmid encoding shRNA to E6AP into
the control cells (shCntrl) increased virus production
(Fig. 5A [C-E]) in comparison with that of the
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Fig. 5. PA28v knockdown enhances EGAP-dependent ubiquitination
of core protein and reduces virus titer. (A) shCntrl and KD5 cells trans-
fected with plasmids encoding the negative control (C-C and P-C) or
EBAP (C-E and P-E) shRNA were treated with puromycin for 2 days. The
remaining cells seeded at 2.5 x 10% cells in a 24-well plate were
infected with the JFH-1 virus at an moi of 0.05, and infectious virus
fiters in the supernatants were determined al 72 hours postinfection by
way of focus-forming assay. (B) The cells transfected and infected as in
(A} were further transfected with a plasmid encoding HA-tagged ubiqui-
tin at 48 hours postinfection. The cells were treated with 10 ;M
MG132 for 5 hours at 72 hours postinfection and subjected to immu-
noprecipitation with anti-core monoclonal antibody and immunoblotting
with anti-HA antibody. The ratio of ubiguitination of HCV core protein
was assessed by the densitometries of the ubiguitinated and unubiqui-
tinated core proteins. (C) KD5 cells transfected with plasmids encoding
wild-type or mutant PA28; were infected with the JFH-1 virus at an mol
of 0.05 at 24 hours postlransfection, and the infectious titers in the su-
pernatant were determined at 72 hours postinfection by way of focus-
forming assay. (D) KDS cells transfected with plasmids encoding HCV
core protein and HA-tagged ubiquitin, together with wild-type or mutant
PA28, were treated with 10 1M MG132 for 5 hours at 24 hours post-
transfection and subjected to immunoprecipitation with anti-core mono-
clonal antibody and immunoblotting with anti-HA antibody. EV, empty
vector; W1, plasmid encoding wild-lype PA28y. *P < 0.05 versus
shCnirt or KD5 ceils transfected with the negative contiol or empty vec-
tor. Data are representative of three independent experiments.

control cells transfected with the plasmid encoding
control shRNA (Fig. 5A [C-C}). Furthermore, the
impaired virus production in the PA28y knockdown
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cells (KD5) was restored by the tansfection of the
plasmid encoding shRNA to EGAP (Fig. 3A [P-E]).
Cells expressing hemagglutinin (HA)-tagged ubiquitin
infected with the JFH-1 virus were immunoprecipi-
tated by the anti-core antibody, and the immunopre-
cipitates were analyzed by immunoblotting with and-
HA antibody (Fig. 5B). EGAP knockdown decreased
the ratio of ubiquitination of HCV core protein, in
contrast to the increase of that by PA28y knockdown
(Fig. 3B, lanes C-E and P-C). Furthermore, EGAP
knockdown in the PA287 knockdown cells restored
the ubiquitination of the core protein to a certain
extent (Fig. 5B, lane P-E). It was shown that Pro”*’
of PA28y is critical for binding to the 208 protea-
some, and that Gly'™° of PA287 are im-
portant for activation of the proteasome.zo To further
examine the functional significance of PA287 on
HCV  propagation, expression plasmids encoding
siRNA-resistanc PA28y mutants in which Gly'™",
Asn®®t and Pro®®® were replaced with Ser (G1508),
Tyr (NIS1Y), and Iyr (P245Y). respectively, were
transfected into KDS cells and inoculated with [FH-1
virus at 24 hours posttranstection. The infectious vi-
rus titers in the culture supernatant were determined

R
and Asn

ar 3 days postinfection (Fig. 5C). KD5 cells wrans-
fected with the plasmid encoding wild-type PA28y
exhibited a partial recovery of virus production,
although those transfected with the plasmid encoding
PA28y (1508, NIS1Y, or P245Y or with an empry
vector exhibited no effect on virus production.
Replacing Lyslgs with Glu in PA28y (PA28, KI188E)
confers the capabilitcy of proteasome-mediated cleav-
age after hydrophobic, acidic, and basic residues such
as those exhibited by PA28%.%" Expression of siRNA-
resistant PA28y KIS8E in KD5 cells could not
restore virus production (Fig. 5D). The ubiquitina-
tion of HCV core protein was inhibited by expression
of the wild-type PA287 but not expression of cthe
PA287 mutants (P245Y or KI188E) in KD5 cells (Fig.
5D). Collectively, these results suggest that PA28y
positively regulates HCV propagaton by inhibiting
degradation of HICV core protein by an E6AP/ubig-
uitin-dependent proteasome.

Discussion

To explore the role of PA28y on the life cycle of
HCV, we examined the effects of knockdown of
PA28y in Huh7OKI cells infected with the JFH-1 vi-

rus. Knockdown of PA287 in Huh7OK1 cells before
or after infection with the JFH-1 virus impaired
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production of infectious particles but did not impair
viral RNA replication. However, PA287 knockdown
did not affect the production of JEV. of which the
capsid protein does not interact with PA28y, suggest-
ing that PA28y knockdown does not affece the general
sorting pathway of flavivirus. These results suggest that
PA287 is specifically involved in the postreplication
steps of HCV life cycde. Our previous report indicated
that HCV core protein was accumulated in the nu-
cleus of the hepatocytes of HCV core transgenic/
PA287 knockour mice.® PA28; is located mainly in
the nucleus, although a small portion is also located in
the cytoplasm”™® and can up-regulate trypsin-like pro-
teasome activity, which cleaves after basic amino acid
residues.” Previous studies have shown that some frac-
tion of HCV core protein is translocated into the nu-
cleus and quickly degraded in the PAZ8y-dependent
7829 1. . 30
proteasome pathway.””~ Miyanari et al.”” demon-
strated that the core protein is localized on the surface
of lipid droplets and is surrounded by nonstrucraral
proteins, suggesting that HCV particles are assembled
near the surface of the lipid droplets. In the present
experiments, although HCV core protein was detected
on the surface of the lipid droplets in both control
and PA28y knockdown cell lines, it was partially local-
ized in the nucleus in PA28y knockdown cells bur not
control cells. Furthermore, localization of HCV core
protein on the surface of lipid droplets was impaired
in PA28y knockdown cells (Fig. 4). These results sug-
gest that FICV core protein is partally translocated
into the nucleus and degraded in the PA28y-depend-
ent proteasome pathway in HCV-infected cells and
that PA28y does not directly participate in the particle
formation of HCV.

HCV core protein is degraded by at least two pro-
teasome pathways: a ubiquitin-dependent pathway and
a ubiquitin-independent and PA28y-dependent path-
way.'” The E3 ligase EGAP catalyzes ubiquitin ligation
to HCV core protein, resulting in enhanced degrada-
tion of the core protein in the cytoplasm.'® Knock-
down of E6AP up-regulated virus production in cells
infected with the JFH-1 virus,'® suggesting that ECAP/
ubiquitin-dependent degradation of the core protein
contributes to an antiviral response. In contrast, knock-
down of PA28y induced up-regulation of the ubiquit-
nation of HCV core protein and down-regulation of
the viral production, suggesting that PA28y-dependent
contributes to the proviral
response by suppressing EGAP-dependent degradation
of the core protein, thereby enhancing viral particle
formation. The wild-type PA287 enhances the trypsin-
like activity of proteasome that cleaves peptide bonds

proteasome  activity
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after basic residues of the substrates, whereas the
PA28y K188E mutant enhances the proteasome activ-
ity that cleaves peptide bonds after hydrophobic,
acidic, and basic residues in the manner of PA28a.%"
Therefore, the sizes of fragments produced by the
PA28y-dependent proteasome should be different
from those produced by the PA28u5/f- or ubiquitina-
tion-mediated proteasome. It might be feasible to
speculate that the peptide fragments of HCV core
protein generated by the PA28y-dependent protea-
some or PA28y per se may be directly or indirectly
involved in the suppression of the EGAP-dependent
ubiquitination of the core protein. Further studies will
be needed to clarify the relationship between EGAP
and PA28y in the degradation and ubiquitination of
HCV core protein. Figure 6 shows a schematic dia-
gram of our hypothesis of the regulation of HCV
propagation by PA287y.

HCV core protein was found in not only nuclei but
also cytoplasm of the infected KD35 cells (Fig. 4). The
down-regulation of virus production should potendy
reduce a total amount of the core protein in KI5 cells
before a clear accumulation of the core protein in
nuclei. Furthermore, a small amount of PA28y was
found in the PA28; knockdown cells, suggesting that
E6AP-dependent degradadion of HCV core protein is
not potently suppressed in the PA28y knockdown cells.
If HCV core protein is constitutively expressed under
the PA28y knockout cells regardless of an amount of
infected virus, a clear accumulation of the core protein
in nuclei should be found without cytoplasmic expres-
sion of the core protein under the PA28y knockout
condition. We reported previously that HCC and liver
steatosis in mouse are induced by the HCV core pro-
tein in the presence, but not the absence, of PA28 "
Although HCV core protein is predominanty detected
in the cytoplasm of the liver cells of PA28y™

8,31 - . .
HCV core protein was clearly accumulared in

mice,
the nudlei, but dearly reduced in cytoplasm, of liver
cells of PAZS;""'” mouse.” In addidon, ubiquitination
of HCV core protein was increased by PA287 knock-
down in the 2937 cell line.” These results and the data
in Fig. 5 suggest that the suppression of PA28y func-
tion enhances the EGAP-dependent degradation of
HCV core protein. Hence, the reason there is no dif-
ference between PA287""" and PA287 ' mice with
respect to the amount of core protein may be due to
the competitive regulation of the core protein by
EGAP- and PA28y-dependent degradation mechanisms.
E6AP-dependent degradation of HCV core protein in
cytoplasm may be enhanced 77 vivo under the PA28y
knockour condition.

-822-



HEPATOLOGY, Vol. 52, No. 2, 2010

ER Lumen

Cytoplasm

4

Nucleus

Pr:wn red
| rESpONSe

Fig. 6. Schematic diagram of the potential roles of PA28

MORHSHI ET AL,

419

Antiviral g

response |
] Gw ﬁg)&} R i
i &

in HCV propagation. HCV core protein is cleaved off from the precursor polyprotein

by signal peptidase (SP) and the signal sequence is furtner processed by signal peptide peptidase (SPP). The mature core protein mainly local-
izes on the lipid droplets close to the endoplasmic reticulum to form a nucleocapsid with the viral RNA genome and is incorporated into virus
particles as a structural protein. In addition to the structural protein of HCV, the core protein has characteristics of a nonstructural protein, HCY
core protein is degraded through ubiquitin-dependent and ubiquitin-independent proteasome pathways. EGAP catalyzes ubiquitin ligation to HCV
core protein and promotes degradation in the cytoplasm, which contributes fo the antiviral response. In contrast, the core protein partially
migrates into the nucleus and is degraded through a ubiquitin-independent and PA28y-dependent proteasome pathway, and the core protein
fragments generated by the PA28y pathway or PA28y per se were suggested 1o participate in the suppression of EGAP-dependent ubiguitination

of HCV core protein, which contributes 1o the proviral response.

In conclusion, in this study we demonstrated that
the proteasome activator PA28y positively regulates
particle production of HCV by inhibiting E6AP-de-
pendent ubiquitination of the core protein, in additon
to our previous observation that PA28y plays a crucial
role in the development of liver pathology induced by
HCV core protein.’ PA28y knockout mice exhibir
only mild growth retardation.’”® Therefore, PA28;
may be a novel and promising antiviral target not only
for elimination of HCV from hepatids C partients but
also for intervention in the progression of liver discases
induced by chronic HCV infecdon.
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VIRAL HEPATITIS

involvement of PA28y in the Propagation of
Hepatitis C Virus

Kohji 1‘»‘101’iislrxi,l Tkuo Sho'i,z Yoshio Mori," Ryosuke Suzuki,” Tetsuro Suzuki,® Chikako Kataoka,l
J }
and Yoshiharu Matsuura’

We have reported previously that the proteasome activator PA28y participates not only in
degradation of hepatitis C virus (HCV) core protein in the nucleus but also in the patho-
genesis in transgenic mice expressing HCV core protein. However, the biclogical signifi-
cance of PA28y in the propagation of HCV has not been clarified. PA28y is an activator of
proteasome responsible for ubiquitin-independent degradation of substrates in the nu-
cleus. In the present study, knockdown of PA28y in cells preinfection or postinfection with
the JFH-1 strain of HCV impaired viral particle production but exhibited no effect on vi-
ral RNA replication. The particle production of HCV in PA28y knockdown cells was
restored by the expression of an small interfering RNA (siRINA)-resistant PA28y. Alchough
viral proteins were detected in the cytoplasm of cells infected with HCV, suppression of
PA28y expression induced accumaulation of HCV core protein in the nucleas. HCV core
protein was also degraded in the cytoplasm after ubiquitination by an E3 ubiquitin ligase,
EGAP. Knockdown of PA28y enhanced ubiquitination of core protein and impaired virus
production, whereas that of EGAP reduced ubiquitination of core protein and enhanced
virus production. Furthermore, virus production in the PA28y knockdown cells was
restored through knockdown of EGAP or expression of the siRNA-resistant wild-type but
not mutant PA28y incapable of activating proteasome activity. Conclusion: Our results
suggest that PA28y participates not only in the pathogenesis but alse in the propagation of
HCV by regulating the degradation of the core protein in both a ubiquitin-dependent and

ubiquitin-independent manner. (HeratoLoGy 2010;52:411-420)

ver 170 million individuals worldwide are
infected with hepatitis C virus (HCV), which
is a major etological agent of liver diseases,
including hepatic steatosis, cirrhosis, and hepatocellular
carcinoma (HCC).! HCV is classified into the genus

Abbreviations: HA, hemagglutining HCC, heparocellular carcinoma; HCV.
hepatitis C virus; JEV, Japanese encephalitis viruss moi, multiplicity of
infection; sShRINA, short hairpin RNA; siRNA, onall interfering RNA.
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Hepaciviras of the Flaviviridae family and has a positive,
single-strand RNA genome that encodes a single poly-
protein consisting of about 3,000 amino acids.” The N-
terminal one-third of the polyprotein is occupied by the
structural proteins, and the remaining portion consists
of nonstructural proteins involved in viral replication
and assembly. Host and viral proteases cleave the appro-
priate sites of the polyprotein, resulting in generation of
at least 10 viral proteins. The capsid (core), E1 and E2
proteins, and p7 are cleaved off by signal peptidase from
the polyprotein. Furthermore, the C-terminal signal
sequence of the core protein is processed by signal pep-
tide peptidase.” Our recent data indicate that signal pep-
tide peptidase cleaves the polyprotein between Phe'””
and Leu'"® in the signal sequence, and this processing is
required for HCV propagationf; The mature core pro-
teins make nucleocapsid with viral RNA, and FICV par-
ticles bud into the lumen of the endoplasmic reticulum
bearing E1 and E2 glycoproteins on the host lipid com-
ponents, and are released from the host cells.

Several reports suggest that HCV core protein plays
an important role in the development of various out-
comes of liver failure, including steatosis and HCC. >

411

—825f



412

MORISHI ET AL

We have reported previously that HCV core protein
specifically interacts with a proteasome activator
PA28y/REGy in the nucleus and is digested by a
PA28y-dependent proteasome activit_\,:7 In vive experi-
ments in a mouse model suggest that PA28y plays a
critical role in the pathogenesis induced by HCV core
protein.”” PA28y forms a homoheptamer in the nu-
cleus and enhances the proteasome-mediated cleavage
after basic amino acid residues, whereas PA28a and
PA28f exhibit 41% and 34% homology to PA28y,
respectively, and form a heteroheptamer in the cyto-
plasm to activate cleavage after hydrophobic, acidic, or
basic amino acid residues.'” Recenty, several groups
reported that PA28y interacts with steroid receptor
coactivator-3  and  cell cycle suppressors such as
pZI\W‘FI/Cm, pi(iINKM, and pl‘)"é"RF, and enhances
the degradation of these proteins in a ubiquitin- and
adenosine triphosphate~independent manner."® Fur-
thermore, other mechanisms of ubiquirin-independent
degradation have been considered for cell cycle regula-
tion, summarized in the review of Jariel -Encontre
et al."* However, the precise physiological functions of
in vivo, because PA287y-
mild growth retardation
long as their control

PA28y are largely unknown
knockout mice exhibic only
and live approximately as
liccermates.'> ¢

HCV core protein is degraded in a PA28y-depend-
ent and ubiquitin-independent manner in the nu-
cleus,”"” while EGAP is also involved in the degrada-
ton of the core protein in a ubiquitin-dependent
manner.'”'® EGAP is a member of E3 ligases, which
catalyze ubiquitin ligation of host and foreign proteins.
Knockdown of EGAP suppressed degradadon of HCV
core protein and enhanced the release of infecrious
particles, suggesting that EGAP negatively regulates
HCV propagation.'® However, the role of PA28y in
the propagation of HCV has not yet been character-
ized. In this study, we examined the biological signifi-
cance of PA287 in the propagation of HCV.

Materials and Methods

Transfection, Immunoblotting, and RNA Interfer-
ence. Plasmid DNA was transfected inte Huh70K1
cells by way of liposome-mediated transfection using
Lipofectamine ITX with Plus reagent (Invitrogen,
Catlsbad, CA). Expression of HCV core protein was
determined by way of enzyme-linked immunosorbent
assay as described.’ Immunoblotting was performed
as described.® The small interfering RNAs (siRNAs)
targeted to the PA28y gene were purchased from

HEPATOLOGY. August 2010

Ambion (Austin, TX) and were introduced into the
cell lines using Lipofectamine RNAiMax (Invitrogen).
siRNAs with the Ambion siRNA 1D numbers 138669
138670 designated as  siPA28y1
siPA2872, respectively. Antbodies and plasmids are
described in the Supporting Information.

Cell Lines and Vivus Infection. All cell lines were
culrured at 37°C under the conditions of humidified
atmosphere and 5% CQO,. The human hepatoma cell

and were and

line Huh7OK1 and derivative cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (Sigma,
St. Louis, MO) supplemented with nonessential amino
acids, sodium pyravate, and 10% feral bovine serum.
The Huh7-derived cell line harboring a subgenomic or
a full-length HCV replicon RNA™ was maintained in
Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, nonessential amino acids, sodium
pyruvate, and 1 mg/ml G418 (Nakarai Tesque, Kyoto,
Japan). Fuh70K1 cells were transfected with pSi-
lencer-shPA28y4 or a control plasmid, pSilencer 2.1
U6 hygro negative control (Ambion), and drug-resist-
ant clones were selected by treatment with hygromyecin
(Wako, Tokyo, Japan) at a final concentation of 100
pg/ml. Huh70K1 cells transfected with the control
plasmid were selected with puromycin and designated
as shCntrl, whereas those transfected with pSilencer-
shPA2874 were established by limited dilution,® and
two of the resulting cell lines were designated as KIDS
and KI37. Plasmids encoding wild-type or murant
PA28y  complementary DNAs resistant to  siRNA
against PA28y were prepared by using the silent mura-
tions as reported.® These plasmids were transfected
into Huh70K1 cells and cultivated in medium con-
taining 0.1 pg/ml of puromycin for 2 days. The sur-
viving cells were used for virus infection. The shCul
and KD5 cells were wansformed with pSilencer
shEGAY or pSilencer 3.1 H1 puro negative control
(Ambion) and treated with 0.1 ug/mL of puromycin
for 2 days. The surviving cells were infected with JFH-
1 virus ar a muldplicity of infection {meoi) of 0.05.
The viral RNA derived from the plasmid pJFH1 was

Huh70K1
21

transcribed  and  introduced into cells
according to the method of Wakita et al.”" The infec-
dvity of JEHT strain was determined using a focus-
forming assay” and is expressed in focus-forming
units. The Huh7 cell line harboring subgenomic repli-
con RNA of the Conl or JFHI strain was prepared
according to the method of Pietschmann et al.™ The
infectivity of the Japanese encephalitis virus (JEV) was
deterrnined by an immunostaining focus assay as
described™ and is expressed in focus-forming units.

Colony formation and replication assays, quantitative

—826—



HEPATOLOGY, Vol. 52, No. 2, 2010

reverse-transcription polymerase chain reaction, and
estimation of cell growth was performed as described
in the Supporting Information.

Immunofluorescent Staining. Huh70Kl1-derived
cells were seeded at 0.5 x 10% cells/well in an cight-
well chamber slide, infected with JFH-1 virus at an moi
of 0.3 after incubation at 37°C for 24 hours, stained
with Bodipy 558/568 C;, according to the method of
Targett-Adams et al.™ ar 4 days postinfection, and then
fixed at 4°C for 30 mintues with 4% paraformaldehyde
in phosphate-buffered saline. After treatment of cells
with 1 gug/mL of RNase A, nuclel were stained with 50
UM Heachest 33258. The fixed cells were permeabilized
with 20 mM Tris-HCl containing 1% Nonider P-40
and 135 mM NaCl at room temperature for 5 minutes,
reacted with rabbir anti-core or anti-NSSA antibody
followed by Alexa Fluor 488-goat antdbody to rabbir
immunoglobulin G, washed three times with phos-
phate-buffered saline, and observed with a FluoView
FV1000 laser scanning confocal microscope (Olympus,
Tokyo, Japan). The percentage of the area occupied by
the core protein in nucleus and cytoplasm was calcu-
lated using Image-Pro software (Media Cybernetics).
The percentage of the nuclear core protein to the total
core protein was examined randomly in 10 fields of ev-
ery three wells. The percentage of the nuclear NS5A to
total NS5A was estimated by the same method as the
ratio of the core protein.

Results

Transient Knockdown of PA28y Prior to ov After
Infection With HCYV Reduces Particle Produec-
tion. We reported previously that Huh7OKI1 cells are
as permissive to JFH-1 virus infection as Huh7.5.1
cells.”” The Huh-7OK1 cell line retained the ability to
produce type | 1FNs through the RIG-I-dependent
signaling pathway upon infection with RNA viruses
and exhibited a cell surface expression level of human
CD81 comparable to that of the parental cell line.
However, the mechanism through which the Huh7
OK1 cell line exhibits highly permissive to JFI-1 vi-
rus infection has not been clarified yet. Two siRNAs
were used to knock down PA28y, buc only one,
siPA2871. was used because the other had off-rarget
effects (Supporting Fig. 1). To examine the effect of
PA28y on the propagadon of HCV, siPA28y1 was
introduced into Huh7OKX1 cells 24 hours before infec-
tion. The levels of viral RNA, core protein, and infec-
tious viral titer were determined at 48 and 96 hours
postinfection. Viral RNA in the caleare supernatant
and cells was clearly reduced by the knockdown of
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PA28y at 48 and 96 hours postinfection, respectively
(Fig. 1A), whereas a significant reduction of core pro-
tein expression was detected at 96 hours but not at 48

HOV ANA/GAPDH (Log,,)

o

48h

3 No RNA
7] siCntrl
[ siPA28yt

HCV pore {logy, fmol)

Cetll

Sup

Sup

O
b
o0

48h aBh

{1 siPAZByY

Virus titer {fog,, fu/mi)

B
24h afier

\.—_—.\,—.—___.f'
infection: 24h before

Fig. 1. Transient knockdown of PA28y before or after infection with
HCV reduces particle production. (A) Huh7OK1 cells transfected with a
control SIRNA {siCntrt) or PA28y siRNAT were infected with JFH-1 virus
at 24 hours postiransfection and then harvested at 48 hours {left
panel) and 96 hours postinfection {right panel). The quantity of HCY
RNA in celis and supernatants was determined by way of quantitative
reverse-transcription polymerase chain reaction. (B) The expression of
HCV core protein in cells and supernatants at 48 hours {left panel)
and 96 hours {right panel} postinfection was determined by ELISA. (C)
Huh70K1 celis that were transfected with siCnirt or PA28» siRNAL
were infected with JFH-1 virus at 24 hours postiransfection. The infec-
fivity of the virus in the culture supernatant was determined by a
focus-forming assay at 48 hours postinfection {left panel). Those trans-
fected with the siRNAs at 24 hours before and after infection with
JFH-1 virus were determined similarly at 96 howrs postinfection (right
panel). *P <« 0.08, #*F <« (.01 versus contro! siRNA-transfected
cells. Data are representative of three independent experiments.
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hours postinfection (Fig. 1B). Infectious viral dter in
the culture supernatant was significantdy reduced ar 48
and 96 hours postinfection by the PA28y knockdown
(Fig. 1C), consistent with the suppression of the viral
RNA in the supernatant. Furthermore, a comparable
suppression of the production of infectious particles in
the supernatant was also achieved by introducing
siPA2871 into cells even ar 24 hours postinfection
(Fig. 1C, right panel). These results suggest that
PA28y participates in the regulation of HCV propaga-
tion in postentry steps.

Stable Knockdown of PA28y Impairs Viral Propa-
gation. To establish the PA287 knockdown cell lines,
Huh70K1 cells were transfected with a  plasmid
encoding a short hairpin RNA (shRNA) targeted to
PA28y and selected with hygromycin, resulting in two
clones—KD5 and KD7—that exhibited a clear reduc-
tion of PA28y expression (Fig. 2A). Although the sup-
pression of PA28y expression in KID7 cells was slighdy
more efficient than that in KD5 cells, the growth of
KD7 cells was impaired (Fig. 2B). Viral production in
the culture supernatants in cells infected with the JFH-
1 virus was significantly impaired in PA287 knock-
down KD5 cells compared with control cells (Fig.
2C). The viral RNA and core protein in the superna-
tant were also reduced in KD3 cells (Fig. 2D). Expres-
sion of siRNA-resistant PA28y in PA28y knockdown
KD3 and KD7 cells recovered virus production in the
supernatant to a level similar to that in the control
cells transfected with an empty vector, and overexpres-
sion of siRNA-resistant PA28y in control cells slighty
enhanced virus producton (Fig. 2E). Our previous
data suggest that capsid protein of JEV does not bind
to PA28y.” To examine whether PA28y regulates JEV
propagation, KD5 and shCnerl cells were infected with
JEV at an moi of 0.5. The infectivity of JEV in KD5
cells was similar to that in shCnul cells (Fig. 2F), sug-
gesting that PA287 does not participate in the virus
production pathway of JEV. These results further sup-
port the notion that PA28y participates in HCV
propagation.

Knockdown of PA28y Exhibits No Effect on Viral
RNA Replication. Although knockdown of PA28y
resulted in the suppression of viral particle and RNA
production in the culture supernatant at 48 hours
postinfection with JHF-1 virus, viral RNA in the cells
was not reduced (Fig. 1), suggesting that PA28y does
not participate in viral replicadon. To gain more
insight on this point, we examined the effect of PA28y
knockdown on RNA replication in replicon cells.
Transient knockdown of PA28y through introduction
of siPA28y into the subgenomic HCV replicon cells
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Fig. 2. Establishment of PA28+ knockdown cell lines and propaga-
fion of HCY. (A). Huh70K1 cells were transfected with pSilencer
shPA28y or control plasmid and selected by hygromycin at 48 hours
postiransfection. Two PA28y knockdown cell lines (KD5 and KDY) and
one control cell fine (shCntrl) were established, and PA28; knockdown
was confirmed by way of immunoblotling, (B) Growth of the cell lines
was determined by staining with carboxyfluorescein succinimidyt ester.
(C,D) KD5 and shCntrl cell lines were infected with the JFH-1virus at an
moi of 0.05. The infectious virus titers in the culture supematants (C)
was determined by way of focus-forming assay. The virus RNA (D, left
panel) and the core protein (D, right panel) in both cell and the super-
natant were determined at 5 days postinfection by way of ELISA and
quantitative reverse-transcription polymerase chain reaction, respec-
tively. (£} The plasmid encoding an siRNA-resistant PA28y or empty
vector was transfected into the cell lines, seeded at 5 x 10° cells into
a sixwell plate after cultivation in the presence of puromyein for 2
days, and infected with JFH-1 virus at an moi of 0.05. The viral titers
were determined at 5 days postinfection. *P <2 0.05, **P <« 0.01 ver-
sus shintrl cells transfected with an empty vector. (F). KD5 and shCntyl
cell lines were infected with the JEV virus at an moi of 0.5, The infectiv-
ity of JEV in the supematant was determined at 1 and 2 days postin-
fection, Data are representative of three independent experiments.

derived from the Conl or JFH-1 strain induced
no significant reduction of HCV RNA (Fig. 3A). Fur-
thermore, luciferase activities in the stable PA28y
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knockdown cell line KD5 and the control cell line
transfected with the subgenomic replicon RNA (WT)
were gradually increased until 4 days posttransfection,
whereas luciferase activities in the same two cell lines
tansfected with the polymerase-dead replicon RNA
(GND) were decreased in a tme-dependent manner
(Fig. 3B). Next, to explore the effect of PA28; knock-
down on the viral replication over a longer period,
replicon RNA encoding the neomycin-resistance gene
was transfected into the cell lines for a colony forma-
tion assay. The numbers of colonies in the KDS cell
line after 4 weeks of selection with G418 were similar
to those in the control cell line (Fig. 3C). To further
clarify the roles of PA28y on the postreplication steps,

MORHSHI ET AL 415

in vitro wanscribed full-length viral RNA was trans-
fected into Huh7OK1 cells, and siPA2871 was then
introduced into the cells at 24 hours postrransfection
of viral RNA. Intracellular core protein was increased
in a time-dependent manner, but no significant differ-
ence was observed berween cells transfected with con-
trol siRNA and those uansfected with siPA2871 (Fig.
3D, left panel). However, infectious virus tirers in the
“supernatant were significantly decreased by the tran-
sient and stable knockdown of PA28y compared with
contol cells (Fig. 3D, middle and righe panels). Fur-
thermore, PA28y did not contribute to the virus pro-
duction of JEV (Fig. 2F), suggesting that the general
sorting pathway of the flavivirus is functional under

A B cont
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Fig. 3. Effect of PA28» knockdown on HCV
RNA replication. {A) The siCnfrl or siPA2821 (10
nM) was transfected into the subgenomic HCY
replicon cells derved from Conl and JFH-1
strains. The transfected cells were harvested at
72 hours postiransfection. The replicon RNA
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con RNA that has a replication-deficient muta- c
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{Control) and KD5 cell lines. Relative luciferase
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hours post-electroporation as a transfection ef-
ficiency. (C) Colony formation assay. Replicon
RNA encoding the neomycin-resistance gene
was transfected into the shCntri and KD5 cell
tines, and the remaining colonies were fixed
with 4% paraformaldehyde at 4 weeks post
transfection and then stained with crystal violet.
The number of colonies was counted {right). (D)
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Fig. 4. Effect of PA28y knockdown on the localization of HCV core protein and lipid droplets. The shCntrl and KD5 cell lines infected with
JFH-1 virus were fixed with methanol or paraformaldehyde for 5 minutes at 4 days postinfection. HCV core (A} and NSBA (B) proteins were
stained with rabbit antibodies raised against the proteins and Alexa Flour 488-conjugated goat anti-rabbit immunogiobulin G antibody, Lipid
droplets were stained with Bodipy 558/568 C12. Nuclei were stained with 50 uM Heachest 33258 after freatment with 1 pg/mbL of RNase A.
Data are representative of three independent experiments. (C) The percentage of the area occupied by the core protein in nucleus and cytoplasm
was calculated using the method described in Materals and Methods. The percentage of the nuclear NSBA 1o total NSBA was estimated by the
same way as the ratio of the core protein. **P < 0.01 versus control siRNA-transfected cells.

the PA28y knockdown condiden. These results suggest
that PA287 specifically regulates the postreplication
steps in the life cycle of HCV.

Core Protein Is Partially Accumsdated in the
Nucleus of PA28y Kunockdown Cells. We reported
previously that some fraction of HCV core protein
migrates into the nucleus and is then degraded by a
PA28y-dependent proteasome pathway.” Furthermore,
we have demonstrated that HCV core protein is clearly
accumulated in the nucleus of the liver cells of PA28y-

7

knockout mice.? However, the role of PA287 on the
intracellular localization of HCV core protein in the
infected HCV cells has not been characterized. HCV
core protein was chiefly detected in cytoplasm of the
control cell line infecred with the JFI-1 virus, where
it appeared around lipid droplets after staining with
Bodipy 558/568 C12 (Fig. 4A, upper panels). In con-
trast, the core protein was detected not only in the
cytoplasm around the surface of lipid droplets. but
also in the nucleus in the KDS cell line (Fig. 4A,
lower panels). The NS5A protein was detected in the
cytoplasm but not in the nudleus in both the shCnul
and KI5 cell lines (Fig. 4B). The percentage occupied
by nuclear core protein to total core protein was
increased by about six time levels in the KI5, while
the ratio of nuclear NS5A ro total NS5A exhibited no

difference (Fig. 4C). These results suggest that PA28y
participates in the degradation of HCV core protein in
the nucleus.

PA28y Positively Regulates HCV Propagation by
Inliibiting Ubiquitin-Dependent Degradation of
Core Protein in Cytoplasm. We teported previously
that HCV core protein is degraded by at least two dis-
tince pathways: a ubiquitin-dependent proteasome
pathway and a ubiquitin-independent proteasome
pathway.'” The ubiquitin E3 ligase, EGAP can
catalyze ubiquitin ligation of the core protein for
ubiquitin-dependent degradation in the cyroplasm.'®
whereas PA28% pardcipates in the degradation of the
core protein through a ubiquitin-independent pathway
in the nucleus.” We have also demonstrated that
PA28» knockdown leads to enhanced ubiquitination of
HCV core protein® However, the interplay berween
these two pathways in cells infected wich HCV has
not been determined. To address this point, we exam-
ined the effects of knockdown of EGAP or PA28y
the virus propagation and the ubiquitination of the
core protein. JFH-1 virus was inoculated into EGAP-
and/or PA28y knockdown cell lines (Fig. 5A). Trans-
fection of the plasmid encoding shRNA to EGAP into
the control cells {(shCnrrl) increased virus production
(Fig. 5A [C-E]) in comparison with that of the

on
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Fig. 5. PA28y knockdown enhances EGAP-dependent ubiquitination
of core protein and reduces virus titer. {A) shCntr! and KD5 cells trans-
fected with plasmids encoding the negative controt (C-C and P-C) or
EGAP {C-E and P-E) shRNA were treated with puromycein for 2 days. The
remaining cells seeded at 2.5 x 10* cells in a 24-well plate were
infected with the JFH-1 virus at an moi of 0.05, and infectious virus
titers in the supernatants were determined at 72 hours postinfection by
way of focus-forming assay. (B) The cells transfected and infected as in
(A} were further transfected with a plasmid encoding HA-tagged ubiqui-
tin at 48 hours postinfection. The cells were treated with 10 pM
MG132 for 5 hours at 72 hours postinfection and subjected to immu-
noprecipitation with anti-core monoclonal antibody and immunoblotting
with anti-HA antibody, The ratio of ubiguitination of HCV core protein
was assessed by the densitometries of the ublquitinated and unubiqui-
tinated core proteins. {C) KD5 cells transfected with plasmids encoding
wild-type or mutant PA287; were infected with the JFH-1 virus at an moi
of 0.05 at 24 hours posttransfection, and the infectious titers in the su-
pernatant were determined at 72 hours postinfection by way of focus-
forming assay. (D) KD5 cells transfected with piasmids encoding HCV
core protein and HA-tagged ubiquitin, together with wild-type or mutant
PA28~, were treated with 10 M MG132 for 5 hours at 24 hours post-
transfection and subjected to immunoprecipitation with anti-core mono-
clonal antibody and immuncblotting with anti-HA antibody. EV, empty
vector; W1, plasmid encoding wild-type PA28y. *P < 0.05 versus
shCnirt or KD5 cells transfected with the negative control or empty vec-
for. Data are representative of three independent experiments.

control cells transfected with the plasmid encoding
control shRNA (Fig. 5A [C-C]). Furthermore, the
impaired virus production in the PA28y knockdown
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cells (KD3) was restored by the transfection of the
plasmid encoding shRNA two EGAP (Fig. 3A {P-ED.
Cells expressing hemagglutinin (HA)-tagged ubiquitin
infected with the JFH-1 virus were immunoprecipi-
tated by the anti-core antbody, and the immunopre-
cipitates were analyzed by immunoblotting with and-
HA antibody (Fig. 5B). EGAP knockdown decreased
the ratio of ubiquitination of HCV core protein, in
contrast to the increase of that by PA28y knockdown
(Fig. 5B, lanes C-E and P-C). Furthermore, EGAP
knockdown in the PA28y knockdown cells restored
the ubiquitination of the core protein to a certain
extent (Fig. 5B, lane P-E). It was shown that Pro’*®
of PA28y is critical for binding to the 205 protea-
some, and that Gly'" and Asn'”' of PA28y are im-
portant for activation of the proteasome.”® To further
examine the functional significance of PAZ8y on
HCV  propagation, expression plasmids encoding
siRNA-resistant PA287 mutants in which Gly'™,
Asn'®! and Pro?® were replaced with Ser (G1508),
Tyr (N131Y), and Tyr (P245Y). respectively, were
transfected into KD5 cells and ineculated with JFH-1

virus at 24 hours postrransfection. The infectious vi-
rus titers in the culture supernatant were determined
at 3 days postinfection (Fig. 5C). KD3 cells wrans-
fected with the plasmid encoding wild-type PA28y
exhibited a partial recovery of virus production,
although those transfected with the plasmid encoding
PA28y G1505, NI151Y, or P245Y or with an empty
vector exhibited no effect on virus production.
Replacing Lys'®® with Glu in PA28; (PA28y KI88E)
confers the capability of proteasome-mediated cleav-
age after hydrophobic, acidic, and basic residues such
as those exhibired by PA28%.% Expression of siRNA-
resistant PA287 KIS8E in KD5 cells could not
restore virus production (Fig. 5D). The ubiquitina-
tion of HCV core protein was inhibited by expression
of the wild-type PA287 but not expression of the
PA28y mutants (P245Y or K188E) in KD3 cells (Fig.
5D). Collectively, these resules suggest chat PA28y
positively regulates HCV propagation by inhibiting
degradation of HCV core protein by an EGAP/ubig-
uitin-dependent proteasome.

Discussion

To explore the role of PA28y on the life cycle of
HCV, we examined the effects of knockdown of
PA28y in Huh70K1 cells infected with the JFH-1 vi-
rus. Knockdown of PA28y in Huh7OK1 cells before
or after Infection with the JFH-1 virus impaired

-831—-



418 MORIUSHI ET AL,

production of infectious particles but did not impair
viral RNA replication. However, PA28y knockdown
did not affect the production of JEV, of which the
capsid protein does not interact with PA28y, suggest-
ing that PA28y knockdown does not affect the general
sorting pathway of flavivirus. These results suggest that
PA28y is specifically involved in the postreplication
steps of HCV life cycle. Our previous report indicated
that HCV core protein was accumulated in the nu-
cleus of the hepatocytes of HCV core transgenic/
PA287 knockour mice.® PA28; is located mainly in
the nucleus, although a small portion is also located in
the cytoplasm™® and can up-regulate trypsin-like pro-
teasome activiw, which cleaves after basic amino acid
residues.” Previous studies have shown that some frac-
ton of HCV core protein is translocated into the nu-
cleus and quickly degraded in the Pf\28%dcpcndem
proteasome pathway.”%* Miyanari et al.”® demon-
strated that the core protein is localized on the surface
of lipid droplets and is surrounded by nonstructural
proteins, suggesting that HCV particles are assembled
near the surface of the lipid droplets. In the present
experiments, although HCV core protein was detected
on the surface of the lipid droplets in both control
and PA28y knockdown cell lines, it was partially local-
ized in the nucleus in PA287 knockdown cells but not
control cells. Furthermore, localizadon of HCV core
protein on the surface of lipid droplets was impaired
in PA28y knockdown cells (Fig. 4). These results sug-
gest that HCV core protein is pardally ranslocated
into the nucleus and degraded in the PA28y-depend-
ent proteasome pathway in HCV-infected cells and
that PA28y does not directly participate in the particle
formation of HCV.

HCV core protein is degraded by at least two pro-
teasome pathways: a ubiquitin-dependent pathway and
a ubiquitin-independent and PA28y-dependent path-
way."” The E3 ligase EGAP catalyzes ubiquitin ligation
to HCV core protein, resulting in enhanced degrada-
tion of the core protein in the cytoplasm.'® Knock-
down of E6AP up-regulated virus production in cells
infected with the JFH-1 virus,'® suggesting that EGAP/
ubiquitin-dependent degradation of the core protein
contributes to an antiviral response. In contrast, knock-
down of PA287 induced up-regulation of the ubiquiti-
nation of HCV core protein and down-regulation of
the viral production, suggesting that PA287y-dependent
proteasome  activity contributes to thc proviral
response by suppressing ECAP-dependent degradation
of the core protein, thereby enhancing viral particle
formation. The wild-type PA28y enhances the trypsin-
like activity of proteasome that cleaves peptide bonds
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after basic residues of the substrates, whereas the
PA28y K188E mutant enhances the proteasome activ-
ity that cleaves peptide bonds after hydmphobgc
acidic, and basic residues in the manner of PA28x.°
Therefore, the sizes of fragments produced by the
PA28y-dependent proteasome should be different
from those produced by the PA28«/f- or ubiquitina-
tion-mediated proteasome. It might be feasible to
speculate that the peptide fragments of HCV core
protein generated by the PA28y-dependent protea-
some or PA28y per se may be directly or indirectly
involved in the suppression of the EGAP-dependent
ubiquitination of the core protein. Further studies will
be needed to clarify the relationship between EGAP
and PA28y in the degradation and ubiquitination of
HCV core protein. Figure 6 shows a schematic dia-
gram of our hypothesis of the regulation of HCV
propagation by PA28

HCV core protein was found in not only nuclei but
also cytoplasm of the infected KD3 cells (Fig. 4). The
down-regulation of virus production should potently
reduce a total amount of the core protein in KI5 cells
before a clear accumulation of the core protein in
nuclei. Furthermore, a small amount of PA28y was
found in the PA28y knockdown cells, suggesting that
EGAP-dependent degradation of HCV core protein is
not potenty suppre«ed in the PA28y knockdown cells.
If HCV core protein is constitutively expressed under
the PA28y knockour cells regardless of an amount of
infected virus, a clear accumulation of the core protein
in nuclei should be found without cytoplasmic expres-
sion of the core protein under the PA28y knockout
condition. We reported previously that HCC and liver
steatosis in mouse are induced by the HCV core pro-
tein in the presence, but not the absence, of PA28y Y
Although HCV core protein is predominantly detected
in the cytoplasm of the liver cells of PA28y™""
mice,®?! HCV core protein was cleatly accumulated in
the nudlei, but clearly reduced in cytoplasm, of liver
cells of PA28y " mouse.” In addition, ubiquitination
of HCV core protein was increased by PA28y knock-
down in the 2937 cell line.” These results and the data
in Fig. 5 suggest that the suppression of PA28y func-
don enhances the EGAP-dependent dc.gradamon of
HCV core protein. Hence, the reason there is no dif-
ference berween PA287""" and PA287' mice with
respect to the amount of core protein may be due to
the competitive regulation of the core protein by
EGAP- and PA28y-dependent degradation mechanisms.
E6AP-dependent degradation of HCV core protein in
cytoplasm may be enhanced 7z wivo under the PA28y
knockout condition.
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Fig. 6. Schematic diagram of the potential roles of PA287 in HCV propagation. HCV core protein is cleaved off from the precursor polyprotein
by signal peptidase {SP) and the signal sequence is further processed by signal peptide peptidase (SPP). The mature core protein mainly local-
izes on the lipid droplets close to the endoplasmic reticulum to form a nucleocapsid with the viral RNA genome and is incoporated into virus

particles as a structural protein.

In addition to the structural protein of HCV, the core protein has characteristics of a nonstructural protein. HCV

core protein is degraded through ubiquitin-dependent and ubiguitin-independent proteasome pathways. EGAP catalyzes ublguitin ligation to HCV
core protein and promotes degradation in the cytoplasm, which contrbutes to the antiviral response. In contrast, the core protein partially
migrates into the nucleus and is degraded through a ubiquitin-independent and PA28y-dependent proteasome pathway, and the core protein
fragments generated by the PA28y pathway or PA28y per se were suggested to parti c&paie in the suppression of EGAP-dependent ublquitination

of HCV core protein, which contributes to the proviral response.

In conclusion, in this study we demonstrated that
the proteasome activator PA28y positively regulates
particle production of HCV by inhibiting E6AP-de-
pendent ubiquitinaton of the core protein, in addition
to our previous observation that PA28y plays a crucial
role in the development of liver pathology induced by
HCV core protein.s PA28y knockout mice exhibit
only mild growth recardation.’™® Thercfore, PA28y
may be a novel and promising antiviral target not only
for elimination of HCV from hepatitis C patients but
also for intervention in the progression of liver diseases
induced by chronic HCV infection.
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