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FIG. 7. Involvement of ceramide in infection with JEV. (A) Effects
of Cg-ceramide or sphingomyelin in infection with JEVpv. Purified
pseudotype viruses were pretreated with various concentrations of
Cq-ceramide (upper) or sphingomyelin (lower) for 1 h and then inoc-
ulated into Huh7 cells. The infectivities were determined at 24 h
postinfection by luciferase activity, and changes in infectivities are
expressed as percentages. (B) Effects of Cy-ceramide in infection of
JEVrv and JEV. JEV and VSV were pretreated with various concen-
trations of Cg-ceramide for 1 h, and then the viruses were inoculated
into Huh7 cells. At 24 h postinfection, the infectivities were deter-
mined by focus-forming assay. (C) Binding of JEV and JEVrv to
ceramide beads. Purified viruses were preincubated with (+) or with-
out (—) biotin-ceramide resolved in DMSO and streptavidin-Sepha-
rose 4B. After washing, residual pellets were analyzed by immunoblot-
ting. Inputs are purified viruses. The results shown are from three
independent assays, with error bars representing standard deviations.

the foreign envelope proteins on the ER membrane into VSV
particles. In general, glycoproteins are modified into the com-
plex type during the translocation from the ER to the Golgi
apparatus. Although the JEV E glycoproteins were modified
mainly into the high-mannose type in cells infected with
JEVpv, JEVrv, or JEV, viruses possessing the E proteins were
modified into the complex type within the particles. These
results suggest that the E proteins of JEV and the surrogate
viral particles are modified into the complex type after budding
into the ER lumen during translocation into the Golgi appa-
ratus. Recently assembly of DENV in the ER was revealed by
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three-dimensional architecture using electron tomography
(49).

A number of viruses utilize cholesterol-rich membrane mi-
crodomains or lipid rafts for their entry, assembly, or egress
processes (5). Cholesterol-rich membrane microdomains have
been shown to be required for the entry but not for the repli-
cation of WNV through cholesterol depletion by treatment
with MBCD (27). Entry of HCV was also shown to be partially
required for cellular cholesterol (1, 16), which is consistent
with the present data that infection with HCVpv was partially
inhibited by treatment of cells with MBCD. Lee et al. recently
reported that the infectivity of JEV, especially the replication
step, was inhibited by treatment of cells with MBCD or the
cholesterol chelation antibiotic filipin III (20). Furthermore,
treatment of the viral particles with cholesterol inhibited the
infectivity of JEV, in contrast to the enhancement of the in-
fectivity of Sindbis virus by the same treatment (20, 22). Our
data also indicated that the infectivity of JEVpv and JEVrv, as
well as that of JEV, was completely inhibited by treatment of
the particles with cholesterol in a dose-dependent manner,
supporting the notion that the presence of an abundant
amount of cholesterol increases the rigidity of the E protein of
JEV particles and inhibits the membrane fusion event, as sug-
gested by Lee et al. (20).

According to the current models, SMase alters the biophys-
ical properties of the membrane bilayer by generating cer-
amide through the hydrolysis of sphingomyelin. Genetic disor-
ders of SMase or ceramide metabolism are critically involved
in human genetic diseases, such as Niemann-Pick disease (37)
and Wilson’s disease (19). In vivo studies of the function of
SMase or ceramide in infections with pathogens are accumu-
lating (9, 44, 46), and acid SMase-deficient mice have been
shown to be unable to eliminate the pathogens because of
failure to undergo apoptosis or phagolysosomal fusion, ulti-
mately a massive release of cytokines and death by sepsis. It
has recently been shown that acid SMase is a key regulator of
cytotoxic granule secretion by primary T lymphocytes (13). The
reduction of the cytolytic activity of CD8" cytotoxic T lympho-
cytes in acid SMase-deficient mice resulted in a significantly
delayed clearance of lymphocytic choriomeningitis virus infec-
tion. Recently it was shown that entry of HCV is inhibited by
SMase treatment through the downregulation of CD81, a ma-
jor receptor of HCV, because enrichment of ceramide on the
plasma membrane induces internalization of CD81 (48). HIV
infection is also inhibited by ceramide enrichment through a
restriction of the lateral diffusion of CD4 (6). Sindbis virus and
rhinovirus activate the SMase and induce generation of cer-
amide in the endosomal membrane. Inhibition of SMase by
genetic manipulation or pharmacological agents prevents in-
fection with rhinoviruses, suggesting that SMase and ceramide-
enriched membrane platforms play an important role in viral
infection (10).

In this study, we have shown that entry of JEVpv, JEVrv,
and JEV was specifically enhanced by treatment of cells with
SMase. Treatment of cells with amitriptyline, an inhibitor in-
terfering with the binding of SMase to the lipid bilayer, im-
paired the uptake of rhinovirus (10) and Neisseria gonorrhoeae
(8). The entry of JEVpv was also inhibited by treatment with
the inhibitor. Furthermore, the infections of JEVpv and JEV
were inhibited by treatment with C4-ceramide but not by treat-
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ment with sphingomyelin, and JEV and JEV1v were coprecipi-
tated with the ceramide beads, suggesting that the interaction
of ceramide with the JEV E protein plays a crucial role in the
early steps of infection. Ceramide is known to bind to the
ceramide transport protein (CERT), which transports cer-
amide from the ER to the Golgi apparatus (12), and thus, it
might be feasible to speculate that CERT participates in the
translocation or maturation of the JEV E protein. Further
studies are needed to clarify the interaction among ceramide,
CERT, and the JEV E protein. Recently Aizaki et al. reported
that the infectivity of HCV particles was decreased by treat-
ment with MBCD or SMase, suggesting that cholesterols or
sphingolipids incorporated into the virions are important for
the infectivity of HCV (1). In this study, SMase treatment of
HCVpv particles but not of JEVpv particles reduced infectiv-
ity, suggesting that incorporation of cholesterols and sphingo-
lipids into the viral particles was different among flaviviruses.

The discrepancy between the drastic increase in the produc-
tion of infectious particles of JEVrv and the marginal increase
in that for JEV induced by SMase treatment in ceramide-
enriched cells may indicate that ceramide enrichment en-
hances the entry and egress steps but negatively regulates
genomic replication of JEV. Previously it was reported that
digestion of sphingomyelin by SMase induces cholesterol re-
distribution (32), an increase in intracellular cholesterol ester-
ification (4), and a decrease in cholesterol biosynthesis (39).
Furthermore, ceramide has been shown to selectively displace
cholesterol from lipid rafts and decrease the association of the
cholesterol binding protein caveolin-1 (28, 50). Although we
have not determined the cholesterol composition of the mem-
branes of cells treated with SMase, cholesterol depletion in-
duced by SMase treatment may also participate in the en-
hancement of JEV entry.

JEV initiates infection by interacting with receptor and/or
coreceptor molecule(s), probably in cooperation with ceramide
located in the ceramide-enriched platforms. The ceramide-
enriched membrane domains facilitate signal transduction
through reorganization and clustering of cell surface receptor
molecules. Although the entry receptor(s) of JEV has not been
well characterized yet, modification of the distribution, orga-
nization, and steric conformation of the receptor molecule(s)
by treatment with SMase may facilitate entry of JEV. Gener-
ation of ceramide by SMase treatment has been shown to
promote vesicular fusion processes and fusion of phagosomes,
thereby engulfing bacteria with late endosomes and resulting in
efficient intracellular bacterial killing (46).

In conclusion, we have demonstrated that the entry and
egress processes of JEV were enhanced by treatment with
SMase by using pseudotype and recombinant VSVs. The in-
teraction of cellular ceramide and the E glycoproteins facili-
tates infection and propagation of JEV. Modification of sphin-
golipids on the plasma membrane of the target cells might be
a novel target for the development of antivirals against JEV
infection.
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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 nucleus but also in the patho-
genesis in transgenic mice expressing HCV core protein. However, the biological 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 nucleus. 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 also 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 etiological agent of liver diseases,

including hepatic steatosis, cirrhosis, and hepatocellular
carcinoma (HCC)."! HCV is classified into the genus

Abbreviations: HA, hemagglutinin; HCC, hepatocellular carcinoma; HCV]
hepatitis C virus; JEV, Japanese encephalitis virus; moi, multiplicity of
infection; shRINA, short hairpin RNA; siRNA, small interfering RNA.
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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 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 propagation.” 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 that HCV core protein
specifically interacts with a proteasome activator
PA28y/REGy in the nucleus and is digested by a
PA287-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
protein.®? PA28y forms a homoheptamer in the nu-
cleus and enhances the proteasome-mediated cleavage
after basic amino acid residues, whereas PA280 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.'® Recently, several groups
reported that PA28y interacts with steroid receptor
coactivator-3 and cell cycle suppressors such as
p21 WAFL/CIPL pl16™NK4A and p19*%F, and enhances
the degradation of these proteins in a ubiquitin- 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
et al.'¥ However, the precise physiological functions of
PA28y are largely unknown in wvive, because PA28y-
knockout mice exhibit only mild growth retardation
and live approximately as long as their control
lictermates.'>'®

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-
tion 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 degradation of HCV
core protein and enhanced the release of infectious
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 PA28y in the propagation of HCV.

Materials and Methods

Transfection, Immunoblotting, and RNA Interfer-
ence. Plasmid DNA was transfected into Huh7OKI1
cells by way of liposome-mediated transfection using
Lipofectamine LTX with Plus reagent (Invitrogen,
Carlsbad, 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
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Ambion (Austin, TX) and were introduced into the
cell lines using Lipofectamine RNAiMax (Invitrogen).
siRNAs with the Ambion siRNA ID numbers 138669
and 138670 were designated as siPA28y1 and
siPA2872, respectively. Antibodies and plasmids are
described in the Supporting Information.

Cell Lines and Virus Infection. All cell lines were
cultured at 37°C under the conditions of humidified
atmosphere and 5% CO,. The human hepatoma cell
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 pyruvate, and 10% fetal 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). Huh7OK1 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 hygromycin
(Wako, Tokyo, Japan) at a final concentration of 100
pg/mL. Huh7OK1 cells transfected with the control
plasmid were selected with puromycin and designated
as shCntrl, whereas those transfected with pSilencer-
shPA28y4 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 muta-
tions as reported.” These plasmids were transfected
into Huh7OK1 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 shCurl
and KDS5 cells were transformed with pSilencer
shEGAP or pSilencer 3.1 HI1 puro negative control
(Ambion) and treated with 0.1 pg/mL of puromycin
for 2 days. The surviving cells were infected with JFH-
1 virus at a multiplicity of infection (moi) of 0.05.
The viral RNA derived from the plasmid pJFH1 was
transcribed and introduced into Huh7O0K1 cells
according to the method of Wakita et al.>' The infec-
tivity of JFHI1 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
determined by an immunostaining focus assay as
described®” and is expressed in focus-forming units.
Colony formation and replication assays, quantitative
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reverse-transcription polymerase chain reaction, and
estimation of cell growth was performed as described
in the Supporting Information.

Immunofluorescent Staining. Huh70OK1-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
Targett-Adams et al.** at 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 ug/mL of RNase A, nuclei were stained with 50
UM Heachest 33258. The fixed cells were permeabilized
with 20 mM Tris-HCI containing 1% Nonidet P-40
and 135 mM NaCl at room temperature for 5 minutes,
reacted with rabbit anti-core or anti-NS5A antibody
followed by Alexa Fluor 488-goat antibody 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 NS5A to
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 IFNs 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 JFH-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, siPA28y1 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 culture supernatant
and cells was clearly reduced by the knockdown of
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PA287y 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
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Fig. 1. Transient knockdown of PA28y before or after infection with
HCV reduces particle production. (A) Huh70K1 cells transfected with a
control siRNA (siCntrl) or PA28y siRNA1 were infected with JFH-1 virus
at 24 hours posttransfection 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 quantitative
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 siCntrl or PA28y siRNA1
were infected with JFH-1 virus at 24 hours posttransfection. The infec-
tivity 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 hours postinfection (right
panel). *P < 0.05, **P < 0.01 versus control 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 PA287 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 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 to
PA28y and selected with hygromycin, resulting in two
clones—KD35 and KD7—that exhibited a clear reduc-
tion of PA28y expression (Fig. 2A). Although the sup-
pression of PA28y expression in KD7 cells was slightly
more efficient than that in KD5 cells, the growth of
KD?7 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 KDS5 cells compared with control cells (Fig.
2C). The viral RNA and core protein in the superna-
tant were also reduced in KD35 cells (Fig. 2D). Expres-
sion of siRNA-resistant PA28y 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 PA287 in control cells slightly
enhanced virus production (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 at an moi of 0.5. The infectivity of JEV in KD5
cells was similar to that in shCnurl cells (Fig. 2F), sug-
gesting that PA28y 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 JHEF-1 virus, viral RNA in the cells
was not reduced (Fig. 1), suggesting that PA28y 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 PA287 through introduction
of siPA28y into the subgenomic HCV replicon cells
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Fig. 2. Establishment of PA28y knockdown cell lines and propaga-
tion of HCV. (A) Huh70K1 cells were transfected with pSilencer
shPA28y or control plasmid and selected by hygromycin at 48 hours
posttransfection. Two PA287 knockdown cell lines (KD5 and KD7) and
one control cell line (shCntrl) were established, and PA28y knockdown
was confirmed by way of immunoblotting. (B) Growth of the cell lines
was determined by staining with carboxyfluorescein succinimidyl 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 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 determined 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 lines, seeded at 5 x 10* cells into
a six-well plate after cultivation in the presence of puromycin 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 shCntrl cells transfected with an empty vector. (F). KD5 and shCntrl
cell lines were infected with the JEV virus at an moi of 0.5. The infectiv-
ity of JEV in the supernatant 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
transfected with the polymerase-dead replicon RNA
(GND) were decreased in a time-dependent manner
(Fig. 3B). Next, to explore the effect of PA28y 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 KD5 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,
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in vitro transcribed full-length viral RNA was trans-
fected into Huh7OKI1 cells, and siPA28y1 was then
introduced into the cells at 24 hours posttransfection
of viral RNA. Intracellular core protein was increased
in a time-dependent manner, but no significant differ-
ence was observed between cells transfected with con-
trol siRNA and those transfected with siPA28y1 (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 functional under
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by way of immunoblotting. Cell lysates were
subjected to western blotting using antibodies
to PA28y 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 shCntrl
(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 transfected with 10 pug of
in vitro-transcribed full-length JFH-1 viral RNA
were further transfected with siCntrl or siPA28y1
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Fig. 4. Effect of PA287 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 NS5A (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 uM Heachest 33258 after treatment with 1 ug/mL 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 to total NS5A was estimated by the
same way as the ratio of the core protein. **P < 0.01 versus control siRNA-transfected cells.

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

Core Protein Is Partially Accumulated 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.” Furthermore,
we have demonstrated that HCV core protein is clearly
accumulated in the nucleus of the liver cells of PA28y-
knockout mice.® However, the role of PA28y 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 infected with the JFH-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 KD5 cell line (Fig. 4A,
lower panels). The NS5A protein was detected in the
cytoplasm but not in the nucleus in both the shCntrl
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 KD5, while
the ratio of nuclear NS5A to 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
Inhibiting Ubiquitin-Dependent Degradation of
Core Protein in Cytoplasm. 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 ligation of the core protein for
ubiquitin-dependent degradation in the cytoplasm,'®
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 E6AP or PA28y on
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 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. PA287 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
EGAP (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
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 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 ubiquitination of HCV core protein
was assessed by the densitometries of the ubiquitinated and unubiqui-
tinated core proteins. (C) KD5 cells transfected with plasmids encoding
wild-type or mutant PA28y 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 plasmids encoding HCV
core protein and HA-tagged ubiquitin, together with wild-type or mutant
PA28y, 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 immunoblotting with anti-HA antibody. EV, empty
vector;, WT, plasmid encoding wild-type PA28v. *P < 0.05 versus
shCntrl or KD5 cells transfected with the negative control or empty vec-
tor. Data are representative of three independent experiments.

control cells transfected with the plasmid encoding
control shRNA (Fig. SA [C-C]). Furthermore, the
impaired virus production in the PA28y knockdown
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cells (KD5) was restored by the transfection of the
plasmid encoding shRNA to EGAP (Fig. 5A [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 anti-
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 20S protea-
some, and that Gly] 0 and Asn'’! of PA28y are im-
portant for activation of the proteasome.”® To further
examine the functional significance of PA28y on
HCV propagation, expression plasmids encoding
siRNA-resistant PA287 mutants in which Gly"°,
Asn®®!, and Pro®*® were replaced with Ser (G1508),
Tyr (N151Y), and Tyr (P245Y), respectively, were
transfected into KD35 cells and inoculated with JFH-1
virus at 24 hours posttransfection. The infectious vi-
rus titers in the culture supernatant were determined
at 3 days postinfection (Fig. 5C). KD5 cells trans-
fected with the plasmid encoding wild-type PA28y
exhibited a partial recovery of virus production,
although those transfected with the plasmid encoding
PA28y G150S, N151Y, or P245Y or with an empty
vector exhibited no effect on virus production.
Replacing Lys'®® with Glu in PA28y (PA28y K188E)
confers the capability of proteasome-mediated cleav-
age after hydrophobic, acidic, and basic residues such
as those exhibited by PA28a.%” Expression of siRNA-
resistant PA28y KI188E 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 PA28y but not expression of the
PA287 mutants (P245Y or K188E) in KD5 cells (Fig.
5D). Collectively, these results suggest that PA28y
positively regulates HCV propagation by inhibiting
degradation of HCV 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 Huh7OK1 cells infected with the JFH-1 vi-
rus. Knockdown of PA28y 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, 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/
PA28y knockout mice.® PA28y 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 PA28y-dependent
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 PA28y knockdown cells but 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 HCV core protein is partially 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 EGAP up-regulated virus production in cells
infected with the JFH-1 virus, '3 suggesting that EGAP/
ubiquitin-dependent degradation of the core protein
contributes to an antiviral response. In contrast, knock-
down of PA28y induced up-regulation of the ubiquiti-
nation of HCV core protein and down-regulation of
the viral production, suggesting that PA287-dependent
proteasome activity contributes to the proviral
response by suppressing EGAP-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 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 PA28x/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 E6AP-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 PA287.

HCV core protein was found in not only nuclei but
also cytoplasm of the infected KD5 cells (Fig. 4). The
down-regulation of virus production should potently
reduce a total amount of the core protein in KD5 cells
before a clear accumulation of the core protein in
nuclei. Furthermore, a small amount of PA28y was
found in the PA287 knockdown cells, suggesting that
EGAP-dependent degradation 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 I’A28y.8
Although HCV core protein is predominantly detected
in the cytoplasm of the liver cells of PA28y*'*
mice,®3! HCV core protein was clearly accumulated in
the nuclei, 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 293T 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 PA28y™'~ 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 in vivo under the PA28y
knockout condition.
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Fig. 6. Schematic diagram of the potential roles of PA28y 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 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. HCV
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 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 participate in the suppression of EGAP-dependent ubiquitination

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 EGAP-de-
pendent ubiquitination 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.® PA28y knockout mice exhibit
only mild growth retardation.'>'® Therefore, 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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Variants in /IL28B in Liver Recipients and Donors Correlate With Response to
Peg-Interferon and Ribavirin Therapy for Recurrent Hepatitis C

TAKASUKE FUKUHARA,™S AKINOBU TAKETOMI,* TAKASHI MOTOMURA,* SHINJI OKANO,* AKINORI NINOMIYA $
TAKAYUKI ABE, HIDEAKI UCHIYAMA,* YUJI SOEJIMA,* KEN SHIRABE,” YOSHIHARU MATSUURA,S and

YOSHIHIKO MAEHARA*

*Department of Surgery and Science and *Division of Pathophysiological and Experimental Pathology, Department of Pathology, Graduate School of Medical
Sciences, Kyushu University, Fukuoka, Japan; and $Department of Molecular Virology, Research Institute for Microbial Diseases, Osaka University, Osaka, Japan

BACKGROUND & AIMS: Patients with hepatitis C vi-
rus (HCV)—related liver disease frequently undergo or-
thotopic liver transplantation, but recurrent hepatitis C
is still a major cause of morbidity. Patients are treated
with peg-interferon and ribavirin (PEG-IFN/RBV), which
has substantial side effects and is costly. We investigated
genetic factors of host, liver donor, and virus that might
predict sensitivity of patients with recurrent hepatitis C
to PEG-IFN/RBV. METHODS: Liver samples were ana-
lyzed from 67 HCV-infected recipients and 41 liver do-
nors. Liver recipient and donor DNA samples were
screened for single nucleotide polymorphisms near the
IL28B genes (rs12980275 and rs8099917) that affect sen-
sitivity to PEG-IFN/RBV. HCV RNA was isolated from
patients and analyzed for mutations in the core, the IFN
sensitivity-determining region, and IFN/RBV resistance-
determining regions in nonstructural protein 5A. RE-
SULTS: In liver recipients and donors, the IL28B single
nucleotide polymorphism rs8099917 was significantly as-
sociated with a sustained viral response (SVR; P = 0.003
and P = .025, respectively). Intrahepatic expression of
IL28 messenger RNA was significantly lower in recipients
and donors that carried the minor alleles (T/G or T/T) in
rs8099917 (P .010 and .009, respectively). Genetic
analyses of IL28B in patients and donors and of the core
and nonstructural protein 5A regions encoded by HCV
RNA predicted an SVR with 83% sensitivity and 82%
specificity; this was more effective than analysis of any
single genetic feature. CONCLUSIONS: In patients
with recurrent HCV infection after orthotopic liver
transplantation, combination analyses of single nu-
cleotide polymorphisms of IL28B in recipient and
donor tissues and mutations in HCV RNA allow pre-
diction of SVR to PEG-IFN/RBV therapy.

Keywords: ISDR; IRRDR; Genetic Analysis; Genetic
Variations.

Hepatitis C virus (HCV) infection affects 170 million
people worldwide and can lead to decompensated
cirrhosis and hepatocellular carcinoma.l? As a result,
HCV-related liver disease is the leading indication for
orthotopic liver transplantation (OLT) worldwide.>#
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However, several reports have shown that post-OLT pa-
tient and graft survival are significantly negatively af-
fected by HCV recurrence after OLT.5¢ This can be mit-
igated by achievement of a sustained virological response
(SVR) with pegylated interferon and ribavirin (PEG-IFN/
RBV) therapy.” However, many patients cannot tolerate
curative doses or do not respond to therapy with PEG-
IFN/RBV.%8 Because of the substantial cost of therapy,
both financial and with regard to side effects, it would be
ideal to be able to predict which patients would benefit
from PEG-IFN/RBV therapy for recurrent HCV.%10
Many reports have demonstrated that HCV-RNA mu-
tations, including those of amino acid residues 70 and 91
in the Core region,!! and those in the interferon sensi-
tivity determining region (ISDR)!? and variable region 3
domain'? in the nonstructural protein SA (NSSA), were
significantly associated with IFN sensitivity in patients
infected with genotype 1 HCV. We previously reported
that these genetic mutations have a significant impact on
patients’ responsiveness to PEG-IFN/RBV therapy for
recurrent hepatitis C after OLT.!* However, in addition
to viral factors, host factors can also be used to predict
IEN sensitivity. For example, Asahina et al demonstrated
that the pretreatment induction level of IFN-stimulated
genes (ISGs) was significantly associated with SVR to
PEG-IFN/RBV therapy.'s In addition, it was recently re-
ported that single nucleotide polymorphisms near the
IL28B gene on chromosome 19q13, rs12980275, or
rs8099917 are significantly associated with the sensitivity
of IFN/RBV combination therapy for chronic hepatitis

Abbreviations used in this paper: DW, double-wild; ETR, end of
treatment response; HCV, hepatitis C virus; IRRDR, interferon/ribavirin
resistance-determining region; ISDR, interferon sensitivity-determining
region; ISG, interferon-stimulated gene; mRNA, messenger RNA; NR,
nonresponse; NS5A, nonstructural protein 5A; OLT, orthotopic liver
transplantation; PCR, polymerase chain reaction; PEG-IFN, pegylated
interferon; RBV, ribavirin; SVR, sustained viral response.

© 2010 by the AGA Institute
0016-5085/$36.00
doi:10.1053/j.gastro.2010.07.058

0
“z"‘
£33
JaE
.J<>.
<§¢
28«
223
o=




:
;

ANV ‘SYRIONVd
AIAIT-TYIINITD

1578 FUKUHARA ET AL

C.16-21 In the present study, we examined the impact of
genetic variations of IL28B in recipients and donors, and
of genetic variations in HCV-RNA on the responsiveness
to IFN/RBV therapy for recurrent hepatitis C after OLT.

Patients and Methods
Patients

Recipients enrolled in this study underwent OLT
for HCV-related liver disease, had normal ejection frac-
tion, lung capacity, and renal function (creatinine clear-
ance >70 mL/min), were treated with PEG-IFN/RBV
combination therapy after OLT, were negative for hepa-
titis B virus and human immunodeficiency virus, and
positive for HCV-RNA. At Kyushu University Hospital,
112 liver transplantations were performed between April
1999 and March 2009 on HCV-infected patients. PEG-
IFN/RBV therapy was administered to 78 of these recip-
ients. Eleven recipients were excluded from this analysis
because of ongoing therapy with PEG-IFN/RBV therapy
(n = 5) or because their therapy was discontinued sec-
ondary to side effects (n = 6). Therefore, 67 recipients
were retrospectively analyzed. A total of 41 of their do-
nors were available for analysis. All OLTs were performed
after obtaining informed consent from recipients and
donors, and the current study was approved by the Ky-
ushu University ethics committee.

Surgical Technique and Immunosuppression

The surgical procedure for the recipients has been
described previously.22 The choice of resected segments for
donation was dictated by the need to obtain a graft volume
>35% of the recipient’s standard liver volume. Simulta-
neous splenectomies for 41 recipients (61%) were performed
to prevent pancytopenia due to antiviral therapy. The in-
duction and maintenance of immunosuppression was
achieved using a calcineurin inhibitor, mycophenolate
mofetil, and steroids in most cases. Cyclosporine and ta-
crolimus were used for 35 and 32 recipients, respectively.
The response rate to antiviral therapy was comparable (data
not shown). Steroids were administered intraoperatively
(methylprednisolone, 1000 mg) and were tapered off by 6
months after transplantation. In 8 cases, steroid-free immu-
nosuppression was performed using basiliximab (Simulect;
Novartis Pharma, Tokyo, Japan).

Antiviral Treatment Regimen and Assessment

of the Therapeutic Effects

The primary doses of PEG-IFNa-2b (Pegintron;
Schering-Plough Inc, Kenilworth, NJ) and RBV (Rebetol;
Schering-Plough Inc) were 0.5 ug/kg per week and 200
mg/day and were increased to 1.5 ug/kg per week and
800 mg/day in a stepwise manner according to individual
tolerance within the first 12 weeks. The proportion of
patients receiving >70% of the full treatment dose (1.0
pg/kg/week) during 80% of the treatment period was 79%
(53 of 67). Hemaropoietic growth factors including granu-

GASTROENTEROLOGY Vol. 139, No. 5

locyte colony-stimulating factor and erythropoietin were
not used. Antiviral therapy was discontinued in cases with
severe depression, renal dysfunction, or autoimmune hepa-
titis. The viral titers were assessed in all patients using a
polymerase chain reaction (PCR)—based quantitative assay
(Amplicor Monitor or PCR Cobas TagMan system; Roche
Diagnostics, Mannheim, Germany). SVR was defined as an
undetectable level of HCV RNA at 6 months after comple-
tion of treatment, while a nonresponse (NR) was defined as
a detectable level of HCV RNA at the end of treatment. End
of treatment response (ETR) was defined as an undetectable
HCV-RNA at the end of treatment.

Analysis of Genetic Variations of IL28B and
HCV-RNA

DNA from recipients and donors was extracted
from exenterated liver tissue at OLT and biopsied liver
tissue after OLT. PCR and direct sequencing were per-
formed using TaKaRa Ex-Taq polymerase (Takara Bio
Inc, Tokyo, Japan) and a BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems Inc, Tokyo, Japan),
respectively. The PCR primers for single nucleotide poly-
morphisms near the IL28B gene were used as previously
described.!8 For the genetic analysis of HCV-RNA in the
Core and NSSA regions, reverse transcription using Su-
perscript 3 First-Strand Synthesis SuperMix (Invitrogen,
Tokyo, Japan) and nested PCR were performed as de-
scribed previously.!* The numbering of amino acids was
performed according to the polyprotein of HCV genotype
1b prototype HCV-J (GenBank accession no. D90208).
HCV-J was used as the consensus sequences for Core and
ISDR. To evaluate the association between the genetic
variations in IL28B and HCV-RNA mutations, the pa-
tients were divided into 2 groups based on the presence
or absence of mutations at amino acid residues 70 and 91
in the Core (a double-wild [DW] group and non-DW
group) and on the numbers of mutations in the ISDR
(ISDR = 2 and ISDR < 2) and interferon/ribavirin resis-
tance-determining region (IRRDR) (IRRDR = 6 and
IRRDR < 6) regions.

Real-Time PCR of IL28 Messenger RNA

Total RNA was extracted from resected liver tissue
derived from the recipient, donated liver tissue derived
from the donor, and biopsied liver tissue after OLT using
reagents for RNA extraction including ISOGEN and
Ethachinmate (Nippon Gene, Tokyo, Japan). The synthe-
sis of first-strand complementary DNA and quantitative
reverse transcription PCR were performed using TagMan
EZ RT-PCR Core Reagents (Applied Biosystems) accord-
ing to manufacturer’s protocol. A standard curve was
prepared by serial 10-fold dilutions of complementary
DNA from Huh7 cell lines stimulated by vesicular sto-
matitis virus infection. Primers and a TagMan-probe
were designed for the IL28 genes as previously reported.’®
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Table 1. Comparison of the Data Among Patients Showing ETR, SVR, and NR

IL28B AND IFN SENSITIVITY AFTER OLT 1579

ETR (n = 47) NR (n = 20) SVR (n = 23) P value
Pretransplantation factor
Recipient’s age (), mean = SD 55.8+ 7.3 56.9+ 7.6 56.0 + 6.8 NS
Recipient’s sex (male/female), n 28/19 13/7 15/8 NS
Donor’s age (y), mean = SD 34.8+9.6 31.8+ 104 32.1+8.8 NS
Donor’s sex (male/female), n 30/17 16/4 16/7 NS
HCV genotype (1/2), n 40/7 19/1 21/2 NS
MELD score, mean = SD 124 4.7 10.6 = 4.3 11.7 £ 4.7 NS
Pretransplantation viral load (loglU/mL), mean + SD 57+0.8 5.8+ 0.9 57*07 NS
History of IFN therapy (yes/no), n 14/27 7/11 5/14 NS
Intraoperative factor, mean = SD
Intraoperative bleeding (mL) 5449 + 4265 7018 = 5571 5701 + 4378 NS
Operation time (min) 808 + 155 877 + 191 803 = 174 NS
GV/SLV (%) 40.4 + 6.9 41.7+8.1 39.4+5.8 NS
Post-transplantation factor
Acute cellular rejection (yes/no), n 7/30 2/13 2/18 NS
Bile duct complication (yes/no), n 10/37 3/17 4/19 NS
CMV infection (yes/no), n 5/32 2/13 3/17 NS
Steroid pulse therapy (yes/no), n 4/37 1/16 1/17 NS
Time to antiviral therapy from transplantation (y), mean = SD 1.2+1.3 1.0+x1.1 1.3+1.2 NS
Pretreatment viral load (loglU/mL), mean = SD 6.4 = 0.7 6.5+ 0.6 6.1+0.8 NS
Pathological activity score, mean = SD 1.27 = 0.62 1.32 = 0.58 1.36 = 0.58 NS
Pathological fibrosis score, mean * SD 0.93 = 1.07 0.74 * 0.99 117+ 1.16 NS
Pretreatment ALT level (/U/L), mean = SD 53.0 = 47.0 73.8 £ 48.7 63.7 = 48.7 NS
Pretreatment WBC level (per uL), mean = SD 4107 + 1292 4441 + 2414 3953 = 1127 NS
Pretreatment Hb level (mg/dL), mean = SD 11.7+x 15 109*+1.4 11.8+ 1.5 NS
Pretreatment PIt level (per uL), mean = SD 18.3 £ 9.9 21.T* 124 18.7 £ 10.0 NS

ALT, alanine aminotransferase; CMV, cytomegalovirus; ETR, end of treatment response; GV, graft volume; Hb, hemoglobin; HCV, hepatitis C
virus; IFN, interferon; MELD, model for end-stage liver disease; NR, null response; PIt, platelet; SLV, standard liver volume; SVR, sustained viral

response; WBC, white blood cell.

Statistical Analysis

Data are expressed as means * standard devia-
tion. The statistical analyses were performed using Stu-
dent ¢ test and Fisher’s exact probability test. SPSS soft-
ware (version 15.0, SPSS, Inc, Chicago, IL) was used for
all analyses. A difference of P < .0§ was considered to be
significant.

Results
Characteristics of the Patients

The age of the recipients was 56.1 = 7.4 years; 41
patients were male. The age of the donors was 33.9 = 9.9
years; 36 patients were male. The viral titers before OLT
and PEG-IFN/RBV therapy were 5.7 = 0.9 log IU/mL and
6.4 = 0.7 log IU/mL, respectively. Sixty-eight percent of
recipients with HCV genotype 1 (40 of 59) and 88% of
recipients with genotype 2 (7 of 8) exhibited an ETR.
Forty percent of recipients (23 of 57) attained an SVR in
the current study. The patient characteristics are pre-
sented in Table 1. There were no significant differences in
pretransplantation factors among SVR, ETR, and NR
patients.

Correlation Between Genetic Variations in
IL28B and IFN Sensitivity After OLT

Genetic variations in rs8099917 and rs12970275
of IL28B were evaluated for all recipients and donors, and

the match rate of the haplotype between rs8099917 and
rs12980275 was 94% (101 of 108; Supplementary Table
1). Of the 67 recipients and 41 donors enrolled in this
study, 19 (28%) recipients and 11 (27%) donors had the
minor allele (T/G or T/T) in rs8099917. We first exam-
ined the correlation of IL28B genetic variation in recipi-
ents with the responsiveness to IFN therapy after OLT.
With regard to the recipient genotype, the SVR rate was
significantly higher in the recipients carrying the major
homozygous allele than in those with the minor het-
erozygous or homozygous allele (54% vs 11%; P = .003,
Figure 1A). Interestingly, the SVR rate was also signifi-
cantly higher in the recipients transplanted with the liver
grafts from donors carrying the major homozygous allele
(44% vs 9%; P = .025, Figure 1B). Combined analyses
revealed that the SVR rate was significantly increased
when both donors and recipients were major-allele ho-
mozygotes (56%; P = .005), whereas it was lower in the
recipients who carried the major homozygous allele but
received a minor heterozygote or homozygote allele
transplant, or those carrying the minor allele who re-
ceived a transplant from a major-allele homozygous do-
nor (10%). SVR was not seen in heterozygote or homozy-
gote minor allele recipients transplanted with liver tissue
from heterozygote or homozygote minor allele donors
(Figure 1C). The achievement of ETR was also signifi-
cantly associated with single nucleotide polymorphisms
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Figure 1. Association of the IL28B genetic variation in rs8099917 with the sensitivity to interferon/rivavirin combination therapy for recurrent hepatitis
C virus infection after orthotopic liver transplantation. The sustained viral response (SVR) and end of treatment response (ETR) ratios in the recipients
(A, C) and donors (B, D) carrying the major homozygous allele (white bar) or the minor allele (black bar) are shown. Combined analyses of the factors
are shown in (E) and (F). The SVR and ETR ratios are shown for the recipients carrying the major-allele homozygote who received a transplant from
donors carrying the same allele (white bar), the major homozygous allele in either the recipients or the donors (gray bar), and the recipients carrying
the minor-allele homozygote who received a transplant from donors carrying the same minor allele (black bar). Statistical analysis was performed

using Fisher’s exact probability test. SNP, single nucleotide polymorphism.

in the IL28B gene of both the recipients and the donors
(Figure 1D-F). These results indicate that IL28B genetic
variations of not only the recipients but also the donors
are significantly associated with the response to PEG-
IFN/RBV therapy for recurrent hepatitis C after OLT.

IL28 Messenger RNA Expression and IL28B

Genetic Variation

To analyze the correlation between IL28B genetic
variation and IL28 messenger (mRNA) expression, the
expression level of IL28 mRNA was compared between
major allele homozygous and minor allele—positive re-
cipients and/or donors. The amounts of IL28 mRNA in
the livers were comparable with those in peripheral blood
mononuclear cells (P = NS; Supplementary Figure 1).
The levels of IL28 mRNA in the resected livers were
significantly higher in the patients carrying the major
allele homozygote than those carrying the minor allele
heterozygote or homozygote (8.88% = 6.09% vs 4.45% =
3.31%; P = .010, Figure 2). In addition, the expression of

IL28 mRNA in the liver grafts was also higher in the
donors carrying the major allele homozygote than those
carrying the minor allele heterozygote or homozygote
(6.82% * 6.51% vs 2.61% = 1.75%; P = .009, Figure 2). In
the transplanted liver before antiviral therapy, a high
level of IL28 mRNA expression was observed only in the
recipients who were homozygous for the major allele and
who were transplanted with a liver from a recipient with
the same allele, whereas other combinations exhibited a
lower level of IL28 mRNA expression in the transplanted
livers (Figure 2). These results suggest that IL28B genetic
variation in both recipients and donors is closely associ-
ated with the expression of IL28 mRNA in the trans-
planted livers and might be involved in determining IFN
sensitivity after OLT. To confirm the potential role of
IL28 mRNA expression in IFN sensitivity, the expression
of IL28 mRNA in the transplanted liver was significantly
higher in the SVR patients than that in the NR patients
(8.03% * 6.22% vs 2.34% * 1.82%; P = .046; Figure 3).
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Figure 2. The expression of IL28 messenger RNA (mRNA) in the resected livers (n = 87), the liver grafts (n = 46), and the transplanted livers (n =
12). White and black bars indicate the major allele homozygote and minor allele heterozygote or homozygote, respectively. In the transplanted liver,
the white bar indicates the major allele homozygote in both recipients and donors. The black bar indicates cases carrying the major homozygous allele
(either the recipients or the donors). The statistical analysis was performed using Student’s t test. HCV, hepatitis C virus; OLT, orthotopic liver

transplantation.

Association Between Genetic Variations in

IL28B and Mutations in HCV-RNA

Recently, we demonstrated the significant impact
of HCV-RNA mutations in the Core and NSS5A regions
on IFN sensitivity after OLT.'* Therefore, we next exam-
ined the association between genetic variations of IL28B

Expression of IL28 mRNA in liver grafts at OLT
20
P =.046

15

10

Relative expression (%)

SVR (n=18) NR (n=11)

Figure 3. Expression of IL28 messenger RNA in the transplanted livers
in recipients with sustained viral response (SVR) (white, n = 18) and
nonresponse (NR) (black, n = 11). The statistical analysis was per-
formed using Student’s t test. OLT, orthotopic liver transplantation.
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in resected liver tissue and mutations in HCV-RNA on
the IFN sensitivity after OLT. The mutation rates in
amino acid residues 70 and 91 in the Core region were
48% (25 of 52) and 35% (18 of 52), respectively, and in the
non-DW, carrying mutation in either positions, ratio was
44% (23 of 52). The number of mutations in the ISDR
and IRRDR of NS5A were 1.56 * 1.83 (range, 0—7) and
5.00 = 2.74 (range, 1—13), respectively. The minor allele
positive ratio at rs8099917 in the non-DW group was
significantly higher than that in the DW group (41% vs
13%; P = .025; Figure 4A). On the other hand, minor
allele— positive ratios in the ISDR < 2 and IRRDR < 6
groups were comparable with those in the ISDR = 2 and
IRRDR = 6 groups (31% vs 25% and 33% vs 19%, respec-
tively; P = NS, Figure 4B and C). These results suggest
that viral mutations in the Core but not in the NSSA
region are associated with IL28B genetic variation.

Combined Genetic Analysis of the IL28B

Gene and HCV-RNA in the Prediction of IFN

Sensitivity After OLT

Although the sensitivity and specificity of using
IL28B genetic variations to predict the achievement of
SVR were 62% to 87% in the chronic hepatitis C patients,
the specificity of the genetic variation for predicting SVR
was lower in recipients after OLT (Table 2).16:181 There-
fore, we assessed the impact of HCV-RNA mutations on
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Figure 4. Association of genetic variations of IL28B in rs8099917 and mutations of hepatitis C virus (HCV)-RNA in the resected HCV-infected liver.
(A) Comparison of the minor allele-positive rate in rs8099917 between a double-wild (DW) group with no mutations in amino acids 70 and 91 in the
Core region (white bar) and a non-DW bearing 1 or more such mutations (black bar). (B) Comparison between the number of mutations of the
interferon sensitivity-determining region ((SDR) =2 group (white bar) and <2 group (black bar). (C) Comparison between the number of mutations in
the interferon-ribavirin resistance-determining region (/RRDR) =6 group (white bar) and <6 group (black bar).

the achievement of SVR in the recipients carrying the
major allele homozygote and in those receiving trans-
plantation from donors carrying the major allele ho-
mozygote. In our previous report, IFN sensitivity was
scored according to the viral factors that participate in
the IFN sensitivity.!* Briefly, the patients were divided
into 4 groups based on the number of positive factors,
including the DW in the Core region, ISDR = 2 and
IRRDR = 6 in the NSSA region, and this positive number
was used as a prediction score. In the recipients carrying
the major allele homozygote, the percentage of patients
achieving SVR based on a prediction score of 0 (n = 8)
was 13%, and those achieving SVR based on a score of 1
(n=14),2 (n = 7),0r 3 (n = 4) were 43%, 86%, and 100%,
respectively (P = .006; Figure SA). In the donors carrying
the major allele homozygote, the percentage of those
achieving SVR based on a score of 0 (n = 9) was 11%, and

Table 2. Comparison of Sensitivity and Specificity for SVR
Between the Current Analysis (After Liver
Transplantation) and Previous Analysis (Before
Liver Transplantation)

Sensitivity Specificity
(%) (%)
Current analysis (after Liver Transplantation)
rs8099917 (Recipient DNA) 91 45
rs8099917 (Donor DNA) 91 45
Core aa70, 91 (Double Wild) 57 74
ISDR mutation number =2 64 71
IRRDR mutation number =6 75 78
Combined analysis (rs8099917 and HCV-RNA) 83 82
Previous analysis (before Liver Transplantation)
rs8099917 (Tanaka et al 2009) 81 87
rs12979860 (McCarthy et al 2010) 63 76
rs12979860 (Montes-Cano et al 2010) 67 62

HCV, hepatitis C virus; IRRDR; interferon/ribavirin resistance-deter-
mining region; ISDR, interferon sensitivity-determining region; SVR,
sustained viral response.

those achieving SVR based on a score of 1 (n = 6), 2
(n = 4), or 3 (n = 2) were 33%, 75%, and 100%, respec-
tively (P = .037; Figure SB). These results suggest that
combined genetic analysis of IL28B in both recipients
and donors and of the Core and NSSA regions in HCV-
RNA has the potential to predict SVR to PEG-IFN/RBV
therapy after OLT.

Discussion

In this study, we demonstrated that genetic vari-
ations in IL28B of both recipients and donors were sig-
nificantly associated with IFN sensitivity, including SVR
and ETR after OLT. These genetic variations were signif-
icantly associated with IL28 mRNA expression in both
the resected liver derived from the recipients and in the
donated liver. In addition, the current study revealed that
HCV-RNA mutations in the Core but not in the NSSA
region were significantly associated with IL28B genetic
variations. Furthermore, the combined genetic analysis of
IL28B and HCV-RNA was useful to predict the response
to PEG-IFN/RBV therapy in patients with recurrent HCV
infection after OLT.

The predictive factors for IFN sensitivity have been
investigated extensively and several viral and host factors
have been identified. Among the viral factors identified,
the viral genotype is the most important and well-estab-
lished predictive factor determining IFN sensitivity.??
The SVR rate in patients with genotype 1 has been re-
ported to be low (40%—50%), while that in patients with
genotypes 2 and 3 has been reported to be high
(70%—80%).24 In addition, many reports have shown that
mutations in the Core and NS5A regions are useful for
predicting the response to IFN therapy.!1-13.24-26

Several host factors have also been reported to be
associated with the efficacy of IFN-centered antiviral
therapy. The increased expression of ISGs at baseline
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Figure 5. Combined genetic analyses of hepatitis C virus (HCV)-RNA mutations in the Core and nonstructural protein 5A regions for the prediction
of sustained viral response (SVR) in the recipients carrying the major allele homozygote who received liver transplants from donors carrying the same
allele. The interferon sensitivity score was calculated as the total number of cases positive for the following viral factors: double-wild (DW) at aa70 and
91, interferon sensitivity-determining region ([SDR) =2, and interferon/ribavirin resistance-determining region (/RRDR) =6. The achievement per-

centage of SVR among the 4 groups is indicated.

in patients predicts that they will be NR to IFN ther-
apy,!5272% and a significant association between the
presence of genetic variations in IL28B and the re-
sponse to PEG-IFN/RBV therapy has been reported in
genome-wide association studies.!6-2! In these studies,
the expression level of IL28 mRNA in the PBMCs of
patients carrying the minor heterozygous or homozygous
allele was significantly lower.!1 Other studies have
shown that IL28B transduces signals through the recep-
tor complexes in a manner different from other type I
IFNs, but uses the common Janus activating kinase-
signal transducer and activation of transcription pathway
to induce ISGs.2230 The discrepancies between the im-
paired transcription of IL28B due to genetic variations
and the increased expression of ISGs suggest the partic-
ipation of other factors in determining the efficacy of
IEN therapy.

Although IFN-centered antiviral therapy is signifi-
cantly associated with post-transplantation graft progno-
sis in patients infected with HCV,” the efficacy of the IFN
therapy after OLT is unsatisfactory® and the treatment is
frequently accompanied by severe side effects.® Therefore,
in addition to the development of an optimal therapeutic
regimen for HCV infection after OLT, establishment of a
reliable marker or set of markers to predict the sensitivity
to IFN therapy is needed. We have previously reported
that viral RNA mutations in the Core and NSS5A regions
are significantly associated with IFN sensitivity after
OLT.!* In addition, the current study revealed that IL28B
genetic variation in both recipients and donors is also
associated with IFN sensitivity after OLT. Although the
sensitivity and specificity of genetic variations of IL28B
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for predicting the achievement of SVR have been re-
ported to be high in chronic hepatitis C patients,!6:18:19
the current analysis revealed that the specificity was lower
in cases of recurrent hepatitis C after OLT than in
chronic hepatitis C patients. By using a combination of
genetic analyses, the efficacy of the post-transplantation
PEG-IFN/RBV therapy might be predicted before OLT.
Large-scale prospective analyses of the association be-
tween IFN sensitivity after OLT and genetic variations in
both IL28B and HCV will be needed in future studies. In
addition, the molecular mechanism underlying the asso-
ciation between IFN sensitivity and genetic variation of
IL28B and HCV should be clarified. Furthermore, it
might be feasible to predict the IFN sensitivity based on
the genetic analyses of viral and host factors, thereby
allowing for the individualization of antiviral therapy,
including dose-escalated IFN therapy,3*? simultaneous
splenectomy for pancytopenia,®?33 and the use of new
antivirals such as proteases inhibitors.3* Further clinical
investigation is needed to improve the post-transplanta-
tion antiviral therapy for recurrent HCV after OLT.
Previous reports have demonstrated an association be-
tween the clinical tolerance of the graft and tissue chi-
merism, including hepatocytes.35-37 In the present study,
to determine the correlation between the tissue chimer-
ism in the transplanted liver and the impact of IL28B
genetic variation in both the recipients and donors, short
tandem repeat analysis and evaluation of minor allele
frequency in the transplanted liver were performed (Sup-
plementary Figure 2). Although liver tissue chimerism
after OLT was demonstrated using short tandem repeat
analysis and cloning in this study, we could not deter-
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