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Figure 7: Microsome-based budding assay. ER-derived vesicles were prepared from a microsome fraction derived from pulse-labeled
CHO-K1 cells co-expressing (A) KitL-EGFP and VSV-G or (B) F-FR1 and VSV-G. Lanes 1-4, vesicle fractions; lanes 5-8, the remaining
microsome fractions. ltalic numbers correspond to the percentage of each protein found in the vesicle fraction. (C) Relative budding
efficiency of several cargo proteins in microsome-based budding assay. Budding efficiency was normalized to that in the presence of rat
liver cytosol alone [++cyto-SarTA(H79G). n =9, n=4 and n = 2 for VSV-G, F-FR1 and KitL-EGFP, respectively.

We found no evidence from in vivo pulse-chase exper-
iments with yeast cells that Sarip was less required
for ER-to-Golgi transport of GPI-APs than for ER-to-Golgi
transport of other secretory proteins. In pulse-chase exper-
iments, we saw no vacuolar form of CPY in sar1E112K
mutant cells even though the ER-to-Golgi transport of CPY
was partially functional according to the appearance of the
Golgi form at early chase time-points (Figure 4A-C). In
wild-type cells, transport from the Golgi to the vacuole
is certainly not rate limiting. We conclude that this sar?
mutant has a severe defect in Golgi-to-vacuole transport in
vivo. Because there is no evidence for a direct function of
Sar1p in Golgi-to-vacuole transport we conclude that we
cannot differentiate between direct and indirect effects of
the sar1 mutation in vivo and therefore this mutant does
not allow us to confirm our biochemical findings in vivo.
This apparent discrepancy between the in vitro and in vivo
requirement of yeast GPI-APs for Sarip might be also
explained if vesicles containing GPI-APs produced with
reduced Sar1p activity are not fully functional for fusion
with ecis-Golgi in vivo. For example, by using the in vitro ER
budding assay, we found that incorporation of the SNAREs
Boslp and Sec22p into the vesicles was significantly
reduced in the presence of Sar1{H77L) (Figure 4D) under

Traffic 2010; 11: 1017-1033

conditions where incorporation of yeast GPI-APs into
vesicles was only partially affected (Figure 3A,B). These
findings imply that the ER-derived vesicles containing GPI-
APs produced when the activity of Sar1p is reduced might
not contain sufficient SNARE molecules required for their
fusion with cis-Golgi apparatus in vivo. In the same assay,
we also found that the COPIl component Sec23p was
recovered in the vesicle fraction only in the presence
of the GTP-locked form of Sar1{H77L) (Figure 4D). COPIi
vesicles must disassemble their coats before fusing with
the Golgi apparatus and this uncoating seems to be medi-
ated by GTP hydrolysis by Sar1 (46). These results might
explain the difference in the Sar1p requirement of yeast
GPI-APs seen in vivo in the ER-to-Golgi transport assay
and in vitro in the ER budding assay.

Several requirements for the ER exit of GPI-APs are
shared between yeast and mammalian cells. Efficient
ER exit of GPI-APs depends on proper anchorage to
GPI1 (6-8,47) and modifications of the glycan part of
GPl in the ER such as inositol deacylation mediated
by PGAP1/yeast BST1 (48) and removal of ethanolamine-
phosphate attached to the second mannose mediated by
PGAP5/yeast TED1 (49,50). Another common feature is
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Figure 8: Sorting and tethering/fusion assays. Immunoisolation was done with protein G-Sepharose pre-bound with anti-VSV-G
antibody (+a-VSV-G) or mock treated (—Ab) with a vesicle fraction produced in vitro by using (A) a microsome fraction from CHO-K1
cells co-expressing KitL-EGFP and VSV-G or (B) mixed microsome fractions prepared separately from CHO-K1 cells expressing either
KitL-EGFP or VSV-G. (C) Immunoisolation was done with protein G—-Sepharose pre-bound with anti-VSV-G antibody (+u-VSV-G), or mock
treated (—Ab) mixed with a vesicle fraction produced in vitro by using a microsome fraction from CHO-K1 cells co-expressing F-FR1 and
VSV-G. (D) Quantification of A and C as in Figure 6B. n = 2 for KitL-EGFP, n =4 for F-FR1. The immunoisolation efficiency of VSV-G

varied from 50 to 79%.

the need for members of the p24 protein family (51,52).
The p24 single-span transmembrane proteins have been
proposed to act as an ER exit receptor for luminal
GPI-APs (53). This protein family seems to be involved
in various stages of the secretory pathway including
bidirectional transport between the ER and the Golgi
apparatus and the post-Golgi pathway (54), but the precise
role of the p24 protein family for transport of GPI-APs
remains elusive.

There are also several differences in how GPI-APs exit the
ER in mammalian cells and yeast. GPI-APs show different
degrees of Sar1 requirement for ER exit in vitro. So far,
several non-exclusive roles for Sar1 have been postulated.
In principle, the activated GTP-bound form of Sar1 recruits
the Sec23-Sec24 protein complex by binding to Sec23,
and cargo proteins are then recruited by binding to Sec24
to form the prebudding complex (1). In some cases, as for
VSV-G, activated GTP-Sar1 binds directly to the cytoplsmic
tail of VSV-G. This interaction promotes the binding of
Sec23-Sec24 to VSV-G via its ER exit signal (65). It
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was also proposed that the Sar1 GTPase cycle might
be actively involved in concentrating cargo proteins in
COPII vesicles based on the observation that a kinetically
stable prebudding complex undergoes multiple rounds
of the Sar1 GTPase cycle (56). Finally, Sar1 might also
regulate the fission step of COPII vesicles (31,57). Some
transmembrane secretory proteins must bind directly
to Sarlp in order to be recruited efficiently into a
prebudding complex and continuous Sar1 GTPase cycles
contribute to their concentration in COPII vesicles. Yeast
GPI-APs, by contrast, might have an intrinsic ability to
concentrate into ER subdomains by interactions between
a properly remodeled GPI-lipid moiety and ceramide, both
of which contain the saturated long-chain C26 fatty acid.
Therefore, the Sar1-dependent concentration mechanism
might no longer be required for yeast GPI-APs. These two
types of concentration mechanisms might also explain
protein sorting upon ER exit in yeast (18). Alternatively,
considering the role in vesicle fission of Sar1, yeast ER
subdomains containing high concentrations of GPI-APs
and ceramide might more easily pinch-off from the ER

Traffic 2010; 11: 1017-1033

180




than the COPIll-mediated prebudding complexes when
functional Sar1 protein is limiting.

In mammalian cells, in contrast to yeast, the GPl-lipid
remodeling required for incorporation into DRM in witro
likely occurs only after arrival of the protein at the Golgi
apparatus {11,12). We confirmed that accumulation of
Venus-CD592 at ERES was not affected in cells defective
in GPl-lipid remodeling [PGAP2(-) cells; B. Watanabe,
unpublished datal; therefore, mammalian GPI-APs in the
ER might not display such intrinsic ability to concentrate
in particular ER subdomains but, instead, they may rely
fully on the COPIl machirery, as do transmembrane
secretory proteins. This hypothesis is consistent with the
fact that ongoing sphingolipid biosynthesis is important
for ER-to-Golgi transport of GPI-APs in yeast but not in
mammalian cells. The lack of striking segregation of GPI-
APs and secretory transmembrane proteins upon ER exit
in mammalian cells agrees well with our finding that they
are similar in their dependence upon Sar1 for incorporation
into vesicles. Gf course, our result does not rule out
the possibility that some endogenous GPI-APs might
stili be sorted from transmembrane secretory proteins
in mammalian cells.

Several reports suggest that GPI-APs are sorted from
other secretory transmembrane proteins at the Golgi appa-
ratus in mammalian cells (58) and this sorting is likely medi-
ated by interaction of GPI-APs with sphingolipid-enriched
membranes [so-called lipid rafts (14,69)]. The inhibition
of sphingolipid biosynthesis affects apical targeting of
GP-2, a GPIAP, in MDCK cells (60). We postulate that
the sphingolipid- and GPI-ipid-moiety-dependent GPI-AP
sorting from other secretory proteins that happens upon
ER exit in yeast cells occurs instead in the Golgi apparatus
in mammalian cells because of the different localization
of the remodeling enzymes. It will be interesting to test
whether the lack of GPI remodeling affects transport kinet-
ics and apical sorting of GPI-APs in polarized epithelial
cells.

Finally, one might wonder why the functional association
of GPI-APs and sphingolipid begins at different stages
along the secretory pathway in the two organisms.
In yeast, ER-to-Golgi transport of ceramide occurs by
both a vesicular and a non-vesicular pathway (61-63).
Furthermore, ER-to-Golgi transport of GPl-APs and
ceramide are tightly coupled (20,21,32,64). In mammalian
cells, by contrast, ceramide produced in the ER is mainly
transported to the QGolgi apparatus by the cytosolic
protein CERT (65,66). The reason for this difference could
be the chemical nature of the ceramides...The major
yeast ceramide has a considerably longer acyl chain
than ceramides in animal cells, and CERT“is unable
to transport these long-chain ceramides (67). Another
possible explanation involves the organization of secretory
pathway (68,69). In mammalian cells, the Golgi apparatus,
composed of several stacks of cisternae, is confined-to a
perinuciear position, whereas yeast has a dispersed Golgi

Traffic 2010; 11: 1017-1033

ER Exit of GPI-AP in Mammalian Cell

apparatus with solitary cisternae distributed throughout
the cytoplasm {70}, Drosophita melanogaster imaginal disc
cells have individual Golgi stacks distributed throughout
the cytoplasm (71). it would be interesting tc examine
whether GPI-AP sorting from other transmembrane
proteins happens in such cells, and if so, which organelle
is responsible for the protein sorting.

Materials and Methods

Cells, cuiture conditions and transfection

The CHO-K1 cell line, GPi biasynthsis defective cell line, M2S2 (37}, SPT
mutant CHO cell line, LY-B (22} and their transfectants were routinely
cultured in Ham's F-12 medium (Sigma) supplemented with 10% fetal
bovine serum plus antibiotics. The cells were transfected by electroporation
a1 260 V and 960 uF in a Gene Pulser (Bio-Rad). The CHO-K1 and LY-B cells
constitutively expressing GPi-anchored human PLAP were established as
described previously (65).

Antibody and reagents

The rabbit anti-p58 antibody was provided by Prof. J. Saraste {(University of
Bergen, Bergen, Norway). The mouse monoclonal anti-VSV-G antibodies
P5D4 and 172214 were provided by Prof. J. Gruenberg (University of
Geneva, Geneva, Switzerland). Rabbit anti-human Sec13, anti-yeast Sec22
and anti-sec23 antibodies were provided by Prof. R. Schekman (University
of California, Berkeley, USA) Rabbit anti-KDEL, anti-calnexin and anti-
Sec61a antibodies were purchased from Abcam. Rabbit anti-GFP antibody
was produced by immunizing rabbits with recombinant GST-Venus protein
{a variant of GFP). The SPT inhibitor, myriocin, also known as ISP-1,
was purified from the culture broth of the tungus fsaria sinclairii (72).
Purified a-SNAPL294A was from Prof. J.C. Hay {The University of Montana,
Moniana, USA).

Plasmids

The foliowing mammalian expression plasmids were provided by others,
as indicated: pMD2G-VSVG by Prof. D. Trono (Ecole Polytechnique
Fédérale de Lausanne, Lausanne, Switzerland), KitL-EGFP-wt and KitL-
EGFP-d36 (36) by Dr. B. wWehrle-Haller (University of Geneva, Geneva,
Switzerland), pME-puro-FLAG-FR1, pME-FLAG-CD59-GP! and pME-puro-
FLAG-CDS9 by Prof. T. Kinoshita (Research Institute for Microbial Diseases,
Osaka University, Osaka, Japan) and LDLR-EGFP by Prof. G. Kreitzer
(Weiti-Cornell Medical College, New York, USA}. To construct pME-puro-
Venus-FLAG-CDSS, the ORF of VENUS was amplified by PCR with pBS7
(Yeast Resource Center) by using upper and lower primers both containing
Sbfl sites and integrated into the pME-puro-FLAG-CD59 at the Sbil site
in the plasmid. To construct pME-mCherry-FLAG-CD59-GPI, the ORF of
mCherry was amplified by PCR with pBS35 (Yeast Resource Center) by
using upper and lower primers both containing Nsil sites and integrated into
the pME-FLAG-CD59-GPI at Sbfi site. Plasmids for recombinant hamster
wild-type Sar1A (pJK1), SartAH79G (pJK2) and Sar1AT39N (pJK3) were
provided by Prof. R. Schekman (University of California, Berkeley, USA). To
construct pGEX-yeast Sar1H77L, the ORF of yeast SarTH77L, obtained
from Prof. A. Nakano (RIKEN Discovery Research institute, Saitama,
Japan), was amplified by polymerase chain reaction (PCR) by using an
upper primer containing BamHl and a lower primer containing Not! and
integrated into the pGEX4T-3 vector at BamH! and Noti sites, The plasmids
for recombinant mutant alpha-toxins were from Prof. T. Kinashita and Prof.
Y. Hong (Chonnam National University, Gwangju, Korea). The sequences
were verified for all plasmids constructed in this study.

Pulse-chase experiment
Wild-type CHO-K1 and mutant LY-B cell transfectants expressing PLAP
were cultured in Nutridoma-BO medium. (Ham's: F-12 medium containing
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1% Nutridoma-SP {Roche Applied Science), 0.1% fetal bovine serum and
10 um sodium oleate-bovine serum albumin {BSA) complex plus antibiotics
for two days before the experiment to deplete exogenous sphingolipids
from the normal medium. The pulse-chase experiments followed by Endo
H treatment were performed &s described previously (65).

Lipid analysis
Quantification of lipids was done as previously (22).

Metabolic labeling

Transfectants were cultured in 14-cm dishes after electioporation. After
24 h, they were preincubated with DMEM lacking L-methionine and
L-cysteine tor 30 min and then pulsed with 100 pCi/fmL 355.methionine
and 35S-cysteine (Easy Tag Expre35s35s, Perkin Elmer} for 30 min. After
the pulse-labeling, cell metabolism was immediately stopped by addition
of 10 mm NaF/NaN3.

The semi-intact cell in vitro budding assay

Semi-intact cells were prepared as described previously with minor modi-
fications (28.73). Briefly, 80-90% confluent puise-iabeled cells (growing in
14-cm culture dishes) were harvested with trypsin-ethylanediaminetetra-
acetic acid (EDTA}. After inactivating the trypsin with soybean trypsin
inhibitor, the cells were suspended in 8 mL of ice<old B88-0 {20 mm
HEPES pH 7.2, 250 mm Serbitol, 150 mm KQAc). The plasma membrane
was permeabilized by incubating for 6 min on ice with 16 pl of 20 mg/mL
digitonin stock in DMSO (final concentration 40 ug/mL). To Stop perme-
abilization and remove the detergent, the cell suspension was diluted by
addition of 11 mL B88-0 and centrifuged at 1000 x g for 3 min at 4°C.
The pellet was washed once with B88-0, resuspended in 200 uL of B88-0
and kept at —80°C. After thawing on ice, semi-intact cells were washed
twice with B88 1888-0 supplemented with 5 mm MglOAc), ) plus protease
inhibitors (10 pg/mL leupeptin, 5 ug/mb pepstatin A, 2 pg/mL aprotinin)
and used for in vitro assays.

The in vitro COPlI vesicle formation assay (100 uL) was carried out in
B88 pius protease inhibitors supplemented with 1.5 mm ATP, 60 mm
creatine phosphate. 20 uniyml creatine phosphokinase, 0.5 mm GTP plus
semi-intact cells and 6~8 mg/mL rat liver cytosol prepared as described
previously (74), with or without recombinant Sarl protein {10 pg/mL)
prepared as described previously (75}, at 25°C for 60 min. Small aliquots
were taken to estimate incorporation efficiency betore incubation. The
reaction mixture was centrifuged at 14 000 x g for 10 minutes at 4°C
and the 14K supernatant (70 uL} was collected and further centrifuged
at 100 000 x g for 20 min at 4°C 1o cbtain the vesicle fraction. For
analysis of cargo proteins, fractions were either solubilized with VSV-G
buffer {10 mm Tris-HCI pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% Nonidet
P40, 1 mg/mL BSA) plus protease inhibitors and immunoprecipitated
with anti-VSV-G and ant-GFP antibodies pius protein A/G-Sepharose
{GE Healthcare) or solubilized with RIPA bufter (50 mm Tris—HCl pH
7.5, 150 mm NaCi, 1% TX-100, 0.5% DOC, 0.1% SDS) plus protease
inhibitors and immunoprecipitated with anti-FLAG-agarose beads. The
samples were separated by SDS-PAGE and quantified using @ Cyclone
Phosphor Imager (Packard). To analyze the ER-resident prateins calnexin
and SecB1q, the vesicle and total fractions were separated by SDS-PAGE
and immunoblotted with anti-calnexin (1:5000) and anti-Sec61a (1:2500)
antibodies.

The yeast in vitro budding assay and pulse-chase
experiments

The yeast ER budding assay was performed as described previ-
ously {18,32). Recombinant wild-type and mutant yeast Sar1p were added
at 7 ug/mL during the budding assay. In pulsechase experiments using
wild-type (RH2874) and mutant sar1E£772K (TOY225) (34) yeast strains,
cells were preincubated at the indicated temperature for 15 min, then
labeled and chased for various times. Total cell extracts were processed
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for immunoprecipitation with anti-Gas1p (GPI-AP) or anti-CPY (soluble
protein) antibodies.

Fluorescence microscopy of cargo proteins in the
ERES

Transfectant cells were cultured for two days on acid-washed 12-mm-
diameter glass coversiips at 37°C. After incubating at 10°C for 1-2h
in Ham's F-12 medium supplemented with 10 % fetal bovine serum,
antibiotics and 20 mm HEPES-HCI pH 7.4, the cells were washed
twice with PBS contaning Ca?* and Mg?+, PBS(+), fixed in 4%
paraformaldehyde in PBS for 8 min, then washed three times with 10 mum
glycine in PBSI+) to block residual paraformaldehyde. The cells were
permeabilized and blocked with 3% BSA in PBS {+} containing 0.05% (wiv)
saponin for 30 min at room temperature. After washing with 0.1% BSA
in PBS (+), the cells were incubated with anti-Sec13 antibody (1:10000)
in 1% BSA in PBS (+} for 1h. After washing three times with 0.1%
BSA in PBS (4. the cells were incubated with Cy5-conjugated anti-Rabbit
I9G {1:200) {Jackson immunoResearch) in 1% BSA in PBS (4] for 1h.
After washing three times with 0.1% BSA in PBS (), the coverslips
were mounted in Prolong Golc antifade reagent (Invitrogen). To visualize
internal Venus-CD59 and mCherry-CD52 signals, the cells were: washed
with Opti-MEM twice and incubated with 0.3 unit/mL PI-PLC {Invitrogen} in
Opt-MEM at 37°C for 40 min, and this was followed by incubation at 10°C
in Ham'’s F-12 medium and processing as described above. Micrographs
were acquired with a 100x 1.4 numerical aperture oil objective lens with
an AXIOZ1 microscope and an AxioCam MRm charge-coupied device
camera controlled by the software AxioVisionRel.4.6 (all from Zeiss).
The data were processed with Imaces software. Where colocalization
efficiencies were measured, micrographs were analyzed with MaRIS
software to detect the dots coresponding o cargo accumulation
and ERES in each channel. The overlapping dots were counted
manually.

Immunoisolation of in vitro produced COPHl vesicles
Abed voiume of 35 ul protein G-Sepharose 4 Fast Flow was used for each
immunoisolation; this was washed twice with 5% BSA (A3803 Sigma) in
PBS and incubated with 5% BSA in PBS with or without anti-P5D4 or anti-
GFP antibodies for 5 h. The antibody-coated protein G beads were washed
twice with §% BSA in PBS ang used for immunoisolation of vesicles. The
14K supernatant fraction from in vitro budding assays was diluted with
four volumes of 5% BSA in PBS and incubated with the antibody-coated
protein G beads overnight with gentle agitation. The beads and supernatant
were separated by 400 x g for 2 min. The supernatant was further
centrifuged at 63 000 rpm (150 000 x g) for 1 h with TLAT00.3 (Beckman).
The peliet was solubilized with the appropriate immunaprecipitation buffer.
The bead fraction was washed with 0.1% BSA in PBS three times. The
proteins collected with the beads were eluted by washing with 2x VSV-G
bufter and 100 mm triethylamine pH 12.5, and the: pH was adjusted to
neutral with 1n Tris—HCI pH 6.8. The eluate was diluted three times
with the appropriate immunoprecipitation buffer. The immunoprecipitation
step and subsequent analyses were done as described above. To quantify
the percentage of proteins in VSV-G-containing or LDLR-EGFP-containing
vesicles, we divided the percentage of individual proteins.found in the
pellet fraction by the percentage of immunaisolated VSV-G or LOLR-EGFP.
This enabled comparison of several independent experiments in which the
imnwnoisolation efficiency can vary.

The microsome-based budding assay

Microsome fractions were prepared as described previously (75,76). Pulse-
labeled cells were collected by scraping and cell pellets were kept at
-80"C. After thawing on ice, the celis were disrupted by passing through
a 22-gauge needle 20 times in Buffer F [10 mm HEPES-KOH at pH
7.2, 250 mn sorbitol, 10 mm KOAc, 1.5 mu Mg(OAc);] plus protease
inhibitors. After centriguging at 1000 x g for 5min to remove nuclei,
the supernatant fraction was piaced in siliconized microcentrifuge tubes
and the microsome fraction was sedimented at 6000 x g for 10 min.
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After two washes with Buffer E (50 mm HEPES-KOH at pH 7.2, 250 mm
sorbitol, 70 mm KQAc, 5 mm potassium EGTA, 2.5 mm Mg(CAg), plus
protease inhibitorsl, the microsome pellet was resuspended in Buffer E.
The in vitro COPIL vesicle formation assay (86 ul} was carried out in
Buffer E supplemented with 1.6 mm ATP, 60 mii creatine phosphate, 20
uniymL creatine phosphokinase, .5 mm GTP plus microsome fraction
and 6-8 mg/mL rat liver cytosol, with or without various recombinant
Sari proteins (10 ug/mL), at 25°C for 60 min. The reaction mixture was
centrifuged at 14 000 x g for 20min at 4'C and the 14K supernatant
{60 uL} was collected and further centrifuged at 100 000 x g for 20 min
at 4°C to obtain the vesicle fraction. The rest of the reaction mixture (total
fraction) was used to measure incorporation efficiency. The vesicle and
total fractions were analyzed as described above.
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Supporting Information

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

Figure S1: Biochemical analyses of exogenously expressed cargo
proteins in CHO-K1 cells. (A) The expression level of the exogenous
GPI-APs was comparabie to that of an unknown endogenous GPI-AP in
CHO-K1 cell. Two difterent recombinant mutant alpha-toxing described
previously (1,2) were used to detect exogenous and endogenous GPl-
APs expressed in CHO-K1 cells. Both mutant alpha-toxins contained
point mutations that substantially reduce cytotoxity but retain binding
activity for GPI-APs, Pulsedabeled CHO-K1 cells expressing F-FR1 and
F-CD59 were lysed with RIPA buffer and the lysates were mixed
with glutathione-Sepharose beads bound to either recombinant GST-
tagged mutant alpha-toxin (R398G; lane 1) or GST flane 2} or with
Ni-NTA-agarose bound to recombinant mutant EGFP and His-tagged
alpha-toxin (S189C/S238C; lane 3) or GST {lane 4). The bound samples
were separated by SDS—PAGE and quantified by using a Cyclone Phosphor
Jmager (Packard). In addition to F-FR1 {around 40 kDa) and F-CD59 (around
20 kDa), which are exogenously expressed GPI-APs, a protein band
around 60-70 kDa (indicated by arrow) was. precipitated specifically by
differentially tagged alpha-toxins. The data demonstrate that there is at
least one unknown endogenous GPI-AP expressed at similar level as the
exogenous GPI-APs. :

(B and C) Kinetics of transport of F-FR1, F-CD59 and VSV-G from the ER
to the Golgt apparatus in CHO-K1 cells. CHO-K1 cefls expressing F-FR1,
F-CD59 and VSV-G were pulsed-for 30 min with 355-Met and 33S-Cys and
chased for the indicated times. Imrunoprecipitates were untreated {-)
or treated with Endo H (+) for 16 h and then separated by SDS-PAGE.
R. Endo H-resistant form; S, Endo M-sensitive form; C, cleaved form
by Endo H (B). (C) Quantification of B. (D} Microsome-based budding
assay. Immunoblotting of endegenous. pS8/rat ERGIC-53 {a protein that
recycles between the ER and Golgi apparatus) and GRP78 (an ER-resident
protein} in the vesicle fractions llanes 1-5) and in 20% of the remaining
microsome fraction {lanes 610} produced after incubating microsomes
with or without various Sar1A wild-type twi) and:mutant (H79G and T39N)
proteins. -Arrows: indicate the proteins of interest. The p58 protein is
incorporated into vesicle fractions in: 3 cytosol-dependent manner and
incorporation is inhibited by the addition of mutant Sar1A proteins but not
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wild-type Sar1A. Italic numbers correspond (o the percentage of p58 found
in the vesicle fraction. For GRP78, the bands seen at around 78 kDa in the
vesicle fractions were too faint to be guantified; however, their intensities
were not changed drastically by the presence of different Sar1A mutant
proteins and a simifar faint band. was obgerved in the vesicle fraction
prepared with cytoso! alone without donor microsomes (data not shown),
suggesting that this signal was partly because of a cytosol contarminant.

Figure $2: Subcellular localization of KitL-EGFP and its mutant KitlL-
EGFP{delV) at 37 and 10°C. CHO-K1 cells (A) expressing KitL-EGFP at
37°C, (B)expressing KitL-EGFP(delV) at 37°C and (C}after 2 h at 10°C.
The black arrows indicate ERES that did not colocalize with carge proteins,
Scale bar, 10 pm,

Figure S3:. Localization of Venus-CD59 or mCherry-CD59 at 37
and 10°C. {A) CHO-K1 expressing Venus-CD58 at 37°C. (B) CHOK1
expressing Venus-CD59 treated with PI-PLC. {C) CHO-K1 expressing
Venus-CDB9 treated with PI-PLC and incubated at 10°C for 1 h in the
presence of 1 mm DTT. (D) CHO-K1 co-expressing Venus-CO59 and
mCherry-CD58. The white and black arrows indicate ERES that colocalized
or did not colocalize with cargo proteins, respectively. Scale bar, 10 pm.

Figure S4: Localization of Venus-CD59 and KitL-EGFP in GPl-negative
CHO-K1 cells at 37 and 10°C. GPl-negative CHO-K1 cells expressing
Venus-CD59 at 37°C (A)or at 30°C (B). GPl-negative CHO-K1 cells
expressing KitL-EGFP at 37°C (C}or at 10°C (D). The white and black
arrows indicate ERES that colocalized or did not colocalize with cargo
proteins, respectively. Scale bar, 10 um.

Piease note. Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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The aim of the study was to identify a predictive INTRODUCTION
marker for the virological response in hepatitis C
virus 1b (HCV-1b)-infected patients treated
with pegylated interferon plus ribavirin therapy.
A total of 139 patients with chronic hepatitis C
who received therapy for 48 weeks were enrolled.
The secondary structure ofthe 120 residues ofthe
amino-terminal HCV-1b non-structural region 3
{NS3) deduced from the amino acid sequence
was classified into two major groups: A and B.
The association between HCV NS3 protein poly-
morphism and virological response was ana-
lyzed in patients infected with group A (n=28)
and B (n = 40) isolates who had good adherence
to both pegylated interferon and ribavirin
administration (>95% of the scheduled dosage)
for 48 weeks. A sustained virological response
(SVR) representing successful HCV eradication
occurred in 33 (49%) in the 68 patients. Of the
28 patients infected with the group A isolate,
18 (64%) were SVR, whereas of the 40 patients
infected with the group B isolate only 15 (38%)
were SVR. The proportion of virological
responses differed significantly between the
two groups (P < 0.05). These results suggest that

Hepatitis C virus (HCV) is the major pathogen that
causes chronicliver diseases with a risk of progression to
cirrhosis and hepatocellular carcinoma. Currently, the
standard treatment for chronic hepatitis C is antiviral
therapy using pegylated interferon (Peg-IFN) plus
ribavirin (RBV), and this approach is most effective for
eradication of HCV viremia. However, even with the
widely used treatment regimen of 48 weeks, the rate of
sustained virological response (SVR), which indicates
eradication of viremia, is still approximately 50% for
patients infected with the therapy-resistant HCV
genotype 1b (HCV-1b) with a high viral load [Manns
etal., 2001; Bruno et al., 2004; Hadziyannis et al., 2004].
It would be useful to predict the virological response to
this therapy and to identify patients who would obtain
beneficial therapeutic effects before treatment, in order
to avoid any serious side effect and to eliminate those
who would not be helped by the treatment. In the future
it will be important to establish a protocol of tailor-made
medicine for chronic hepatitis C.
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HCV NS3 Polymorphism and PeglFN/RBV Therapy

Both the HCV genotype and pre-treatment viral load
are major viral factors that influence the response to
IFN-based antiviral therapy, but IFN resistance is also
partly due to variation of the amino acid sequence
encoded by HCV itself. Enomoto et al. [1996] proposed
that variation of 40 amino acids within the NS5A
region (aa 2,209-2,248), which is referred to as the
IFN sensitivity-determining region (ISDR), is well
correlated with IFN responsiveness. ISDR and its
adjacent sequence bind and inhibit the enzymatic
activity of a double-stranded RNA-activated protein
kinase (PKR), which can have an antiviral effect, and
therefore the combined region is referred to as the PKR-
binding domain (PKR-BD) [Gale et al., 1997, 1998]. A
correlation between sequence variation in the PKR-BD
and IFN responsiveness has been reported [Nousbaum
et al., 2000], and some reports show a correlation
between IFN responsiveness and the sequence diversity
of variable region 3 (V3) (aa 2,356—-2,379) or surround-
ingregions near the carboxy terminus of NS5A [Murphy
et al., 2002; Sarrazin et al., 2002; Puig-Basagoiti et al.,
2005]. A high degree of amino acid substitution in the V3
and pre-V3 regions (aa 2,334—2,355) of NS5A, which is
referred to as the IFN/RBV resistance-determining
region (IRRDR) (aa 2,334-2,379), has been associated
with SVR in Peg-IFN/RBV combination therapy for
patients infected with HCV-1b [El-Shamy et al., 2007,
2008]. In addition to these findings in non-structural
proteins of the virus, amino acid substitution in a
structural region of HCV has been reported to be a
predictive viral marker for the virological response to
PegIFN/RBV therapy. Amino acid polymorphismsin the
HCV core region (Arg70 vs. GIn70 and Leu91 vs. Met91)
correlate with virological outcome and on-treatment
viral kinetics in Peg-IFN/RBV therapy [Akuta et al.,
2006, 2007], and a double wild-type HCV core (Arg70
and Leu91) may be a significant predictor of SVR in
Peg-IFN/RBV therapy [Akuta et al., 2007].

Interactions between viral and host proteins in
infected cells may influence therapeutic effects and
the natural history of infection, since the HCV NS3
region has a significant effect on immunity. The amino-
terminal part of this region encodes a serine protease,
for which the minimum activity has been mapped to a
region between aa 1,059 and 1,204 [Yamada et al., 1998].
The serine protease inactivates Cardif, a caspase
recruitment domain (CARD)-containing adaptor pro-
tein that interacts with the RNA helicase retinoic
acid inducible gene 1 (RIG-1)-dependent antiviral path-
way in infected cells [Foy et al., 2003; Meylan et al.,
2005; Evans and Seeger, 2006]. This action inhibits
phosphorylation and subsequent heterodimerization of
interferon regulatory factor-3 (IRF-3), which is essential
for activation of IFN signaling through translocation of
IRF-3 heterodimers into the nucleus, and eventually
blocks IFN-beta production. In addition, inactivation of
IRF-3 is postulated to influence the therapeutic effect
of IFN-based antiviral therapy, because the IRF-3
heterodimer translocates into the nucleus to bind to
the IFN-stimulated response element that produces

1365

many antiviral proteins, including 2',5'-oligoadenylate
synthetase and PKR [Nakaya et al., 2001; Grandvaux
et al., 2002]. Collectively, these findings suggest that
polymorphisms in HCV NS3 structure deduced from
sequence variation may influence IFN-related signaling
and the antiviral effect of IFN-based anti-HCV therapy.

We have focused on polymorphisms in the secondary
structure of the wviral polyprotein that interacts
with host proteins involved in immunity, with the aim
of identification of predictive viral markers for the
response to Peg-IFN/RBV therapy. In this study, we
examined the potential correlation between polymor-
phisms in the secondary structure of the HCV NS3
amino-terminal region and virological responses to Peg-
IFN/RBV therapy in patients infected with HCV-1b with
a high viral load.

PATIENTS AND METHODS

Patients and Treatment Regimen With
Peg-IFN Plus Ribavirin

A total of 139 consecutive patients diagnosed with
chronic hepatitis C were enrolled in the study from
December 2004 to March 2007. These patients included
81 men and 58 women, and were aged from 31 to 75 years
old (mean & SD, 56.8 £ 8.7 years old). All patients were
infected with HCV-1b with a high viral load of over
100 KIU/ml, and all received Peg-IFN/RBV therapy.
Patients with alcoholic liver injury, autoimmune liver
disease, and those who had symptoms of decompensated
cirrhosis including ascites were excluded. Briefly, all
patients were treated with a combination of Peg-IFN-
alpha 2b (Pegintron®; Schering-Plough, Kenilworth,
NJ) and RBV (Rebetol ®; Schering-Plough) for 48 weeks.
Peg-IFN was administered subcutaneously once a week
and RBV was given orally twice a day for the total dose.
The dosages were determined on the basis of body
weight according to the Japanese standard prescription
information supplied by the Japanese Ministry of
Health, Labour and Welfare, and there was a limit for
calculating the optimized dose: patients with body
weights of 35-45, 46-60, 61-75, and 76—90kg were
given Peg-IFN at doses of 60, 80, 100, and 120 pg,
respectively, and those with body weights of <60, 60—80,
and >80 kg were given RBV at doses of 600, 800, and
1,000 mg, respectively. The dose of Peg-IFN or RBV was
reduced according to the Japanese standard criteria
based on the white blood cell count, neutrophil
count, hemoglobin concentration and platelet count
[Hiramatsu et al., 2008].

Virological Tests and Response to
Peg-IFN Plus Ribavirin

Virological responses were evaluated at 12 weeks
after the start of treatment with an early depletion of
viremia referred to as an early virological response
(EVR), at the end of treatment with depletion of viremia
referred to as an end of treatment virological response
(ETR), and at 24 weeks after completion of treatment,
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with a clinical outcome of a sustained virological
response (SVR) representing successful HCV eradica-
tion. All patients were negative for hepatitis B surface
antigen. Quantification of serum HCV RNA was
performed using an RT-PCR-based commercial kit
(Amplicor HCV monitor test, ver. 2.0, Roche Dia-
gnostics, Tokyo, Japan). This Amplicor HCV RNA assay
has a lower limit of detection of 50IU/ml. SVR
was determined by monitering negativity for HCV
RNA monthly for 6 months. The real-time PCR assay
kit (COBAS TagMan HCV Auto, Roche Diagnostics) for
more precise quantitation of HCV viremia has
recently become available and pre-treatment viral titers
were re-evaluated using preserved serum samples. This
real-time PCR assay has a lower limit of detection of
15 IU/ml. The study protocol was approved by the Ethics
Committee of Yamagata University Hospital. Informed
consent was obtained from all patients.

PCR Amplification of the
Amino-Terminal Region of NS3

RNA was extracted from 50 pl of serum using an
RNeasy Mini kit (Qiagen, Tokyo, Japan). To amplify the
region of the HCV genome encoding the amino-terminal
region of NS3 (1,027-1,206), a one-step PCR was
performed in a tube using the Superscript One-Step
RT-PCR kit with Platinum Taq (Gibco-BRL, Tokyo,
Japan) and an outer set of primers: NS3-F1 (sense
primer; 5-ACA CCG CGG CGT GTG GGG ACA T-3/;
nucleotides 3,295-3,316) and NS3-AS2 (antisense pri-
mer; 5-GCT CTT GCC GCT GCC AGT GGG A-3;
nucleotides 4,040—4,019), as reported previously [Ogata
et al., 2002a, 2003]. PCR was initially performed at 45°C
for 30 min at RT and then at 94°C for 2 min, followed by
the first-round PCR for forty 3-min cycles at 94°, 55°, and
72°C for 1min each. The second-round PCR was
performed with Pfu DNA polymerase (Promega, Tokyo,
Japan) and an inner set of primers: NS3-F3 (sense
primer; 5'-CAG GGG TGG CGG CTC CTT-3'; nucleo-
tides 3,390—3,407) and NS3-AS1 (antisense primer;
5-GCC ACT TGG AAT GTT TGC GGT A-3'; nucleotides
4,006—3,985). The second-round PCR was performed for
35 cycles, with each cycle consisting of 1 min at 94°C,
1.5min at 55°C, and 3min at 72°C. This method allowed
amplification of the corresponding portion of the HCV
genome from HCV-1b RNA-positive samples. The
amplified fragments were purified with a QIAquick
PCR purification kit (Qiagen) and directly sequenced
(without being subcloned) in both directions using a
dRhodamine Terminator Cycle Sequencing Ready Reac-
tion kit and an ABI 377 sequencer (Applied Biosystems,
Tokyo, Japan).

Classification of the Secondary Structure of
the HCV-1b NS3 Amino-Terminal Region

The secondary structure of the amino-terminal region
of HCV NS3 was predicted by computer-assisted Robson
analysis [Garnier et al, 1978] with Genetyx-Mac
software (ver.10.1; Software Development Co., Tokyo,
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Fig. 1. Secondary structure of the 120 amino-terminal residues of
HCV-1b nonstructural 3 (NS3) region classified into two major groups:
A and B. The looped, zigzag, straight, and bent lines represent x-helix,
B-sheet, coil, and turn structures, respectively. The numbers indicate
amino acid positions. A: Group A, (B) Group B.

Japan). Previously, the full-length secondary structure
of the HCV-1b NS3 region was analyzed, and this
showed that the secondary structure deduced from the
carboxy-terminal 60 residues was well conserved in
terms of linear structure, without any turn structure
[Ogata et al., 2002a]. We have shown that the secondary
structure of the 120 residues in the amino-terminal
region of HCV-1b NS3 can be classified into two major
groups: A and B (Fig. 1) [Ogata et al., 2002a, 2003].
Briefly, the criteria for this classification are as follows:
in group A isolates, the carboxy-terminal 20 residues (aa
1,125-1,1486) are oriented leftward relative to a domain
composed of the remaining amino-terminal region;
whereas in group B isolates, the same 20 residues are
oriented rightward relative to the rest of the amino-
terminal domain.

Analysis of Amino Acid Substitutions in
the Core Region

To amplify a region of the HCV genome encoding the
core region including positions 70 and 91, reverse
transcription and the first-round PCR were performed
in a tube by the Superscript One-Step RT-PCR kit
with Platinum Taq (Gibco-BRL) and an outer set of
primers, followed by second-round PCR with an
inner set of primers in accordance with procedures
reported previously [Ogata et al., 2002b]. The sequences
of the amplified fragments were determined by direct
sequencing.

Statistical Analysis

Data were analyzed by a y* test for independence
with a two-by-two contingency table and a Student
t-test. A P-value <0.05 was considered significant.

RESULTS

Virological Response and Adherence to the
Peg-IFN Plus Ribavirin Regimen

Rates of virological responses in patients treated with
PeglFN/RBV combination therapy for 48 weeks are
shown in Figure 2. Of the 139 patients enrolled in the
study, SVR, non-SVR and cessation of therapy occurred
in 58 (42%), 62 (45%), and 19 (14%), respectively. Serious
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Fig. 2. Virological response in patients treated with peginterferon
plus ribavirin for 48 weeks. The results are shown for all 139
subjects (open bars) and for 75 cases with good adherence of >80% of
the scheduled dosages (closed bars). SVR, sustained virological
response.

adverse events that necessitated discontinuation of this
therapy were depression in one patient, thyroid function
disorder in 2, general itching in 2, infection in 2,
anorexia in 2, occurrence of hepatocellular carcinoma
in 2, and a decreased neutrophil count in 2. Six patients
also terminated this therapy at their own request. Of the
139 patients, 75 (54%) received >80% of the scheduled
dosage of Peg-IFN and RBYV designated before treat-
ment, and of these 75 cases SVR and non-SVR occurred
in 38 (51%) and 37 (49%), respectively.

Prevalence of Types of Secondary Structure of
the Amino-Terminal Region of HCV NS3

The prevalence of the types of secondary structure of
HCV NS3in the 139 subjects is shown in Table I. Among
these subjects, 43 (31%), 70 (50%), and 26 (19%) were
classified into groups A, B, and others, including 3 of
mixed type (A plus B) and 23 of non-A, non-B type. Of the
75 cases with good adherence to administration of >80%
of the scheduled dosage, 28 (37%), 40 (53%) and 7 (9%)
were classified into groups A, B, and others. The
amino acid data of group A and B in the cases with
good adherence to administration are available in the
DDBJ/EMBL/GenBank databases with the accession
numbers AB548070-AB548137. Our analysis revealed
no specific correlations between amino acid sequences

TABLE I. Prevalence of the HCV NS3 Secondary Structure

Type
GroupA  GroupB  Others
» (%) (%) (%)
Enrolled cases (n=139) 43 (31) 70 (60) 26 (19)
Adherent cases (n="T5) 28 (37) 40 (53) 79)
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and the secondary structure deduced by the Robson
method, as we have reported previously [Ogata et al.,
2003].

Characteristics of Adherent Patients Based on
Different HCV NS3 Structure Types

The virological responses to Peg-IFN/RBV combina-
tion therapy for patients infected with group A and B
isolates were assessed in the 68 subjects with good
adherence to the scheduled dosage of Peg-IFN and RBV.
The characteristics of patients infected with group A
and B isolates are shown in Table II. Age, gender, pre-
treatment level of serum HCV RNA and ALT, and
frequency of fibrosis stage did not differ significantly
between the two groups. Peg-IFN/RBV combination
therapy was completed in all the patients, and the total
administered dosages of Peg-IFN and RBV was >95% of
the scheduled dosage in both groups.

Relationship Between Virological
Responses and Polymorphisms in the
HCV NS3 Amino-Terminal Region

In the 68 patients who received >95% of the scheduled
doses of Peg-IFN and RBV for 48 weeks, SVR and non-
SVR occurred in 33 (49%) and 35 (51%), respectively.
The EVR, ETR, and SVR rates in patients infected with
group A and B isolates are shown in Table III. There was
a significant difference in the rates of EVR between
subjects infected with group A and B isolates: EVR
was achieved in 19 of 28 (68%) patients with group A
infection, compared to 17 of 40 (43%) with group B
infection (P <0.05). The final outcome also differed
significantly between subjects infected with group A and
B isolates: SVR was achieved in 18 of 28 (64%) patients
with group A infection, compared to 15 of 40 (38%) with
group B infection (P < 0.05).

Polymorphisms in Core Amino Acids 70/91 and
in the HCV NS3 Secondary Structure

The wild-type core sequence (Arg70, Leu91) has been
associated with SVR in Peg-IFN/RBV combination
therapy, while the non-double wild-type containing
one or two substitutions at positions 70 and/or 91 was
associated with non-SVR [Akuta et al., 2007]. Therefore,
we examined substitutions at positions 70 and 91 in the
HCV core region in pre-treatment serum samples of
44 cases that were available for testing. The double
wild-type 70/91 sequence was found in 22 of the 44 cases
(60%), of which 12 were SVR and 10 were non-SVR.
Combination analysis of polymorphisms of the HCV core
70/91 positions and the NS3 amino-terminal region
showed that 10 (83%) of the 12 SVR cases and only 3
(30%) of the 10 non-SVR cases with the double wild-
type core had a group A polymorphism in HCV NS3
(Table IV). Thus, combination analysis of the core and
NS3 regions may improve prediction of the outcome of
Peg-IFN/RBV therapy.
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TABLE II. Characteristics of Adherent Patients Infected With HCV Group A and B Isolates

Group A (n=28)

Group B (n=40) P

Age (years)
Sex (men/women)
Pre-treatment HCV RNA (KIU/ml)
Alanine aminotransferase level (U/L)
Stage of liver fibrosis
F1 or F2/F3 or F4
Drug adherence dosage (%)
Pegylated interferon
Ribavirin

555495 55.5+8.9 NS®
18/10 21/19 NgP
1,635 £ 930 2,087 + 1,422 NS?
80 62 T1+47 N§?
19/9 28/12 NSP
97.7+5.2 95.2+7.3 NS§*
968164 95.3+17.7 NS?

NS, not significant.
2¢-test.
b;(_2 test.

Re-Evaluation of Pre-Treatment HCV Viremia
Status Using Real-Time PCR

Since the viral titer before treatment is a major
predictive marker of the outcome of Peg-IFN/RBV
therapy, we re-evaluated the pre-treatment viral titers
more precisely using preserved serum samples taken
within 1 month before treatment, using a real-time
PCR assay. The pre-treatment viral titers did not
differ significantly between sera with group A and B
isolates (5.98 + 0.94 vs. 6.25 £ 0.62 logIU/ml) (Table V).
The secondary structure polymorphisms of HCV NS3
were independent of the pre-treatment viral titers.

DISCUSSION

Antiviral therapy with Peg-IFN/RBV for 48 weeks
fails to eradicate HCV in about half of patients infected
with a high titer of HCV genotype 1b, and the severe
adverse events and high costs associated with this
therapy require outcome prediction to allow targeted
treatment for chronic hepatitis C. The pre-treatment
viral titer, viral factors that influence the virological
response to IFN-based anti-HCV therapy have been
widely investigated. Viral kinetics showing prompt
seronegativity after the start of treatment is a critical
factor for achieving SVR, and thus the possible correla-
tion between an early virological response and genetic
sequence variation of the HCV has been studied. In
particular, amino acid substitutions in the HCV core
region at positions 70 and 91 or multiple mutations
detected in the IRRDR of the HCV NS5A region are
useful markers for predicting EVR and subsequent SVR.

TABLE III. Virological Responses in Subjects With Different
Polymorphisms in the Secondary Structure of HCV NS3

EVR* ETR** SVR*
Group A (n=28) 19 (68%) 23 (82%) 18 (64%)
Group B (n=40) 17 (43%) 25 (63%) 15 (38%)

EVR: early virological response at 12 weeks after the start of treatment.
ETR: virological response at the end of treatment.

SVR: sustained virological response 24 weeks after completion of
treatment.

*P <0.05.

**P = (.08; % test.
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To date, the influence of several single amino acid
substitutions and accumulation of these changes in the
viral genome on the effect of IFN-based anti-HCV
therapy has been examined. Since interactions between
host and viral proteins in infected cells may influence
the therapeutic effect of an antiviral agent, we focused
on the association of structural polymorphism of a viral
protein with the effect of Peg-IFN/RBV combination
therapy in this study. OQur results suggest that poly-
morphism analysis of secondary structure deduced from
sequence variations in the HCV NS3 amino-terminal
region can be used to predict viral responses to this
therapy.

Amino acid sequences of the HCV NS3 amino-
terminal region, which encodes a serine protease, vary
greatly among HCV isolates. Interactions between HCV
NS3 and host proteins may influence both oncogenesis
and immunity, and thus elucidation of the biological
significance of these interactions could result in a new
prognostic marker for HCC or a predictive marker
for anti-HCV therapy. First, HCV NS3 interacts with
the p53 tumor suppressor to suppress p53-dependent
apoptosis or p21 transcriptional activity [Ishido
and Hotta, 1998; Kwun et al., 2001; Deng et al., 2006].
Transfection of a plasmid expressing the amino-termi-
nal portion of HCV NS3 induces cell transformation
in vitro, and transplanted cells proliferate with sar-
coma-like features in vivo [Sakamuro et al., 1995]. These
findings suggest that NS3 may be involved in the
oncogenic pathway in HCV infection. We have shown
that the secondary structure of the 120-residue amino-
terminal region of NS3 (1,027-1,146) is classifiable into
two major groups: A and B. This region encodes a serine
protease and also includes p53-binding sites. Our

TABLE IV. Treatment Outcome of Cases With a Double
Wild-Type Core Region and Different HCV NS3 Struectural

Polymorphism
Group A (%) GroupB (%) P
SVR (n=12) 10 (83) 217 0.02%
Non-SVR (n=10) 3 (30) 770

SVR, sustained virological response.
2.2 test.
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TABLE V. Pre-Treatment HCV RNA Levels Measured by
Real-Time PCR for Subjects With Different HCV NS3
Structural Polymorphism

Group A Group B P
SVR (n=33) 5.78£1.05 6.13+£0.71 NS*
Non-SVR (n=35) 6.33£0.59 6.324+0.55 N§?
Total (n=68) 5.98+0.94 6.25+0.62 NS*®

SVR, sustained virological response. NS, not significant.
%t test.

previous cross-sectional studies revealed that the
prevalence of group B infection is significantly higher
in HCC cases than in non-HCC cases [Ogata et al., 2008},
and that the group B infection is an independent risk
factor for development of HCC in patients with chronic
HCV infection [Nishise et al., 2007]. Second, NS3
interacts with host proteins associated with IFN signal-
ing and thus influences cellular immunity. Since the
serine protease encoded by the amino-terminal region of
NS3inhibits the IFN-signaling pathway, polymorphism
of this region is likely to influence the effect of Peg-IFN/
RBV combination therapy.

Several factors associated with the virological
response to this therapy are well known, with adherence
to both IFN and RBV strongly influencing outcome
[Pearlman, 2004; Arase et al., 2005; Yamada et al.,
2008]. In this study, we analyzed 75 cases in which
>80% of the scheduled dosage of both drugs was
administered. Of these cases, 28 (37%) and 40 (53%)
were infected with group A and B isolates, respectively,
which were similar rates to those for the 139 cases in the
overall study. Age, gender, viral load before treatment,
ALT level, proportion of fibrosis stage and adherence to
Peg-IFN and RBV did not differ between the group A and
B cases. However, the frequencies of SVR and EVR were
significantly higher in group A, and those for non-EVR
and non-SVR were significantly higher in group B. The
results suggest that infection with the group B isolate,
which correlates with a higher rate of HCC, is resistant
to Peg-IFN/RBV therapy. The pre-treatment viremia
status in the 68 cases with group A or B isolates showed
no significant differences between the two groups of
patients. Therefore, these results suggest that
the secondary structure of the HCV NS3 amino-
terminal region may be useful for prediction of the
outcome of Peg-IFN/RBV combination therapy. In this
initial study setting, the relationship of these poly-
morphisms to the frequency of rapid viral response at
4weeks after the start of treatment was not evaluated. It
will be important to assess this relationship in a future
study.

The polymorphism in HCV core region (Arg70/Leu91)
is a useful predictive marker for virological responses in
Peg-IFN/RBV therapy [Akuta et al., 2007]. Interest-
ingly, a combined analysis of polymorphisms of the core
region (which encodes a structural protein) and HCV
NS3 (a nonstructural protein) improved the prediction
rate. Therefore, analysis of NS3 polymorphism in
combination with the core structural polymorphism
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appears to improve prediction of the outcome of Peg-
IFN/RBV therapy. A larger, multi-center prospective
study would be necessary to validate the present
results. In conclusion, the results of this study suggest
that secondary structure polymorphism in the amino-
terminal region of HCV NS3 is a useful predictive
marker of the effect of Peg-IFN/RBV combination
therapy for chronic hepatitis C. Although the present
findings are clinically important, and will be helpful
for predicting the outcome of Peg-IFN/RBV therapy,
further in vitro studies will be needed to elucidate
the molecular mechanism underlying the association of
HCV NS3polymorphisms with clinical outcome.
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Abstract

Objective: Hepatitis C virus (HCV genome) polymorphisms
are thought to influence the outcome of pegylated-interfer-
on/ribavirin (PEG-IFN/RBV} therapy. This study aimed to ex-
amine non-structural protein 5A (NS5A) polymorphisms, e.g.
IFN/RBV resistance-determining region (IRRDR) and IFN sen-
sitivity-determining region (ISDR), and core protein poly-
morphism as predictive therapeutic markers. Methods: Pre-
treatment sequences of N55A and core regions were ana-
lyzed in 68 HCV-1b-infected patients treated with PEG-IFN/
RBV. Results: Of 24 patients infected with HCV having an
IRRDR with 6 or more mutations (IRRDR=6), 18 (75%) pa-
tients achieved sustained virological response (SVR), where-
as only 11 (25%) of 44 patients infected with HCV having
IRRDR=<5 did. IRRDR=6 was significantly associated with
SVR (p<0.0001). On the other hand, ISDR = 2 was significant-

ly associated with relapse (either before [breakthrough] or
after end-of-treatment response [ETR-relapse]) (p < 0.05)
and a point mutation of the core protein from Arg to Gin at
position 70 (GIn’%) was significantly associated with null-re-
sponse {p < 0.05). Multivariate analysis identified IRRDR=6
as the only viral genetic factor that independently predicted
SVR. Conclusion: NS5A (IRRDR and ISDR) and core protein
polymorphisms are associated with the outcome of PEG-
IFN/RBV therapy for chronic hepatitis C. In particular,
IRRDR=6 is a useful marker for prediction of SVR.

Copyright © 2011 5. Karger AG, Basel

Introduction

Hepatitis C virus (HCV) is the major cause of chronic
liver diseases worldwide [1]. As a consequence of the long-
term persistence of chronic hepatitis C, the number of
patients with hepatocellular carcinoma is expected to in-
crease further over the next 20 years [2]. To reduce the
impact of this worldwide health problem, efficient treat-
ment is required. Currently, a combination therapy of pe-
gylated-interferon-o and ribavirin (PEG-IFN/RBV) is a
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standard treatment for chronic hepatitis C [3]. However,
this therapy is sometimes difficult to tolerate and results
in a sustained virological response (SVR) in only ~50%
of patients, especially those infected with the most resis-
tant genotypes, HCV-1a and HCV-1b [3]. Given the con-
siderable side effects, the possibility of discontinuation
and the high cost of this treatment, prediction of treat-
ment outcome is needed. An expanded range of predic-
tors may assist clinicians and patients in more accurately
assessing the likelihood of an SVR and thus in making
more informed treatment decisions [4].

Since the HCV genotype is one of the major factors af-
fecting the IFN-based therapy response, IFN resistance
is, at least partly, genetically encoded by HCV itself [5]. In
this context, non-structural protein 5A (NS5A) has been
widely discussed for its correlation with IFN responsive-
ness. Enomoto et al. [6] proposed that sequence vari-
ations within a region in NS5A spanning from amino
acids (aa) 2,209 to 2,248, called the IFN sensitivity-deter-
mining region (ISDR), is correlated with IFN responsi-
veness. Recently, we identified a new region near the C-
terminus of NS5A spanning from aa 2,334 to 2,379, which
we referred to as the IFN/RBV resistance-determining
region (IRRDR) [7]. The degree of sequence variation
within IRRDR was significantly associated with the clin-
ical outcome of PEG-IFN/RBV combination therapy. On
the other hand, prediction of SVR by aa substitutions
within the core protein in Japanese patients infected with
HCV-1b has also been proposed [8, 9]. In multivariate
analysis, the criterion of double-wild core, presence of
Arg at position 70 and Leu at position 91 (Arg’%/Leu®"),
was identified as an independent SVR predictor.

This study aimed to examine NS5A polymorphisms,
including those in IRRDR and ISDR, and core polymor-
phism as predictive markers for HCV treatment outcome.
The core protein with Arg’’/Leu® was defined as wild-
core while the other patterns as non-wild-core. The pos-
sible correlation of either Arg”® alone or Leu®! alone with
the clinical outcome of PEG-IFN/RBV therapy was also
examined.

Patients and Methods

Patients

A total of 68 patients seen at Kobe Asahi Hospital in Kobe, Ja-
pan, who were chronically infected with HCV-1b, with diagnoses
based on anti-HCV antibody detection and HCV-RNA detection,
were enrolled in the study. HCV subtype was determined as ac-
cording to the method of Okamoto et al. [10]. Patients were treat-
ed with PEG-IFNa-2b (Pegintron®; Schering-Plough, Kenilworth,
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N.J., USA) (1.5 pg/kg b.w., once weekly, s.c.) and RBV (Rebetol®;
Schering-Plough) (600-800 mg daily, per os), according to a stan-
dard treatment protocol for Japanese patients established by a
hepatitis study group of the Ministry of Health, Labor and Wel-
fare, Japan. All patients received >80% of scheduled dosage of
PEG-IFN and RBV. Serum samples were collected from the pa-
tients at intervals of 4 weeks before, during and after the treat-
ment, and tested for HCV RNA and core antigen titers as report-
ed previously [11].

The study protocol was approved beforehand by the Ethic
Committee in Kobe Asahi Hospital, and written informed con-
sent was obtained from each patient prior to the treatment.

Sequence Analysis of HCV NS5A and Core

HCV RNA was extracted from 140 pl of serum using a com-
mercially available kit (QLAmp viral RNA kit; Qiagen, Tokyo, Ja-
pan). Amplification of full-length NS5A and core regions of the
HCV genome were performed as described elsewhere [7, 11, 12].
The sequences of the amplified fragments of NS5A and core re-
gions were determined by direct sequencing. The aa sequences
were deduced and aligned using Genetyx Win software version
7.0 (Genetyx Corp., Tokyo, Japan).

Statistical Analysis

Statistical differences in the patients’ baseline parameters ac-
cording to the degree of IRRDR polymorphism were determined
by Student’s t test for numerical variables and Fisher’s exact prob-
ability test for categorical variables. Likewise, statistical differ-
ences in treatment responses according to NS5A and core poly-
morphisms were determined by Fisher’s exact probability test.
Kaplan-Meier HCV survival curve analysis was performed based
on serum HCV-RNA positivity data during the treatment period
(48 weeks) according to NS5A and core polymorphisms. The data
obtained were evaluated by the log-rank test. Uni- and multivari-
ate logistic analyses were performed to identify variables that in-
dependently predicted the treatment outcome. Variables witha p
value of <0.1 in univariate analysis were included in a multivari-
ate logistic regression analysis. The odds ratios and 95% confi-
dence intervals (95% CI) were also calculated. All statistical anal-
yses were performed using SPSS version 16 software (SPSS Inc.,
Chicago, 1ll., USA). Unless otherwise stated, a p value <0.05 was
considered as statistically significant.

Nucleotide Sequence Accession Numbers

The sequence data reported in this paper have been deposited
in the DDBJ/EMBL/GenBank nucleotide sequence databases un-
der the accession numbers AB285035 through AB285081,
AB354116 through AB354118, and AB518774 through AB518861.

Results

Patients’ Responses to PEG-IFN/RBV Combination

Therapy

Among 68 patients enrolled in this study, HCV-RNA
negativity was achieved by 8 (12%) patients at week 4 (rap-
id virological response [RVR]), 36 (53%) patients at week
12 (early virological response [EVR]), 47 (69%) patients at
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Table 1. Proportions of various virological responses of patients
treated with PEG-IFN/RBV

Virological response Proportion, patients
n/total %
RVR 8/68 12
EVR 36/68 53
ETR 47/68 69
SVR 29/68 43
Non-SVR 39/68 57
Null-response 17/68 25
ETR-relapse 18/68 26
Breakthrough 4/68 6

PEG-IFN/RBV = Pegylated-interferon/ribavirin; RVR = rapid
virological response; EVR = early virological response; ETR =
end-of-treatment response; SVR = sustained virological response.

week 48 (end-of-treatment response [ETR]) and 29 (43%)
patients at week 72 (SVR) (table 1). A total of 39 patients
(57%) failed to achieve SVR and they were referred to as
non-SVR. Non-SVR can be further divided into three cat-
egories: (i) null-response, which is defined by continued
presence of serum HCV RNA during the entire period of
the treatment and follow-up; (ii) breakthrough, defined as
transient disappearance of HCV RNA followed by its re-
appearance before the end of the 48-week treatment, and
(iii) ETR-relapse, defined by reappearance of HCV RNA
after ETR has been achieved. Seventeen (25%) patients
were null-response while 18 (26%) and 4 (6%) patients were
ETR-relapse and breakthrough, respectively (table 1).

Correlation between NS5A Polymorphism and

Treatment Responses

Using a receiver operating characteristic curve analy-
sis, 6 mutations in IRRDR were previously estimated as
an optimal cutoff number of mutations for SVR predic-
tion [7]. Initially the correlation between the patients’ de-
mographical, hematological, biochemical and virological
baseline parameters and the degree of IRRDR polymor-
phism was examined. This analysis revealed that patient’s
sex was the only factor that significantly correlated to the
degree of IRRDR polymorphism since 49% (17/35) of
males were infected with HCV isolates having IRRDRs
with 6 mutations or more (IRRDR=6) compared to 21%
(7/33) of females (p = 0.02) (table 2). HCV-RNA titers or
HCV core antigen titers did not differ significantly be-
tween patients infected with HCV isolates of IRRDR=6
and those of IRRDR=<5.

HCV NS5A and Core Mutations and
IFN/RBV

Next, the possible correlation between IRRDR poly-
morphism and the ultimate treatment responses was ex-
amined. Among 24 patients infected with HCV isolates
of IRRDR=6, 18 (75%), 6 (25%), 3 (12.5%) and 3 (12.5%)
patients were SVR, non-SVR, null-response and relapse
(ETR-relapse plus breakthrough), respectively (table 3).
By contrast, among 44 patients infected with HCV iso-
lates of IRRDR=<35, 11 (25%), 33 (75%), 14 (32%) and 19
(43%) patients were SVR, non-SVR, null-response and re-
lapse (ETR-relapse plus breakthrough), respectively. The
proportions of different treatment responses among
HCYV isolates with IRRDR=6 and IRRDR =<5 were sig-
nificantly different. Furthermore, patients infected with
HCV isolates with Ala at position 2360 (Ala**%) in
IRRDR had a more significant likelihood of SVR than
those infected with HCV isolates with non-Ala**¢°, who
tended to be non-SVR, in particular null-response (ta-
ble 3; fig. 1).

As the IRRDR polymorphism was closely correlated
with the ultimate treatment responses, it was also signif-
icantly correlated with the on-treatment responses, in
particular EVR and ETR (table 4). However, there was no
significant correlation between the IRRDR polymor-
phism and RVR. Also, the presence of Ala?3%0 was corre-
lated significantly with ETR.

Regarding the analysis of ISDR polymorphism and its
correlation to the treatment responses, first, the criterion
of ISDR with 4 mutations or more (ISDR=4), the initial
criterion of [FN responsiveness proposed by Enomoto et
al. [6] was tested. Since the prevalence of ISDR=4 was
only 9% (6/68) of all isolates analyzed, this criterion did
not significantly correlate with the treatment responses
(data not shown). Next, the correlation between the
treatment responses and ISDR mutations at a cutoff
point of 2 mutations, a newly proposed ISDR criterion of
PEG-IFN/RBV responsiveness [13, 14] was tested. Al-
though there was no significant difference in the propor-
tions of SVR and non-SVR between HCV isolates with
ISDR of 2 mutations or more (ISDR=2) and those of
ISDR <1, a small but significant difference in the pro-
portions of SVR and relapse (ETR-relapse plus break-
through) was observed between ISDR=2 and ISDR=1
(table 3). Interestingly, ISDR polymorphism was the only
virological factor examined in this study that showed a
significant correlation with RVR (table 4). However, this
correlation disappeared when further time points of
treatment course, such as EVR and ETR, were consid-
ered.
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Table 2. Correlation between IRRDR

polymorphism and patients’ demographic ~ Factor IRRDR=6 IRRDRs5 p value

characteristics
Age, mean * SD 58.71+8.44 59.61£10.30 0.71
Sex, male/female 17/7 18/26 0.02
Body weight, kg 59.87 £9.56 58.20%£11.92 0.56
Platelets, x 10*/mm? 17.22 %55 1496 +4.71 0.16
Hemoglobin, g/dl 14.25+1.48 13.55£1.77 0.11
v-GTP, 1U/1 49.50 £44.29 55.60 £65.60 0.69
GPT, 1U/ 47.54 £ 33.09 49.33%£34.78 0.84
HCV-RNA, KIU/ml 2,070.21 £1,720.27 2,038.57£1,963.05 0.95
HCV core antigen, fmol/l 6,750.87 +6,859.82 9,320.52+10,636.48 0.30

IRRDR = Interferon/ribavirin resistance-determining region; y-GTP = y-guanosine
triphosphate; GPT = glutamic pyruvate transaminase.

Table 3. Correlation between NS5A and core protein polymorphisms and ultimate virological responses of patients treated with PEG-

IFN/RBV
Protein Factor Total* SVR® Non-SVR  Null- Relapse p value
s s (I?le-relipse SVRvs. SVRvs. SVRuvs. relapse
fhus ri i non-SVR null- (ETR-relapse plus
rough) response  breakthrough)
NS5A  IRRDR=6 24 18(75)°  6(25) 3(12.5) 3(12.5) <0.0001 0.005  0.0006
IRRDR<5 44 11(25)  33(75) 14 (32) 19 (43)
Ala?360 18 12 (67) 6 (33) 1(5) 5(28) 0.026 0.016 0.2
Non-Ala?3%0 50 17 (34)  33(66) 16 (32) 17 (34)
ISDR>2 18 10 (56) 8 (44) 6 (33) 2(11) 0.27 1.0 0.048
ISDR<1 50 19(38)  31(62) 11 (22) 20 (40)
Core  Wild-core (Arg’%/Leu®!) 33 18(55)  15(45) 5(15) 10 (30) 0.1 0.07 0.27
Non-wild-core 35 11 (31) 24 (69) 12 (34) 12 (34)
GIn”° 21 5(24) 16(76) 8(38) 8 (38) 0.06 0.04 0.19
Non-GIn” 47 24 (51) 23 (49) 9(19) 14 (30)
Met®! 19 7(337) 12(63) 5(26) 7 (37) 0.59 0.74 0.75
Non-Met®! 49 22(45)  27(55) 12 (24) 15 (31)

SVR = Sustained virological response; ETR = end-of-treat-
ment response; IRRDR = interferon/ribavirin resistance-deter-
mining region; Ala**¢” = alanine at position 2360; ISDR = inter-
feron sensitivity-determining region; Arg’® = arginine at position
70; Leu®! = leucine at position 91; GIn” = glutamine at position
70; Met®! = methionine at position 91.

* Total number of isolates with a given factor.

b Number of SVR, non-SVR, null-response or relapse (ETR-
relapse plus breakthrough) cases with a given factor.

¢ Values in parentheses are percentages.

Correlation between Core Polymorphism and

Treatment Responses

Recently, it was reported that polymorphism at posi-
tions 70 and/or 91 of the core protein of HCV-1b correlates
with and predicts the treatment outcome of Japanese pa-
tients treated with PEG-IFN/RBV combination therapy

4 Intervirology

[8, 9]. We aimed to test the consistency of this observation
among our patient cohort. The result revealed that among
33 patients infected with HCV isolates of wild-core (Arg”"/
Leu®), 18 (55%), 15 (45%), 5 (15%) and 10 (30%) patients
were SVR, non-SVR, null-response and relapse (ETR-re-
lapse plus breakthrough), respectively (table 3; fig. 1). On
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Fig. 1. Sequence alignment of the core protein (aa 65-96) and IRRDR of NS5A obtained from pretreated sera in
patients infected with HCV-1b. The consensus (Cons) sequence is shown at the top. Amino acids at positions 70
and 91 of the core protein, and position 2360 of NS5A are shown in boldface.

the other hand, of 35 patients infected with HCV isolates
of non-wild-core, 11 (31%), 24 (69%), 12 (34%) and 12 (34%)
patients were SVR, non-SVR, null-response and relapse
(ETR-relapse plus breakthrough), respectively. Thus, there
was no significant correlation between wild-core and SVR
or non-SVR (p = 0.1). However, a single mutation at posi-

HCV NS5A and Core Mutations and
IFN/RBV

tion 70 (GIn”® vs. non-GIn”’) was significantly correlated
with treatment outcome (SVR vs. null-response; p = 0.04).

As for the on-treatment responses, wild-core (Arg”"/
Leu®!) was significantly correlated with EVR and ETR,
whereas GIn”® was correlated with non-EVR and non-
ETR (table 4).
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Table 4. Correlation between NS5A and core protein polymorphisms and on-treatment virological responses of patients treated with

PEG-IFN/RBV

Protein Factor Total® RVR® Non- EVR  Non- ETR  Non- p value
RYR EVR EIR RVRvs. EVRvs. ETRuvs.
non-RVR non-EVR non-ETR
NS5A IRRDR26 24 521 19(79) 17(71)  7(29) 21(87) 3(13) 0.12 0.04 0.026
IRRDR<5 44 3(7)  41(93) 19(43) 25(57) 26(59) 18(41)
Ala?3% 18 4(22) 14(78) 13(72) 5(28) 16(89)  2(11) 0.19 0.1 0.04
Non-Ala?30 50 4(8) 46(92) 23(46) 27(54) 31(62) 19(38)
ISDR>2 18 6(33) 12(67) 9(50) 9(50) 11(61) 7(39) 0.003 0.79 0.39
ISDR<1 50 2(4) 48(96) 27(54) 23(46) 36(72) 14(28)
Core  Wild-core (Arg’%/Leu®’) 33 5(15) 28(85) 23(70) 10(30) 28(85)  5(15) 047 0.009  0.009
Non-wild-core 35 3(9) 32(91) 13(37) 22(63) 19(54) 16(46)
GIn” 21 2(10) 19(90) 6(29) 15(71) 10(48) 11(52) 1.0 0.009  0.02
Non-GIn”® 47 6(13) 41(87) 30(64) 17(36) 37(79) 10(21)
Met’! 19 2(11) 17(89) 8(42) 11(58) 11(58) 8(42) 1.0 0.29 0.25
Non-Met®! 49 6(12) 43(88) 28(57) 21(43) 36(73) 13(27)

RVR = Rapid virological response; EVR = early virological re-
sponse; ETR = end-of-treatment response; IRRDR = interferon/
ribavirin resistance-determining region; Ala?*® = alanine at po-
sition 2360; ISDR = interferon sensitivity-determining region;
Arg” = arginine at position 70; Leu®! = leucine at position 91;

GIn’® = glutamine at position 70; Met”' = methionine at posi-
tion 91.

@ Total number of isolates with a given factor. ® Number of
RVR, non-RVR, EVR, non-EVR, ETR or non-ETR cases with a
given factor. © Values in parentheses are percentages.

Table 5. Correlation between NS5A and core protein polymor-
phisms

Factor % (number of subjects/ p value
number of subtotal)? ~
IRRDR>6  IRRDR<5

Ala2360 50 (12/24) 14 (6/44) 0.003

Non-Ala?3® 50 (12/24) 86 (38/44)

ISDR>2 42 (10/24) 18 (8/44) 0.047

ISDR<1 58 (14/24) 82 (36/44)

Wild-core (Arg’%/Leu®) 67 (16/24) 39 (17/44) 0.04

Non-wild-core 33(8/24) 61 (27/44)

GIn”? 21 (5/24) 36 (16/44) 0.27

Non-GIn”° 79 (19/24) 64 (28/44)

IRRDR = Interferon/ribavirin resistance-determining region;
Ala?% = alanine at position 2360; ISDR = interferon sensitivity-
determining region; Arg’’ = arginine at position 70; Leu®! = leu-
cine at position 91; GIn’° = glutamine at position 70.

2 Number of isolates with a certain factor/total number of
HCV isolates with IRRDR=6 or IRRDR<S5.
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Correlation between NS5A and Core Polymorphisms

We then examined the possible correlation among the
polymorphic factors in NS5A and core proteins. A sig-
nificant correlation was observed between IRRDR<5
and non-Ala**%" as the majority (86%) of HCV isolates
with IRRDR=<5 had non-Ala?** (p = 0.003) (table 5).
Also, a significant correlation was obtained between
IRRDR =<5 and ISDR=<1 since 82% of IRRDR=<5 were
ISDR=<1 (p = 0.047). When IRRDR and core polymor-
phisms were compared, IRRDR =6 was significantly cor-
related with wild-core (Arg’%/Leu®) (p = 0.04). On the
other hand, there was no significant correlation between
IRRDR=6 and non-GIn’°, or IRRDR <5 and GIn”?, al-
though the majority (79%) of IRRDR =6 were non-GIn’°.

Influence of NS5A and Core Polymorphisms on

HCV Clearance Kinetics during PEG-IFN/RBV

Combination Therapy

To investigate the influence of NS5A and core poly-
morphisms on HCV-RNA kinetics during the entire
course of PEG-IFN/RBV combination therapy, Kaplan-
Meier HCV survival curve analysis was carried out based
on HCV-RNA positivity according to NS5A and core
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