NS5A-IRRDR/ISDR and core and PEG-IFN/RBV

0.0002

ETR versus
non-ETR
0.02
0.057
0.42

0.9

P value
EVR vs
non-EVR

0.005
0.01
0.31
0.002
0.29

0.047
0.62
0.63
0.97

RVR vs
non-RVR

Non-ETR
7(17%)
8 (47%)
5(16%)
10 (38%)
521%)
10 (30%)
9 (64%)
6 (14%)
6 (27%)
9 (26%)

ETR

33 (83%)
9 (53%)
26 (84%)
16 (62%)
19 (79%)
23 (70%)
5 (36%)
37 (86%)
16 (73%)
26 (74%)

Non-EVR
10 (25%)
11 (65%)
7 (23%)
14 (54%)
7 (29%)
14 (42%)
10 (71%)
11 (26%)
10 (46%)

11 (31%)

6 (35%)
(58%)

24 (77%)
7(71%)

1
19

12 (46%)
4(29%)
32 (74%)
12 (54%)
24 (69%)

E
30(75%)

Non-RVR
32 (80%)
17 (100%)
26 (84%)
23 (88%)
20 (83%)
29 (88%)
12 (86%)
37 (86%)
21 (95%)
28 (80%)

RVR?

8 (20%)
0(0.0%)
5(16%)
3(12%)
4(17%)
4(12%)
2(14%)
6 (14%)
1(5%)
7 (20%)

Total ¥
17

2

24

3

14

4

22

Factor
0
Wild-core (Arg7%/Leu®')

Non-wild-core

GIn70

IRRDR < 3

ISDR > 1
ISDR =

Non- GIn’®

IRRDR > 4
Met®!

Table 3. Correlation between NS5A and core protein polymorphisms and on-treatment virological responses of patients treated with PEG-IFN/RBV

Protein
NS5A
Core

© 2011 The Societies and Blackwell Publishing Asia Pty Ltd

Non- Met?'

1, 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. Pvalues indicating statistically significant difference are written in bold.

Table 4. Correlation between IRRDR polymorphism and patients’ de-
mographic characteristics

Factor IRRDR > 4 IRRDR < 3 P value
Age 54.1 £ 9.5 59.2+£6.9 0.035
Sex (male/female) 23/17 11/6 0.61
Body weight (Kg) 62.44+188 6424121 0.68
Platelets (x 10%/mm3) 17.0£5.0 17.7 £5.0 0.66
Hemoglobin (g/dl) 143412 147 £1.1 0.21
Neutrophil count 2303+ 822 2432 +658 057
y-GTP (IU/L) 526+423 80.7+70.5 0.15
Glutamate pyruvate 80.2+60.7 101.6+£79.7 0.33
transaminase (IU/L)
HCV-RNA (KIU/mL) 171941298 2273 £ 1571  0.21

f, mean =+ S.D. P values indicating statistically significant difference are
written in bold.

either a non-SVR or null-response (Table 2 and Fig. 2).
GIn” was also the only factor of core protein that was

strongly associated with non-EVR and non-ETR responses
(Table 3).

Identification of independent viral factors
that are significantly correlated with
virological responses to
pegylated-interferon/ribavirin therapy

In order to identify which independent viral factors
are significantly correlated with final and on-treatment
responses to PEG-IEN/RBV therapy, data including all
available baseline patient variables, NS5A and core poly-
morphic factors, and previously published data on poly-
morphism in an N-terminus of NS3 of the same patient
cohort (16) were analyzed by univariate and multivariate
logistic regression analyses (Table 5). In regard to the fi-
nal treatment responses, IRRDR > 4 and group A of the
N-terminus of NS3 were identified as independent vi-
ral factors that are significantly associated with a SVR,
whereas IRRDR < 3 and GIn”® of core were identified
as independent factors associated with a null response.
Regarding on-treatment responses, IRRDR > 4 and non-
GlIn”® were identified as independent factors associated
with an EVR and ETR.

DISCUSSION

Pegylated-interferon/ribavirin combination therapy has
been used to treat chronic HCV infection, the treat-
ment outcome being thought to be affected by both host
and viral factors. Recently, IL28B, which encodes IFNA3,
was identified as the major host factor that determines
the treatment outcome (22-24). As for the viral fac-
tor(s), we and other research groups have reported that
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Table 5. Univariate and multivariate logistic regression analyses to
identify independent factors significantly associated with virological re-
sponses to PEG-IFN/RBV therapy

Univariate Multivariate
P Odds ratio P
Response Variable value (95% Cl) value
SVR IRRDR > 4 0.003 5.2(1.3-20.1) 0.02
ISDR > 1 0.013
Non-Gin’® 0.016
NS3 / A group 0.013  4.2(1.0-183) 0.05
Viral load 0.04
Null response IRRDR < 3 0.001 0.2(0.04-0.7) 0.02
ISDR=0 0.06
GIn”® 0.0001 7.8(1.7-35.5) 0.008
Viral load 0.08
NS3/non-Agroup  0.03
Hemoglobin 0.02
y-GTP 0.08
Relapse Age 0.02 1.2 (1.0-1.3) 0.03
Sex 0.004
Hemoglobin 0.03
RVR IRRDR > 4 0.05
Hemoglobin 0.02 0.4(0.2-0.9) 0.03
EVR IRRDR = 4 0.001  7.0(1.6-29.8) 0.009
ISDR>1 0.01
Non-Gin”® 0.002 0.2(0.04-0.8) 0.02
NS3 / A group 0.07
Viral load 0.015
Hemoglobin 0.07
y-GTP 0.09
ETR IRRDR=4 0.001  6.2(1.4-27.7) 0.02
ISDR>1 0.06
Non-GIn”® 0.0001 0.1(0.03-0.6) 0.008
NS3 / A group 0.03
Viral load 0.08
Hemoglobin 0.02
y-GTP 0.08

Variables that were shown by multivariate analysis to be significantly
correlated with a certain treatment response are written in bold.

heterogeneity of NS5A and the core proteins of HCV-
1b are correlated with treatment outcome (11-15). Fur-
thermore, we recently reported that polymorphism in an
N-terminus of NS3 is significantly correlated with viro-
logical responses to PEG-IFN/RBV therapy (16). In the
present study, we have further expanded the previous
study by analyzing possible correlations between hetero-
geneity of NS5A and the core regions of the HCV-1b
genome and virological responses to PEG-IFN/RBV ther-
apy. The present study showed that final and on-treatment
responses of patients in the same cohort were also signifi-
cantly influenced by IRRDR > 4, ISDR > 1 of NS5A, and
GIn”® of the core protein.

424

We previously reported IRRDR > 6 as an independent
viral factor significantly associated with SVR in differ-
ent patient cohorts in Hyogo Prefecture (11, 15). Also,
ISDR > 2 was identified as the optimal threshold for SVR
prediction (20, 25-27). However, in the present study
IRRDR > 6 or ISDR > 2 did not correlate significantly
with a SVR, although there was a trend toward SVR in
these criteria (11 of 16 isolates with IRRDR > 6 and 8 of
11 isolates with ISDR > 2 were obtained from SVR pa-
tients). This difference might be attributable to the low
prevalence of IRRDR > 6 (16/57) and ISDR > 2 (13/57)
in the present patient cohort. Accordingly, in this study
the IRRDR and ISDR sequences of the HCV isolates were
less variable than were those of other studies. It thus ap-
pears that the prevalence of HCV isolates of IRRDR > 6
and ISDR > 2 varies from one geographical region to an-
other. This implies the possibility that certain character-
istics of HCV isolates, including IFN sensitivity, may also
vary from one geographical region to another. Analysis
in a large-scale multicenter study is needed to clarify this
possibility.

The NS5A- interferon sensitivity-determining region
was first identified to be significantly correlated with the
probability of a SVR during the era of IFN monotherapy
(10). In the more recent era of combination therapy with
PEG-IEN/RBV, the NS5A-IRRDR has been identified to
be closely associated with a SVR (11). The ISDR inter-
acts with PKR and regulates replication of HCV in vitro
(28). Mutations in the ISDR affect the interaction with
PKR and may inhibit viral replication. In the case of the
IRRDR, the molecular mechanism underlying the possi-
ble involvement of this region in IFN responsiveness of the
virus is still unknown. The significant difference among
IRRDR sequence patterns may suggest genetic flexibility
of this region. Thus, changes in the IRRDR might be capa-
ble of modulating intracellular antiviral activity, or maybe
the genetic flexibility of this region is accompanied by
compensatory changes elsewhere in the viral genome and
these compensatory changes affect overall viral fitness and
responses to IFN therapy (29-31)

When we investigated the impact of various sequences
patterns at positions 70 and 91 of the core protein, we
observed that single point mutation at position 70 (GIn’°
vs non-Gln’%) was the only factor that significantly influ-
enced treatment responses. This result is consistent with
recent reports, including a recent multi-center study in
Japan that identified GIn® as a predictive factor for poor
responses to PEG-IFN/RBV treatment (14, 13, 30). The
core region of HCV interacts with several host factors
and modulates expression of numerous genes, including
down-regulating IFN-induced antiviral genes, thus in-
hibiting the antiviral action of IFN (32, 33). Therefore,
it would also be interesting to investigate the impact of

(© 2011 The Societies and Blackwell Publishing Asia Pty Ltd
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polymorphism, both at position 70 and of NS54, on HCV
pathogenesis and IFN sensitivity.

Multivariate logistic regression analysis of all available
data, including those of NS5A and core polymorphisms
in this study and the data on NS3 polymorphism in the
same patient cohort published elsewhere (16), identified
IRRDR > 4 and group A of NS3 as independent viral
factors that are significantly associated with a SVR, and
IRRDR < 3, and GIn’® of the core protein as indepen-
dent factors significantly associated with a null response
(Table 5). No combinations of these criteria produced a
more significant correlation with virological responses to
PEG-IFN/RBV therapy (data not shown).

In conclusion, the present results demonstrate that se-
quence heterogeneity of NS5A, especially in IRRDR and
ISDR, and a single-point mutation at position 70 of the
core protein of HCV-1b are significantly correlated with
virological responses to PEG-IFN/RBV therapy. Also, the
results emphasize the possible functional importance of
NS5A and core protein in regulating viral responsiveness
to PEG-IEN/RBV.
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3’ :sense primer, nucleotides [nt] 5374-5397)
& NSBA-F2(5'-CTCCTTGAGCACGTCCCGGT-3 &
antisense primer, nt7796-7777) T NSBA fRig %=
8 9 2. 2nd PCR (& Platinum Tag DNA poly-
merase(Invitrogen) THRE 7S« ¥ —, NSBA-F3

(B" -TCTCCAGCCTTACCATCACYCA-3’ | sense
primer, nt6172-6193:Y=C or T) & NS5A-F4
(5" -CGGTARTGRTCGTCCAGGAC-3’ : anti-
sense primer, nt7780-7761 . R=A or G)Zf£.
WEERNE 45T, 30 min, 94C, 2 min. DWT
1st PCR & 2nd PCR (&(94TC, 30 sec: 55T, 30
sec . 68T, 90 sec) X35 YrU)L. 2nd PCR EY
Z QIA quick PCR amplification kit(QIAGEN) T#5
8L, AU T Y —O TV ZETRERIFRE L,
HCV-J #D NSSA CSESEET D).
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70 Core 91
65 ¥ v 96

(9:0118. IPKARRPEGRTWAQPGYPWPLYGNEGLGWAGW

SVR

Null-R

Relapse

2 HCVaA7ZEAHEH LUNSSADT I/ BB S#1 & SVRE DR

6 Td 5 2441 18 1 (75% ) T SVR 12 %8 o 7223,
TIRRDR=5 ® 44 flfpTiZ 11 #1(25%) L 2> SVR i
e o7l dz, IRRDR=6 X SVR E BEERMEEZ
A L7 (p<0.0001). —7, ISDR=2 I relapse (&
K TR IE HCV-RNA Ptk L Tw 528, R
BRICHEBENL) EEELHEBEE2R L 20
0.05). ¥7z, Core 7 3 / BEEH# 70Q 23 null viro-
logical response GAEEHARIH HCV-RNA 235:5ele
M, B LAEELMEBEE R L 2 (p<005).
IRRDR=6 & Core R/L%2 HCV RNA R
{LEMBEL 72, SEEBTZIToE I3,
IRRDR=6 & Core R/LMNIMSI FHIR T &% 2
c(R2), MRFZHAGOES I LICLD,
IO ERBIBESRTFHIC R 2ABEITRIN
79,

1210 | ER2O&HMFH Vol 239 Nos. 12,13 2011.12. 24

| HCv-2a, 2blc#(F3IRRDREE S
D&, BETE 2a, 2b, 4a i EDfDBERE
FRZ BT, NS5A L5 0% 1M & IFN/RBV
PRI ZE & O BB I D W CRIT R T o 1.
HCV-4a i3 7+ T% (¥, IFN/RBV #iEic
BHETHIZ Lo T WS,
PEG-IFN-a-2b/RBV §f FlE L % 24 JE R T
L7:%%, 24 HOFEL HECE 2 8 REHIT D
THENT U 72, EIETHI 213 1b Ic iR B & BB RIE
13 BIFC, £T83%D SVR M35tz HCV-
2a C1E 89%, HCV-2b Cl& 77% » SVR %T 2a
DIEHDI2b X DETHEVRIFCH -z, EE
F1 2a D NS5A FEFl D kit & BRI O FHE
&% 72 DT rapid virological response (RVR ;
BEE 4 E £ Tz HCV-RNA 28 AL iER &
non-RVR FEF Z Lk L 7=, Z OfEHE, RVR &
non-RVR Tl NS5A 0 C KRl 2 A FF D4EE



TP/ BERIIEEBELREZEND 7. Ve
ISDR & % @ C HKimll% & {488k (aa2232-2262)
® ISDR/ +C[2a], & % 0 & i IRRDR (A
§ % $HiS (aa2332-2387) ® IRRDR[2a]CTH - 7=,
RVR SEFITIE IRRDR [2a] It BB ICER DS {,

IRRDR[2a] =4 T SVREFI DL o 7. F 7z,
IRRDR=4 THERIO T A W AHBERITEL,

B 1C Core PURDSER LTI L Tz,

AT 2b 12BE L Tid IRRDR @ N KAl
RVR & non-RVR CEEICER R EDH 5 H8I5
(2a2332-2387) D3 A Do 7=, T % IRRDR/N
[2b] & A0V ECHI % Hh#E L 72, RVRERI Tk
IRRDR/N[2b]ic% < D7 3 ) BEEBHD SN
7z,

MEDERY» S, BEFE 2a, 2bTH NS5A
DEIRME T IBEIE M L RS b, IRRDR[2a]
=413 SVR, RVR L BEICHEL 7. BT 2b
1ZB9 L CTI1Z IRRDR/N[2b]=2 25RVR L HE %M
B%&A L7, RVRE XU SVR LB T 2R FIC
DN THEERBNT, SERBNZTo7L I3,
IRRDR[2a]=4 D APERERMEEZR L, FHEIK
FELCERME2EECE %~ (El-Shamy &, #
).

| HCV-4alc 31 3IRRDREEH

BB IOEEFR 42 12 8T, SVR & Non-SVR
T IRRDR[4a] (aa2331-2383) D& BE I A B e =
RO, BEFHAaIEMARD DR I 5K
SNEERLLENRD S0, IRRDR[4a] 24 Tl
SVR %% 80%, IRRDR[4a] =3 -C % non-SVR %t
76%Th b, BEFH 4a 128\ TH IRRDR &
MPIEENEE L EFEIEEL Tw3E 2 EPTRERX
Nz,

HCV §RTOEMLEFAEIZE T IRRDR §EIZED
Bt DI & ISR S T % 5%, IRRDR
ISR ICEATE D, PEG-IFN/RBV ik
BEEZHET 2o FRELEZ %) L CHIRE
v,

SCHR
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CERFRDIANT2012

AT TOVBEOSTER

CHUHFZ™7 A L ANSS5ATHISK DISDR - IRRDR &
A a—T 0y BB

B 8 RT

Ahmed El—Shamy* ¥E H >

5|FFE  HCV, IFN, PEGIFN/RBV, NS5A, ISDR, IRRDR

1 =UHIC

CEVE VT % D IR HERY G R E T & 5 PEG-
IFN/RBV fif R DO P #% IS 2T 5 K713,
DY A NZAEF, 2)EERF, 3)BEREF
D3DIZKAIEhD. A LZHEFEL LT
YA V2R, genotype, T A NI ) LD
EHRENEETHS. EERTF L U TEEE
dtE, MTRRHME(GEREG, i MkE, ZRifEk
BICHA, IL2SBSNPsV REE L ST
5. BREAFREERE S50, EAER
HWFERD T oM.

HCV genotype IbD & KD A4 » & —
7 xu Y(FN)BERE L HE AR T v 4
L Z A F & LT, NS5AREIE O Interferon
sensitivity determining region (ISDR) 29 |
Interferon/ribavirin resistance-determining
region (IRRDR) 9 & Core 7 X / f#(aa 70 *
IDBEHREPBME I N TS,

AT NSSA%EJ@?@ ISDR, IRRDR{ZD W
TEEHR L 720,

HCVONSSAEHE XY VBB {tEAE T
&Y v ERILAL (p56) LB Y ¥ BRI (p58) A
FHEL, HOVO Y / AL MEDEHE
Th5%. EHEY v B casein kinase
19 % casein kinase II ' 23NS5AD # UV Vg
LIZBE5 T3 LW I |iELRH B4, Zhb
SZEERO) VBILEER OB 5 2N &
NTHOW, HIEBEIAHEL AR Z 0.
NSSABRHBEIZ=ZD2D F A4 V&AL,
domain I (HCV 2 F /& £ & T id aa 1973-2185;
NS5AW T i3 aa 27-213), domain II (aa 2222-
2314; aa 250-342), domain III (aa 23282419 ;
aa 356-447) » 5 7% 5 (X1). domain [13 RNA
fEAEEA A L, domain I1 D aa 2209-2248 1
IXISDRP 3 1FE$ 5. domain III iZ NS5A D
RFERICEETH S Z ERHE IR T
%1219 domain I DFEK V3 HEHIE W & IFIE N
T % &8 46 7 3/ #(aa 2334-2379)
2 6 75 % IRRDR IR D ELF| D % k1 A HCV-
1IbFERIIC I 1) % PEGIFN/RBV B RIG B &
BV ZRT Z & 2bhvbhidiig Lz,

Ikuo SHOJI et al : Hepatitis C virus NS5A-ISDR and -IRRDR as predictive markers for interferon therapy
FRE R RE GRS S AE [T 650-0017 SLJHE IEL = v s K AT 7-5-1]
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C E1 E2 p7 NS2 NS3 NS4A NS4B NS5A NS5B

3'UTR
| N 1 I [ e
aa 70aa 91
AFHIINGE

R7 /L9 : IFN &3 %
Q7°, H70 / M®' : IFN &4t

domain | domain |i

aal 148 237 276 302
(1973) (2120) (2209) (2248)  (2274)

362 384 407 447
(2334) (2356)(2379)  (2419)

ISDR (aa 2209-2248) Pre-V3 V3
- (Interferon-sensitivity determining region)

PKR-BD : IRRDR (aa 2334-2379)
(IFN/RBYV resistance-determining region)
1 HCV genotype 1b D PEG-IFN/RBVEREDGFZIR PHICE T 25 v A L XA HF
core aa70, aa917 I / HEE 1, NS5A-ISDR: Interferon sensitivity determining region, NS5A-IRRDR:
Interferon/ribavirin resistance-determining region. 2’ , 5’ -OAS-BD: 2', 5 -oligoadenylate synthetase-binding
domain. PKR-BD: PKR-binding domain.
aa: 73/ 7T3IUVBBFEINSAEAE CORS. FBIMNEHCVERETOT I/ BES.

2', 5'-0AS-BD

1 CHFA Y A L AT 5 IFNFRED v 4 )L A ZERRESIR N E

IS5k BFEIRFIE

VB4 H £ TIHCV RNA 23 a1k rapid virological response (RVR)

YR 1238 H £ T2 HCV RNA 1L complete early virological response (cEVR)
B 1258 H £ TICHCV RNAZ 2 log BLEWA§ 328, BB LL &w partial early virological response (pEVR)
B 13~ 24 @ H DREIZHCV RNA 2 &L+ 5 late virological response (LVR)

EFEHAR B HCV RNA DS feRe e (dih) null virological respnse (NVR)

HEFHE T HHI HCV RNAB M L L T 5 28, RS ICEBM(L(FE)  relapse

YRR T 2458%: THCV RNA &t GEh) sustained virological response (SVR)

ISDR 8 1% (aa 2209-2248) % #i 45 L 7=. HCV-
1b DIEHERR HCV-] #k D ISDRFEE; & Hdg U,
RO VAR (wild type), 1~318 D

2 | IFN&hEs% & ISDR
BAEEEE (LRAE EEM S — AR

$2) 6 I3ZHCVNSSAD % bk & IFN & 52 1
DAERE & HF I BB T L2229, HCV
genotype 1bD CEMEMAF L Ic x4 564 H
R IFN Bpgeskic 500 C, Eahfl & eshiil
DEIFEEH & WEBRET L, 1 ¥4 —T 0
VRREMERETA VA LZMETFE LT

ER N H 5 v [ A (intermediate type), 418
PIEZERD® 5% R (mutant type) 1 57
Y5 L ERAMTRICIFNEZERE L,
Sustained virological response (SVR) # (% 1)
BERTEIELEREL Y.

% 72, PEGIFN/RBVHfHEEICB W TE

1064 JFHElE 6346+ - 2011412



True Positive
Sensitivity

0.1 9
®10

0.6 Sensitivity = 76%
05 | Specificity = 92%

AUC = 0381

S L I B By Iy B Iy B I

00 01 02 03 04 05 06 07 08 09 10

1-Specificity
False Positive

2 SVR Fillo 7z DO i&5# IRRDR 2
Receiver Operating Characteristic Curve (ROC) ###iZ & » IRRDR
>6 L IRRDR<SCHrit 5 Ll & 45 5.

ISDR i3V % 438 H £ TOHCV RNAD &M
1t. (Rapid virological response; RVR) & X <
B2 Z L AFMEIhTnE D,

3 | PEG-IFN/RBV{#A#4& IRRDR

IFN B fh 24 58 4% 5 0O SVRF (ZHCV-1b * &
v A2 BOHEREITIZ10%EE, 24T
£30~40% ER+AAERRTH -2 L
L, IFN/RBVt B2 L, £ L T
PEG-IFN/RBV #4881 5 DEAIZ & 0,
HCV-1b D #EEFIZ 3513 T & SVREE A 50 % 3
RIZETLER LA LZA, IRARLLTHA
FIEPUME 2 R SERI L BOELS 5 Z & »
5, PEGIFN/RBVEEDEPUEICEE T 2
U A L A BREF OBERHHED b iz,

bhbhuIfMF#ERROSTFRIEL LD
H [@ #ff 92 ¢, HCV-1b ® PEG-IFN/RBV ff
RIS 5, WERIDOYA LT ) AL
BB & DBAGR % f#ffr U 7z, Sliding window
analysis iZ & O, domain III (aa 2334-2379) D

467 3 /B H 5 7 5 IRRDR fEI% 0 BLF 23,
PEG-IFN/RBVERE D IBE M & &\ W HEE 25
FZERBWELREY, ZLTC, THTH
K+ & UTIRRDREZEEE VR FEHTH
52 L ERIBLC X /-4516~19  [RRDRE R
KO, ISDRIEM DR & [k
fibhz9, avteryy 2EHOHCV-JHD
NS5A-IRRDR 7835 & 5 % 51 © NS5A-IRRDR fH
o737 BES % B L, IRRDRIZ61H
Plor I/ BERNH S (IRRDR26)HA
IZ{ZPEGIFN/RBVIERE THRICY A L X
BHKLSVRE LD, ST TOERTH
% (IRRDR<5) & WA IKHIME & 7 5 {dH A
BN EERE LY. 22T, BEY
RPHENIZE L7 IRROREEZE DS v b+ T
fEiiZ Receiver operating characteristic curve
(ROOEITIZ K-> TRD T B (X2).

W A5 1 - (AT L K 2 R 2 SRV B Y
PR, B, REENAEERRE) & OHhE
22, 57610 HCV-1bGERIDEAT 5 5,
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IRRDR ISDR

Sensitivity

True positive
Sensitivity
True positive
o
o

]
N

0.4 /
0.3 2
0.2

4
014

3
00T T T T T T T T T T T T T T 0.0 LINLIS SO S S B B S S S B R
00 0.1 02 0304 05 06 07 08 09 1.0 00 0.1 02 0304 05 06 0.7 08 09 1.0

1 - Specificity 1 - Specificity
False positive False positive
3 SVRTHEID 78 DIRRDR % & U ISDR D HE % I
HIEROY v 7LD ROCHFH OFER TIZIRRDR>4 & IRRDR<3 THr i 5 Ll & 78 o 7=,

AUC = 0.67
AUC =0.61

41 ©oN

65 70 Core AR 2334 IRRDR (NS5A) 2379

Cons. IPKARRPEGRTWAQPGYPWPLYGNEGLGWAGW
9

Cons. VLTESTVSSALAELATKTFGSSGSSAVDSGTATAPPDQASDDGDKG
9 E A GLP..... A,
A.

T
.G..A.
G..P

T

Relapse

1066 FFHERE  63%6% - 2011412 A



IRRDR>4 CSVR#70%, IRRDR<3 TSVR
EhR24%THD, IRRDROF v b A 71
HTOZEEIDH 728 DD (X3), HlOEH
HTH IRRDREEKHA L L SVRENE L,
IRRDRZE ZE 3 750 & SVRE MK &0
) KR E 5, IRRDREERB DA HMES
N XNz,

NSS5A-IRRDR &t DF3RIEF

U7X 512, IRRDRESMZ S, IFNIE
BIREMETFHIRT & UTISDR?, Core 7 3
JBEROPEE IR TWE. 22T, HCV-
1b, PEG-IFN/RBV % i fiti 17 68 i 151 0 ¥ # i
1M 7% % f#4F L, IRRDR & Z D fthod Tl K+
DIRFEHAE & O BR % @A L 7=, IRRDR
26T b % 24%1 1841 (75 %) TSVRIZ % -
7= %%, IRRDR<5M 44 o ¢ ik 1141 (25 %)
U »SVRIZ % & & % - /2. IRRDR261ZSVR
EHE LA %R L 7= (p<0.0001). — 7,
ISDR>2 id relapse (VA #A% T K¢ I HCV RNA
DML T30, HEKICEBEME ) &
HRAMHEBE AR LU 72 (p<0.05). %7, Core
7 3 7 & # Q7 A% null virological response
(NVR: {5 HAR F HCV RNA 2 $fe 5 1k, 4
#h) LB A MBI E R U 72 (p<0.05). IRRDR>
6 & Core R™/L% {3 HCV RNA B ¥ 1k & #H
BL7. ZERMTE21T->72L25, IRRDR
>6 & Core RO/LMIZMy FHRIKF&E 2 b0
(M4, WMREFEHAEDESZLI2LD,
& 0B EFEIRT RN 2 5 TTREMEAR &
nr-.

HCV-2a, 2blcd313%IRRDR

Wiz, HCV-2a, -2b ® genotype iZF T
NSSAEE S D £ #1E & PEG-IFN/RBV # i 5
EHEL OB IZ O W TR 28 7. PEG-
IFN « -2b/RBV i F %€ ¥k 24384 8 b6 47 L 7=

FriEfE 63%:6%

%, 24ERBEER T X 7= 8SIEFIC DWW TR
M U 7z. HCV-2a/-2b13 HCV-1biZ }h R 3 &
BRBELBRIF TR T83%DSVRAE S
N7z, HCV-2aT 13289 %, HCV-2bTI377 %
DSVRET2aDH H2b &k D & T RAMEH» B
BT & - 72. HCV-2aD NS5ARL 5 D £ ¥
L IERA R OB % F X 5 72 ¥ 12 Rapid
virological response (RVR: /G438 H £ TIC
HCV RNA %% B& 11t ) SiE I & non-RVRJE 5l %
B U722 (F1D. ZO&%, RVRE non-RVR
TIENSSAD CHEHM D 2 7 ff DFEH T 7 3
JBERICERBLEEND 572, —DIZISDR
& % O CRY % & 051K (aa 2232-2262) D
ISDR/+C[2a], ¥ 9 —2IZIRRDRIZH%F %
FEI% (aa 2332-2387) D IRRDR[2a] T - 7~.
RVRJEFITiE, IRRDR[2a] IcERBICERENE
<, IRRDR[2a] >4 TSVRAEHI A % > - 7=.
% 7z, IRRDR24 THERHTD Y 4 L A i 1 E
BICIE L, BB Core PUH B AP I
WAL,

HCV-2b{Z B L T IXIRRDR® N s fl 1<
RVRE nonRVRTEERIZERLEN D 5
FEIK (a2 2332238 A D 5 7. ThE
IRRDR/N[2b] & & fH i} sl % g L 7= & 2
%, RVRIEHICILIRRDR/N[2a]I12 £ < D7
I UBERIRED SN,

PlEDKER» 5, HCV-2a,-2b T & NS5A
DERBEIHERLEELHEELSH D,
IRRDR[2a] 2413 SVR, RVR & & & 12 fHEH L
7z. HCV-2b!ZB8 L TiZ IRRDR/N[2b] A RVR
LEELEMBEEZRNL7. RVRB L USVR &
B 3 RIS DWW THE BRI, LR
x24T >7-& Z 4, IRRDR[2a]24D A0 H
BAaMBEEZRL, PHRTFE UCERMEL
5T % 72 (E-Shamy et al. #FaH).
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HCV-4alc 317 3IRRDR

X 51ZHCV-4ai= %13 5 IRRDRD A FE %
f@tTL7=. HCV-4ald =¥ 7 +T%<, IFN/
RBVIEEICHEIIMTH 2 Z L BF6 AT
%. HCV-4alZH\W T, SVRE Non-SVRT
IRRDR[4a] (aa 2331-2383) DEREU- B R &
ZERDT-. HCVAIMERIK S D5 2612
et 2 ER S BEHN D 572, IRRDR[4a]>4
TiZSVRA80%, IRRDR[4a]<3Cidnon-SVR
276% TH D, HCV-4aiZ¥\ 1T % IRRDRZE
BIBRIDEE L BBEICES LB T e
AN X 7= (El-Shamy et al., $¥RaHefiE ).

HCV 3§ RT®D genotype {Z 51 ¥ TIRRDR#H
HOHi#%OEITBEICRES N TN DA,
IRRDRTE I 13 £ kM ICEA TH D, PEG
IFN/RBVIEEEZ M & HE T 5 0 T+
£ %55 2 CHEREN,

X |
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Background: HCV causes ER stress in the infected cells.

Results: HCV-induced ER stress leads to increased expression of certain proteins that in turn enhance the degradation of HCV

glycoproteins and decrease production of virus particles.

Conclusion: HCV infection activates the ERAD pathway, leading to modulation of virus production.

Significance: ERAD plays a crucial role in the viral life cycle.

Viral infections frequently cause endoplasmic reticulum (ER)
stress in host cells leading to stimulation of the ER-associated
degradation (ERAD) pathway, which subsequently targets unas-
sembled glycoproteins for ubiquitylation and proteasomal deg-
radation. However, the role of the ERAD pathway in the viral life
cycle is poorly defined. In this paper, we demonstrate that hep-
atitis C virus (HCV) infection activates the ERAD pathway,
which in turn controls the fate of viral glycoproteins and modu-
lates virus production. ERAD proteins, such as EDEM1 and
EDEM3, were found to increase ubiquitylation of HCV envelope
proteins via direct physical interaction. Knocking down of
EDEM1 and EDEM3 increased the half-life of HCV E2, as well as
virus production, whereas exogenous expression of these pro-
teins reduced the production of infectious virus particles. Fur-
ther investigation revealed that only EDEM1 and EDEM3 bind
with SEL1L, an ER membrane adaptor protein involved in trans-
location of ERAD substrates from the ER to the cytoplasm.
When HCV-infected cells were treated with kifunensine, a
potent inhibitor of the ERAD pathway, the half-life of HCV E2
increased and so did virus production. Kifunensine inhibited
the binding of EDEM1 and EDEM3 with SEL1L, thus blocking
the ubiquitylation of HCV E2 protein. Chemical inhibition of
the ERAD pathway neither affected production of the Japanese
encephalitis virus (JEV) nor stability of the JEV envelope pro-
tein. A co-immunoprecipitation assay showed that EDEM
orthologs do not bind with JEV envelope protein. These findings
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highlight the crucial role of the ERAD pathway in the life cycle of
specific viruses.

Quality control of proteins, such as the elimination of mis-
folded proteins, is largely connected with the endoplasmic
reticulum (ER),? which is an organelle responsible for the fold-
ing and distribution of secretory proteins to their sites of action.
This pathway is termed ER-associated degradation (ERAD) and
is triggered by ER stress. It results in retrotranslocation of mis-
folded proteins into the cytosol, followed by polyubiquitylation
and proteasomal degradation (1). Several viral infections have
been reported to trigger the ERAD pathway (2—4); however, the
role of this pathway in the life cycle of viruses remains poorly
defined.

Initiation of the ERAD pathway occurs from the oligomeri-
zation and autophosphorylation of IRE1, an ER stress sensor.
The activated IRE1 removes an intron from X-box-binding
protein 1 (XBP1) mRNA, which then encodes a potent tran-
scription factor for activation of genes, for example, ER degra-
dation-enhancing «-mannosidase-like protein (EDEM).
EDEM1 (5), along with its two homologs EDEM2 (6) and
EDEMS3 (7), as well as ER mannosidase I (ER Manl), belong to
the glycoside hydrolase 47 family. EDEMs are thought to func-
tion as lectins that deliver misfolded glycoproteins to the ERAD
pathway. However, the precise mechanism by which they assist
in glycoprotein quality control remains unclear.

Hepatitis C virus (HCV) infection is a major cause of chronic
liver disease. The RNA genome of HCV, a member of the Fla-

2The abbreviations used are: ER, endoplasmic reticulum; CHX, cyclohexi-
mide; EDEM, ER degradation-enhancing a-mannosidase-like protein;
ERAD, ER-associated degradation; HCV, hepatitis C virus; JEV, Japanese
encephalitis virus; KIF, kifunensine; Manl, mannosidase I; m.o.i., multiplicity
of infection; TM, tunicamycin; XBP1, X-box-binding protein 1; IRE, inositol-
requiring enzyme.
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viviridae family, encodes the viral structural proteins Core, E1,
E2, and p7, as well as six nonstructural proteins (8, 9). Two
N-glycosylated envelope proteins E1 and E2 are exposed on the
surface of the virus and are necessary for viral entry.

The aim of this study was to investigate whether the ERAD
pathway is activated upon HCV infection and whether this
affects the quality control of virus glycoproteins and virion pro-
duction. We show that HCV infection triggers the ERAD path-
way, possibly through IRE1-mediated splicing of XBP1. More-
over, EDEM1 and EDEM3, but not EDEM2, interact with HCV
glycoproteins, resulting in increased ubiquitylation. EDEM1
knockdown and chemical inhibition of the ERAD pathway
increases glycoprotein stability, as well as production of infec-
tious virus particles, whereas overexpression of EDEMI1
decreases virion production. These results provide insight into
the mechanism by which HCV triggers the ERAD pathway and
subsequently affects the quality control of virus glycoproteins
and virus particle production.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—Human hepatoma cells HuH-7
and HuH-7.5.1 (a gift from Dr. F. V. Chisari (The Scripps
Research Institute) (10) and human embryonic kidney cells
293T were cultured at 37 °C and 5% CO, in DMEM containing
10% FBS, 10 mm HEPES, 1 mm sodium pyruvate, nonessential
minimum amino acids, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Tunicamycin (TM) was purchased from Sigma-
Aldrich, and kifunensine (KIF) was purchased from Toronto
Research Chemicals (Ontario, Canada).

Preparation of Virus Stock—HCV JFH-1 was generated by
introducing in vitro transcribed RNA into HuH-7.5.1 cells by
electroporation, and virus stocks were prepared by infecting at
a multiplicity of infection (m.o.i.) of 0.01, as described previ-
ously (10). Infected cells were grown in culture medium con-
taining 2% FBS, and supernatants were collected after multiple
passages to get high titer virus. The supernatants were concen-
trated using a 500-kDa hollow fiber module (GE Healthcare)
resulting in ~90% recovery of the virus. Focus-forming units
were measured with an anti-HCV core antibody to determine
virus titration (2H9, described below). Virus stocks containing
1 X 107 focus-forming units/ml were divided into small ali-
quots and stored at —80 °C until use. rAT strain of Japanese
encephalitis virus (JEV) (11) was used to generate virus stock.

Plasmids—cDNAs of mouse EDEMI1-HA, EDEM2, and
EDEM3-HA, having 92, 93, and 91% amino acid homology with
their human orthologs, respectively, were a kind gift from Drs.
N. Hosokawa (Kyoto University) and K. Nagata (Kyoto Sangyo
University). A HA tag was attached to the C terminus of
EDEM2 by PCR, and sequencing analysis was performed to
confirm the sequence. To generate pJFH/E1dTM-myc and
pJFH/E2dTM-myc, HCV E1 encoding amino acids 170-352
and HCV E2 encoding amino acids 340—-714 of JFH-1 polypro-
tein were amplified by PCR with forward primer and reverse
primer containing Notl and Xbal restriction sites, respectively,
and cloned into a Notl/Xbal site of the pEF1/Myc-His plasmid
(Invitrogen). The pCAGCI105E plasmid carrying PrM and E
proteins of the rAT strain of JEV has been described (12). Plas-
mids carrying the firefly luciferase reporter gene under control

YASENE

OCTOBER 28,2011+VOLUME 286-NUMBER 43

HCV Glycoproteins Are Targets of the ERAD Pathway

of the intact promoter of GRP78 and GRP94 or the defective
promoter lacking ERSE elements have been described (13) and
were a kind gift from Dr. K. Mori (Kyoto University).

Antibodies—Rabbit polyclonal antibodies included anti-HA
(Sigma-Aldrich), anti-HCV NS5A (14), anti-SEL1L (Sigma-Al-
drich), anti-ubiquitin (MBL, Nagoya, Japan), and anti-JEV E
antibodies. The mouse monoclonal antibodies were anti-HA
(clone 16B12; Covance, Emeryville, CA), anti-HCV E2 (clone
8D10-3),” anti-B-actin (clone AC15; Sigma-Aldrich), anti-HCV
core (clone 2H9) (15), and anti-Myc (clone 9E10; Santa Cruz
Biotechnology, Santa Cruz, CA) antibodies. Anti-JEV antibod-
ies have been described (16) and were a kind gift from Drs. C. K.
Lim and T. Takasaki (National Institute of Infectious Diseases).

Analysis of XBP1 Splicing—Total RNA was extracted from
cells using Isogen (Nippon Gene, Tokyo, Japan) following the
manufacturer’s protocol, and 2 ug of RNA was subjected to
cDNA synthesis using oligo(dT) and Superscript III (Invitro-
gen). PCR was carried out using specific primers 5'-AAACAG-
AGTAGCAGCTCAGACTGC-3' and 5'-GTATCTCTAAGA-
CTAGGGGCTTGGTA-3' for XBP1 and 5'-TCCTGTGGCA-
TCCACGAAACT-3" and 5'-GAAGCATTTGCGGTGGAC-
GAT-3' for B-actin to generate PCR fragments of 598 bp for
unspliced XBP1, 572 bp for spliced XBP1, and 315 bp for 3-ac-
tin. The following cycling conditions were used to amplify the
genes: 1 cycle of 98 °C for 3 min, followed by 30 cycles of 98 °C
for 20 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final
extension of 72 °C for 10 min. The PCR product of XBP1 was
further digested with PstI enzyme (New England Biolabs) and
resolved on a 2% agarose gel prepared in TAE buffer. Unspliced
XBP1 yielded two smaller fragments of 291 and 307 bp whereas
spliced XBP1 stayed intact due to loss of the restriction site after
splicing.

Gene Microarray Analysis—For microarray analysis, RNA
was extracted from HuH-7.5.1 cells at 48 and 72 h after JFH-1
infection. Cells treated for 12 h with 5 ug/ml TM served as a
positive control. Hybridization was performed on a 3D-Gene
(see 3D-Gene web site) Human Oligonucleotide chip 25k
(Toray Industries Inc., Tokyo, Japan). For efficient hybridiza-
tion, this microarray chip has three dimensions and is con-
structed with a well between the probes and cylinder stems with
70-mer oligonucleotide probes on the top. Total RNA was
labeled with Cy3 or Cy5 using the Amino Allyl Message AMP 11
aRNA Amoplification kit (Applied Biosystems). The Cy3- or
Cy5-labeled aRNA pools were subjected to hybridization for
16 h using the supplier’s protocol. Hybridization signals were
scanned using a ScanArray Express Scanner (PerkinElmer Life
Sciences) and processed by GenePixPro version 5.0 (Molecular
Devices, Sunnyvale, CA). Detected signals for each gene were
normalized using a global normalization method (Cy3/Cy5
ratio median = 1). Genes with Cy3/Cy5 normalized ratios
>log, 1.0 or <log, _1.0 were defined, respectively, as signifi-
cantly up- or down-regulated genes.

Quantification of Cellular Gene Expression—Gene expres-
sion levels were measured using predesigned assay-on-demand
(Applied Biosystems). RT-PCR amplification was performed

® D. Akazawa, N. Nakamura, and T. Wakita, unpublished data.
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under the following conditions: 48 °C for 30 min, 95 °C for 10
min, 50 cycles of 95 °C for 15 s, and 60 °C for 1 min. Standard
curves were constructed on a 1:5 serial dilution of the RNA
template. The results were normalized to GAPDH mRNA
levels.

Determination of Protein Stability—HuH-7 cells were
infected with HCV JFH-1 at a m.o.i. of 2. Six hours after infec-
tion, the cells were either treated with KIF or transfected with
EDEMI siRNA. Forty hours later, culture medium was replaced
with 100 pg/ml cycloheximide (CHX). Cells, including floating
cells, were harvested at different time points after CHX addi-
tion, and immunoblotting was performed to determine the
amount of HCV E2.

Plasmid Transfection and Immunoprecipitation—HuH-7 or
293T cells were seeded in 6-well cell culture plates at 3 X 10°
cells/well and cultured overnight. Plasmid DNA was trans-
fected into cells using TranIT-LT1 transfection reagent (Mirus,
Madison, WI). Cells were harvested at 48 h after transfection,
washed once with 1 ml of PBS, and lysed in 200 ul of lysis buffer
(20 mm Tris-HCI, pH 7.4, 135 mm NaCl, 1% Triton X-100, and
10% glycerol supplemented with 50 mm NaF, 5 mm NazVO,,
and protease inhibitor mixture tablets (Roche Diagnostics).
Cell lysates were sonicated at 4 °C for 10 min, incubated for 30
min at 4 °C, and centrifuged at 14,000 X g for 5 min at 4 °C.
After preclearing for 2 h, the supernatants were immunopre-
cipitated overnight by rotating with 1.5 ul of anti-HA monoclo-
nal antibody (16B12) or anti-HCV E2 monoclonal antibody
(clone 8D10-3) at 4 °C. The immunocomplexes were then cap-
tured on protein G-agarose beads (Invitrogen) by rotation-in-
cubation at 4 °C for 3 h. Beads were subsequently precipitated
by centrifugation at 800 X g for 1 min and washed five times
with lysis buffer. Finally, proteins bound to the beads were
boiled in 40 ul of SDS sample buffer and subjected to
SDS-PAGE.

Western Blotting—Proteins resolved by SDS-PAGE were
transferred onto PVDF membranes (Immobilon; Millipore).
After blocking in 2% skim milk, the membranes were probed
with primary antibodies followed by exposure to peroxidase-
conjugated secondary antibodies and visualization with an ECL
Plus Western blotting detection system (GE Healthcare). The
intensity of the bands was measured using a computerized
imaging system (Image] software; National Institutes of
Health).

Small Interfering RNA (siRNA) Transfection—HuH-7 cells
were transfected with duplex siRNAs at a final concentration of
10 nm using Lipofectamine RNAIMAX (Invitrogen). Three
siRNAs for each gene were examined for knock-down effi-
ciency and cytotoxic effects. The siRNA with best performance
was selected for further experiments. Target sequences of the
siRNAs which exhibited the best knock-down efficiencies were
as follows: EDEM1 (sense) 5'-CAUAUCCUCGGGUGAAU-
CUtt-3', EDEM2 (sense) 5'-GAAUGUCUCAGAAUUC-
CAAtt-3’, EDEM3 (sense) 5-CAUGAGACUACAAAUC-
UUALt-3', IRE1 (sense) 5'-GGACGUGAGCGACAGAAUALt-
3. 5'-GGUGUCCUUACCAUACUAALtt-3" served as a
negative control. The lowercase letters denote overhanging
deoxyribonucleotides.
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Quantification of HCV Core and RNA—HCYV core was quan-
tified using an enzyme immunoassay (Ortho HCV antigen
ELISA kit; Ortho Clinical Diagnostics, Tokyo, Japan). HCV
RNA was quantified as described (17).

Statistical Analysis—Student’s ¢ test was employed to calcu-
late the statistical significance of the results. p < 0.05 was con-
sidered significant.

RESULTS

HCV Infection Induces XBP1 mRNA Splicing and EDEM
Expression—XBP1 plays a key role in activating the ERAD path-
way, which mediates unfolded protein response in the ER.
Under conditions of ER stress, XBP1 mRNA is processed by
unconventional splicing and translated into functional XBP1,
which in turn mediates transcriptional up-regulation of a vari-
ety of ER stress-dependent genes. The resultant activation of
downstream pathways boosts the efficiency of ERAD, which
coincides with elevated transcription of EDEMs. To validate
our method for detecting activation of the ERAD pathway, we
exposed HuH-7.5.1 cells to TM, which is a typical ER stress
inducer, and performed an assay to quantify spliced XBP1
mRNA, as described under “Experimental Procedures,” at dif-
ferent time points after treatment. The spliced form of XBP1
mRNA started accumulating within these cells as early as 2 h
after exposure to TM (Fig. 1A), and levels remained elevated
until at least 12 h after treatment. Quantitative RT-PCR showed
that mRNA levels of EDEM1, EDEM2, and EDEM3 were ele-
vated in TM-treated cells whereas ER Manl, which is not an ER
stress-responsive gene, did not show any up-regulation (Fig.
1B). To examine involvement of the ERAD pathway in the HCV
life cycle, we infected HuH-7.5.1 cells with JFH-1 at m.o.i. of 5
and analyzed XBP1 mRNA splicing and EDEM up-regulation.
Upon infection, the fragment corresponding to spliced XBP1
mRNA, was detectable 8 h after infection, and the difference in
splicing between mock- and HCV-infected cells became more
pronounced at 48 h after infection and then persisted (Fig. 1C).
Increased levels of XBP1 mRNA splicing were dependent on
the m.o.i. (supplemental Fig. 14), suggesting that expression of
active XBP1 was induced by HCV infection. A small amount of
spliced XBP1 was detected in mock-infected cells, presumably
because of some intrinsic stress. A 3.1-fold increase in the level
of EDEM1 mRNA was observed at 3—4 days after infection (p <
0.05). Increases in EDEM2 and EDEM3 mRNA levels were
moderate and reached ~1.5-fold, whereas ER Manl mRNA
exhibited no change after infection (Fig. 1D). Expression of
EDEMs, particularly EDEM1, was up-regulated in accordance
with HCV infection titers (supplemental Fig. 1B). Knocking
down the IRE1 gene (Fig. 1E) effectively reversed the accumu-
lation of spliced XBP1, as well as the transcriptional up-regula-
tion of EDEM1 (Fig. 1F), thus confirming that HCV infection
induces ERAD through the IRE1-XBP1 pathway.

To enable a comprehensive investigation of the transcrip-
tional changes that occur, up- and down-regulation of the tran-
scriptome was examined in HCV-infected cells and in
TM-treated cells. The results were compared with those of
mock-transfected cells at each time point. A range of genes
involved in ER stress was found to be regulated in HCV-in-
fected and in TM-treated cells (Fig. 24). EDEM1 was signifi-

\ASEVON

VOLUME 286+NUMBER 43 -OCTOBER 28, 2011

LLOZ ‘GZ 1900100 U0 ‘NMVYHIVA WMI NS 1 YINYINVYH 1B B10 00l mmm woli papeojumod



HCV Glycoproteins Are Targets of the ERAD Pathway

Mock JFH-1
h: 8 24 48 72 96 8 24 48 72 96

XBP1-S
XBP1-U

A Mock Tunicamycin c
h 2 4 6 1224 2 4 6 12 24

XBP1-S
XBP1-U

Actin Actin

~ w ©
S/U ratio g [to) um? ; cvo % - g E ; S/U ratio ; R < Lé-) (3 uN) 3 ro\’ 8 %
OOOOOO"‘OOO OOOOOOOO‘—'\—
B Mock Tunicamycin D Mock JFH-1
2 12 4 —e— EDEM1
® 10| - EDEM1 3 10 % i GRS
3 —— EDEM2  § o 3 3
L g L g 2 —&- EDEM3
o —8- EDEM3 O 2
£ & £ & = —4 ERManl
° —4 ERManl o 2
° o
£ £ C ) bttt
1 1
FE ; i i 2
0 0 0 0
2 4 6 12 24(h) 2 4 6 12 24(h) 8 24 48 72 96 8 24 48 72 96(h)
E F Mock infection JFH-1+Ctrl siRNA  JFH-1+IRE1siRNA
Z‘ h: 8 24 48 72 96 8 24 48 72 96 8 24 48 72 96
IRE] XBP1-S
SiRNA Ctrl  IRE1 Actin m
9 25
3 2 2 2
G
2 15 15 15
T 1 1 1
o o5 0.5 0.5

0 8 24 48 72 96(h) 0 8 24 48 72 96(h) 0 8 24 48 72 96 (h)

FIGURE 1. Splicing of XBP1 mRNA and induction of ERAD gene expression in HCV JFH-1-infected cells. A, splicing of XBP1T mRNA analyzed in mock- and
TM (5 pg/ml)-treated HuH-7.5.1 cells at different time points after treatment. The upper and lower bands represent spliced and unspliced RNA, respectively. The
numbers at the bottom of the panel indicate the density ratios of bands corresponding to spliced and unspliced XBP1. B, graphs showing the -fold induction of
EDEM1, EDEM2, EDEM3, and ER Man1 mRNA in HuH-7.5.1 cells treated or untreated with TM. Data are normalized to GAPDH expression levels. The mean = S.D.
(error bars) of three independent experiments are shown. C, splicing of XBP1T mRNA analyzed in mock- and HCV JFH-1-infected HuH-7.5.1 cells (m.o.i. 5) at
different time points after infection. Numbers at the bottom of the panel indicate the density ratios of bands corresponding to spliced and unspliced XBP1. D,
real-time PCR analysis of EDEM1, EDEM2, EDEM3, and ER Manl mRNA induction in mock- and HCV-infected cells. Data are normalized to GAPDH expression. The
mean = S.D. of three independent experiments are shown. Note that a reduction in the level of GAPDH mRNA within infected cells was not observed until 96 h
after infection when a slight decrease was observed. This led us to use GAPDH as a housekeeping gene in our experiments. £, Western blotting of IRE1 in cells
transfected with mock or gene-specific siRNA of IRE1. F, splicing of XBP1 mRNA and induction of EDEM1 in HCV-infected cells after knocking down of the IRE1
gene.HuH-7.5.1 cells infected with JFH-1 atam.o.i. of 5 were transfected with mock (center) or IRE1-specific siRNA (right) 48 h after infection, after which splicing
of XBP1 (upper) and transcriptional up-regulation of EDEM1 (lower) were examined at the indicated time points after infection. The mean = S.D. of two
independent experiments are shown.

noprecipitation and immunoblotting demonstrated that each
EDEM, but not ER Manl, was capable of interacting with E2
(Fig. 3A) and E1 (supplemental Fig. S2). HCV glycoproteins
displayed enhanced mobility when co-expressed with EDEM1,
EDEMS3, or ER Manl, which could be due to the mannosidase

cantly up-regulated upon HCV infection, whereas expression
levels of EDEM2 and EDEM3 remained unchanged. Although
transcriptional changes caused by HCV infection in many of
the genes listed are analogous to those that occur in cells treated
with TM, up-regulation of two ER chaperone proteins, GRP78

and GRP94, was induced by TM treatment but not by HCV
infection. This differential induction was confirmed by a
reporter assay for GRP78 promoter and GRP94 promoter activ-
ities (Fig. 2B). These results are in agreement with a previously
described finding that GRP78 and GRP94 are not responsive to
HCV infection in hepatoma cells (18). It remains likely that
HCV infection interferes with transcriptional activation of
some ER chaperone proteins; however, the mechanism by
which this occurs remains to be elucidated.

EDEMSs Cause Ubiquitylation of HCV Glycoproteins and
Enhance Their Degradation—Because EDEMs have been
reported to enhance proteasomal degradation of ERAD sub-
strates through direct binding, we investigated the interaction
of EDEMs with HCV glycoproteins in 293T cells by co-trans-
fecting the expression plasmids for E1IdTM or E2dTM together
with plasmids carrying either EDEM or ER Manl genes. Immu-

OCTOBER 28, 2011+VOLUME 286+NUMBER 43

activity of these proteins, which is lacking in EDEM2 (6). HCV
primarily replicates in hepatocytes so we examined the interac-
tion of EDEMs with E2dTM in HuH-7 cells as well, which
yielded similar results (data not shown). E2dTM lacks the
transmembrane domain, which could affect its folding and ER
retention and thus modulate the ability of this protein to inter-
act with EDEMs and ER Manl. Second, E1 and E2 glycoproteins
assemble as noncovalent heterodimers to make functional
complexes, which may alter the interaction of these proteins
with EDEMs. To address these issues, we co-transfected HuH-7
cells with plasmids carrying full-length E1E2 glycoproteins
together with plasmids carrying either EDEMs or ER Manl.
Similar phenotypes were produced following transfection full-
length E1E2 proteins (supplemental Fig. S3A4), demonstrating
that functional complexes of HCV glycoproteins bind with
EDEMs. Recently, we have reported on the development of a
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FIGURE 2. Comprehensive analysis of ERAD gene expression in JFH-1-infected HuH-7.5.1 cells. A, HuH-7.5.1 cells treated with TM (5 png/ml) for 12 h or
infected with JFH-1 for 48 and 72 h were subjected to microarray analysis, along with their negative controls. Expression of ER stress genes is shown as a heat
map. Red and green indicate up- and down-regulation, respectively. Information on each gene shown is indicated on the 3D-Gene web site. B, GRP78 and
GRP94 induction in TM-treated (left) and HCV-infected cells (right). GRP78M and GRP94M represent the defective promoters. The mean = S.D. (error bars) of

three independent experiments are shown.

packaging system of HCV subgenomic replicon sequences
through the provision of viral core NS2 proteins in trans (19).
Transcomplementation with core NS2 proteins resulted in suc-
cessful packaging of the viral sequences; therefore, plasmids
carrying these proteins are a valid construct by which to exam-
ine the interaction of envelope proteins with ERAD machinery.
Thus, we performed an immunoprecipitation assay of HuH-7
cells co-transfected with core NS2 and EDEMs. In agreement
with our previous results, EDEMs, but not ER Manl, were
observed to bind to HCV E2 protein (supplemental Fig. S3B).
To examine the functional importance of this interaction, we
analyzed the ubiquitylation of HCV E2 protein in cells co-trans-
fected with HCV E2 and EDEM proteins. An immunoprecipi-
tation assay revealed that overexpression of EDEMI1 and
EDEM3, but not of EDEM2 and ER Manl, dramatically
increased the ubiquitylation of HCV glycoprotein (Fig. 3B). In
mammals, the ER membrane ubiquitin-ligase complex
involved in the dislocation of ERAD substrates, and their ubiq-
uitylation contains the ER membrane adaptor SEL1L. It has
recently been shown that SEL1L interacts with EDEM1 in cells
and functions as a cargo receptor for ERAD substrates (20);
however, it is unknown whether SEL1L interacts with other
EDEMs. We therefore assessed whether SEL1L interacts with
EDEM1, EDEM2, EDEM3, and ER Manl in cells (Fig. 3C). Inter-
estingly, endogenous SEL1L co-precipitated with EDEM1 and
EDEMS3, whereas little to no interaction was observed with
EDEM?2 and ER Manl. Collectively, it is likely that, although all
EDEMs can recognize HCV E1 and E2, EDEM1 and EDEMS3 are
involved in the ubiquitylation of HCV glycoproteins by deliver-
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ing them to SEL1L-containing ubiquitin-ligase complexes. To
investigate further the role of EDEMs in quality control of HCV
glycoproteins, we measured the steady-state level of HCV E2
protein after EDEM knockdown. Transfection of HCV-infected
cells with siRNAs against EDEM1, EDEM2, or EDEM3 caused a
60—80% reduction in mRNA levels of the respective genes (Fig.
3D) with no cytotoxic effects observed (data not shown).
Immunoblotting showed a considerable increase in the steady-
state level of viral E2 in EDEM1 siRNA-treated cells (Fig. 3D).
We subsequently examined the turnover of E2 in cells with and
without EDEM1 knockdown. In CHX half-life experiments, E2
protein was moderately unstable in control-infected cells, pre-
sumably via proteasomal degradation (Fig. 3E). Treatment with
MG132, a proteasome inhibitor, blocked its destabilization
(data not shown). In contrast, E2 was completely stable in
EDEM1-knockdown cells during the chase period of time
tested (Fig. 3E). Together, these results strongly suggest that
EDEM1 and EDEMS3, particularly EDEM1, are involved in the
post-translational control of HCV glycoproteins.

Involvement of EDEMI1 in the Production of Infectious
HCV—Given the involvement of EDEMs in the turnover of
HCV glycoproteins, we investigated whether EDEMs affect the
replication and production of infectious virus particles. EDEMs
were knocked down in HCV-infected HuH-7 cells by siRNA
transfection, and the production of infectious particles was
then monitored by measuring the extracellular infectivity titer.
Knocking down of EDEM1 and EDEM3 in the infected cells
resulted in ~3.1-fold (p < 0.05) and ~2.3-fold increases in virus
production, respectively, compared with control cells. No effect
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