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miR-92a Scramble

Figure 1 MiRNA expression in hepatocellular carcinoma (HCC). In situ hybridization was performed using Locked nucleic acid (LNA)-
modified probes for miR-92a and negative control. Case 2 and Case 3 were positive cases for miR-92a. Case 10 was a negative case for
miR-92a. (a—c) Low power field of boundary of HCC and non-tumor lesion. Arrowheads indicated a border. Only HCC regions were positive
for miR-92a. (d-1) High power field of HCC. Blue signals represent positive for miR-92a. Bars indicate 100 um.

plasma was isolated using Isogen-LS (NIPPON GENE,
Tokyo, Japan) according to the manufacturer's instructions.
The RNA sample was suspended in 20 plL of nuclease free
water. In general, we obtained 400 ng of RNA from 1mL
of plasma. MiRNAs were quantified using TagMan MiRNA
Assays (Applied Biosystems, Life Technologies Corporation,
Carisbad, CA, USA) as previously described.”

For miR-92a quantification in tissue samples, five pairs of
fresh HCC and non-tumorous LC samples were surgically

resected from HCC patients (Table 2). All the patients or their
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guardians provided written informed consent, and the Ethics
Committee of the Kyoto University Graduate School and
Faculty of Medicine approved all aspects of this study. The
amounts of miR-92a were normalized to RNU48 that is one of
rRNAs (Applied Biosystems).

Cell culture and transfection

Hepatocellular carcinoma (HCC) cell lines HepG2, OR6 and
SN1a were cultured in Dulbecco’'s modified Eagle’s medium
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(DMEM) (Sigma, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS). OR6 and SN1a are derived
from the Huh7 HCC cell line and maintain hepatitis C virus
(HCV) replicon.''¢ The miR-92a oligonucleotide used in the
transfection experiments is a synthetic double-strand 19
nucleotide RNA oligonucieotide (5-UUGCACUUGUCCC
GGCCUG-3') purchased from B-Bridge International (Tokyo,
Japan). The scrambled oligonucleotide represents a mix of
two different frames of the miR-92 sequence (5-UAUUGC
ACUUGUCCCGGCCUGUCCCGGCC-3" and 5-AUUGCAC
UUGUCCCGGCCUTT-3'). Locked nucleic acid (LNA) oligo-
nucleotide miR-92 knockdown (antagomir) was obtained
from Exigon (Vedbaek, Denmark, http://www.exigon.com).
The oligonucleotides were individually transfected by Hiper-
Fect (QIAGEN K. K., Tokyo, Japan) into the cells at a final
concentration of 100 nM.

In vitro proliferation assays

The effects of miR-92a and the anti-miR-92a antagomir on
the growth of HepG2, OR6 and SN1a were evaluated using
the MTT cell growth assay kit (Cell Count Reagent SF,
Nacalai tesque, Kyoto, Japan). The cells were transfected
with miR-92a or the antagomir. The cell numbers were then
assessed with MTT assay at 48 or 72 h after the transfection.
The MTT assay was performed according to the manufactur-
er's recommendation. The reagents were added to each well
and incubated at 37°C for 4 h. The MTT reduced by living
cells into a formazan product was assayed with a multiwell
scanning spectrophotometer at 450 nm.

RESULTS
Highly expression of miR-92a in HCC cells

We first examined whether or not miR-92a is expressed in
hepatocellular carcinoma (HCC). We performed in situ
hybridization using locked nucleic acid (LNA)-modified
probes digoxigenin (DIG) labelled. We found that miR-92a
was strongly expressed in cancer cells of 17 out of 22 HCC
cases (Table 1 and Fig. 1). No significant differences were
observed in age, sex, virus type, clinical stage and tumor
differentiation of the clinical samples. In contrast, we did not
detect miR-92a expression in non-cancerous hepatocytes
around the HCCs.

Furthermore, we quantified miR-92a levels in HCC sec-
tions (n = 5) and their adjacent non-tumorous liver cirrhosis
(LC) sections (n = 5) by TagMan qRT-PCR (Table 2 and
Fig. 2). The levels of miR-92a expression in HCC sections
were higher than that in adjacent LC sections (Fig. 2).

miR-92a/RNU48

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

1

Non-tumorous HCC (n=5)

tissue (LC) (n=5)

Figure 2 Quantification of miR-92a expression in hepatocellular
carcinoma (HCC) tissue samples. The ratios of miR-92a to RNU48 in
HCC tissues and their adjacent non-tumorous liver cirrhosis (LC)
tissues were analyzed by TagMan gRT-PCR. Bars, s.d.

Effects of miR-92a on a Hepatoma cell lines HepG2,
OR6 and SN1a

Next, we investigated whether miR-92a affects cell prolifera-
tion of human HCC cell lines, HepG2, OR6 and SN1a. We
transiently transfected either miR-92a or the anti-miR-92a
antagomir into the cells. Antagomirs are single-stranded
RNAs that are complementary to a specific miRNA and cause
the depletion of the miRNA."” After the transfection, we found
that all of the cells transfected with the anti-miR-92a antago-
mir showed lower proliferation rate than the cells transfected
with a control RNA oligonucleotide (Fig. 3a). In contrast, the
cells except for HepG2 showed increased proliferation rate
when miR-92a was transfected (Fig. 3a). We also confirmed
the amounts of miR-92a in the cells by quantitative real time
PCR (Fig. 3b).

The ratio of miR-92a to miR-638 serves as a biomarker
for HCC

Finally, we sought to determine whether the expression level
of miR-92a in blood sera could discriminate HCC patients
from healthy individuals. Previously, we have revealed that
miR-92a is dramatically reduced in the plasmas of acute
leukemia patients although in leukemic cells it is strongly
expressed.' We analyzed the miR-92a levels in the plasma
samples from normal individuals (n = 10) and HCC patients

© 2010 The Authors
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Figure 3 miR-92a modulates proliferation of HepG2, OR6 and SN1a cells. (a) Cell numbers of the HepG2, OR6 and SN1a cells transfected
with synthetic miR-92a, anti-miR-92a antagomir, or scrambled control oligonucleotide were analyzed by MTT assays at 48 h for OR6 and SN1a
and 72 h for HepG2 after transfection. Bars, s.d. (b) qRT-PCR analysis of miR-92a amounts in the cells transfected with miR-92a, anti-miR-92a
antagomir or scrambled control at 48 h for OR6 and SN1a and 72 h for HepG2 after the transfection.

(n = 10) by TagMan gqRT-PCR. Because miR-638 is stably
present in human plasmas,'® we used miR-638 as the stan-
dard to improve the precision of the data. The ratio of miR-
92a to miR-638 in the plasma samples from the HCC patients
were decreased compared with that from the normal donors
(Fig. 4a). Then, we further examined the ratio from the
patients after surgical resection. Interestingly, the miR-92a/
miR-638 levels were significantly higher than that in the
plasmas from the patients before surgical resection (Fig. 4b).

DISCUSSION

In this study, we found that miR-92a was highly expressed in
HCC (Figs 1,2). In addition, we demonstrated that the

© 2010 The Authors

expression level of miR-92a affects the proliferation of
hepatoma cell lines, HepG2, OR6 and SN1a (Fig. 3). These
results suggest that miR-92a may play an important role in
tumor progression of hepatocyte. We do not know why, but
addition of miR-92a did not significantly increase the prolif-
eration of HepG2 cells. It may be possible that HepG2 cells
themselves already contain enough miR-92a to promote
cancer cell proliferation. In addition, miR-92a is a part of the
miR-17-92 cluster, which is actively involved in the develop-
ment and progression of various cancers.*'® However, the
molecular function of miR-92a is still unknown, and its MRNA
targets have not been identified. Recently, it has been shown
that one of the molecular mechanisms through which miR-
92a increases cell proliferation is by negative regulation of an
isoform of the cell-cycle regulator p63." Thus, we examined
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Figure 4 Comparison of miR-92a levels in the plasmas from
normal individuals and hepatocellular carcinoma (HCC) patients. (a)
The ratios of miR-92a to miR-638 in the plasmas from normal donors
and HCC patients were analyzed by TagMan qRT-PCR. Student's
ttest was used to determine statistical significance. (b) The ratios of
miR-92a to miR-638 in the plasmas from HCC patients before and
after tumor resection were analyzed by TagMan qRT-PCR.

the expression of p63 in HCC by immunohistochemistry.
However, we could not find the positive nuclear staining both
in HCC and normal hepatocyte (data not shown). On the
other hand, the miRanda software found 300 different genes

that have putative miR-92a binding sites conserved among
Homo sapiens, Mus musculus, and Rattus norvegicus at the
3-UTR regions of their transcripts. Therefore, at least in
HCC, there may be novel miR-92a targets that are involved in
cancer cell proliferation.

In this report, we have revealed that the value of miR-92a/
miR-638 in plasma has potential as a very sensitive marker
for HCC. We found that the ratio of miR-92a to miR-638 in the
plasma samples from the HCC patients were decreased
compared with that from the normal donors (Fig. 4a). We did
not find any differences in the values of the ratios between
hepatitis B virus (HBV) infection and hepatitis C virus (HCV)
infection (data not shown). On the other hand, we recently
observed decrease of miR-92a in plasma samples of acute
leukemia.'® These results suggest that the decrease of the
miR-92a/miR-638 level in human plasma may serve as a
valuable diagnostic marker for not only acute leukemia but
also solid tumors such as HCC. Moreover, we observed
increase of miR-92a/miR-638 levels in the plasmas from the
HCC patients after tumor resection (Fig. 4b). Thus, the miR-
92a/miR-638 levels in human plasmas may also be a poten-
tial noninvasive follow up marker of HCC. To confirm this
notion, a large number of plasma samples should be exam-
ined. Nevertheless, the levels of miR-92a/miR-638 promise
to be an effective biomarker for malignant tumors. The physi-
ological significance of the decrease of miR-92a in plasma is
still unknown.

In summary, we have shown that miR-92a may be involved
in HCC development. In addition, we have demonstrated that
the ratio of miR-92a/miR-638 in blood is expected to be
useful for diagnosis of HCC patients. This study may also
provide useful information for further investigations of func-
tional association between miRNAs and HCC.
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Introduction

Chronic viral hepatitis is a major risk factor for hepatocellular
carcinoma (HCC) [1]. Worldwide 120-170 million persons are
currently chronically Hepatitis C Virus (HCV) infected [2]. Duce to
repetitive and continuous inflammation, these patients are at
increased risk of developing cirrhosis, subsequent liver decompen-
sation and/or hepatocellular carcinoma. However, the current
standard of care; pegylated interferon and rivabirin combination
therapy is unsatisfied in the patients with high titre of HCVRNA
and genotype 1b. Activated human liver stellate cells (HSC) with

chronic viral infection, can play a pivotal role in the progression of

liver fibrosis [3]. Activated HSC produce a number of profibrotic
cytokines and growth factors that perpetuate the fibrotic process
through paracrine and autocrine cffects.

. PLoS ONE | www.plosone.org

MicroRNAs (miRNAs) are endogenous small non-coding RNAs
that control gene cxpression by degrading target mRNA or
suppressing  their wanslation  [4]. There are cuwrrenty 940
identifiable human miRNAs (The miRBasc Sequence Database -
Release ver. 15.0). miRNAs can recognize hundreds of target
genes with incomplete complementary; over one third of human
genes appear 1o be conserved miRNA targets [5][6]. miRNA is
associated several pathophysiologic events as well as fundamental
cellular processes such as cell proliferation and differentiation.
Aberrant expression of miRNA can be associated with the liver
discases [7][8][9][10]. Recently reported miRNAs can regulate
the activation of HSCs and thereby regulate liver fibrosis. miR-
29b, a negative regulator for the type I collagen and SP1, is a key
regulator of liver fibrosis [11]. miR-27a and 27b allowed culture-
activated rat HSCs (o switch to a more quiescent HSC phenotype,
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with restored cytoplasmic lipid droplets and decreased cell
proliferation [12].

In this study, we aimed to reveal the association between
miRNA expression patterns and the progression of liver fibrosis by
using a chronic liver inflammation model in mouse. We also
sought to identify the miRNA cxpression profile in chronic
hepatitis (CH) C patients according to the degree of liver fibrosis,
and to clarify how miRNAs contribute to the progression of liver
fibrosis. We observed a characteristic miRNA expression profile
common to both human liver biopsy specimens and mouse CCL;
specimens, comprising the key miRNAs which are associated with
the liver fibrosis. This information is expected to uncover the
mechanism of liver fibrosis and (o provide a clearer biomarker for
diagnosis of liver fibrosis as well as (o aid in the development of
more cffective and safer therapeutic strategics for liver fibrosis.

Resulits

The expression level of several mouse miRNAs was
increased by introducing mouse liver fibrosis

In order to identify changes in the miRNA expression profile
between advanced liver fibrosis and non-fibrotic liver, we intra-
peritoneally administered CCL, in olive oil or olive oil alone twice a
week for 4 weeks and then once a week for the next 4 weeks. Mice
were sacrificed at 4, 6, or 8 weeks and then the degree of mouse liver
fibrosis was determined by microscopy (Figure S1). miRNA
expression analysis was performed [rom the liver tissue collected
at the same time. Histological examination revealed that the degree
of liver fibrosis progressed in mice that received CCL, relative to
mice receiving olive oil alone (Figure 1A). Microarray analysis
revealed that in CCL, mice, the expression level of 11 miRNAs was
consistently higher than that in control mice (Figure 1B).

miRNA expression profile in each human liver fibrosis
grade

We then established human miRNAs expression profile by using
105 fresh-frozen human chronic hepatitis (CH) C liver tissues
without a history of anti-viral therapy, classified according to the
grade of the liver fibrosis (FO, Fl, F2, and F3 referred to
METAVIR fibrosis stages)(Figure 2, Table S2). Fibrosis grade FO
was considered to be the negative control because these samples
were derived from patients with no finding of liver fibrosis. In
zebrafish, most highly tissue-specific miRNAs are expressed during
embryonic development; approximately 30% of all miRNAs are
expressed at a given time point in a given tssue [13]. In mammals,
the 20-30% miRNA call rate has recently been validated [14].
Such analysis revealed that the diversity of miRNA expression
level among specimens was small. Therefore, we [ocused on
miRNAs with a fold change in mean expression level greater than
1.5 (p<<0.05) in the two arbitrary groups of liver fibrosis.

Expression of several miRNAs was dramatically different
among grades of fibrosis. In the mice study 11 miRNAs were
related to the progression of liver fibrosis (mmu-let-7¢, miR-125-
5p, 199a-3p, 199h, 199b*, 200a, 200b, 31, 34a, 497, and 802). In
the human study 10 miRNAs were extracted, and the change in
their expression level varied significantly between FO and F3
(FO<F3: hsa-miR-146b, 199a, 199a*, 200a, 200b, 34a, and 34b,
FO>TF3: hsa-miR-212, 23b, and 422b). The expression level of 6
miRNAs was significantly different between FO and T2 (FO<T2:
hsa-miR-146b, 200a, 34a, and 34b, FO>T2: hsa-miR-122 and
23b). 5 extracted miRNAs had an expression level that was
significantly different between F1 and F2 (F1<F2: hsa-miR-146b,
TF1>F2: hsa-miR-122, 197, 574, and 768-3p). The expression level
of 9 miRNAs changed significantly between F1 and F3 (F1<F3:

'@ PLoS ONE | www.plosone.org
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hsa-miR-146b, 150, 199a, 199a*, 200a, and 200b, F1>T3: hsa-
miR-378, 422b, and 768-5p). The miRNAs related to liver fibrosis
were extracted using (wo criteria: similar expression pattem in
both the human and the mice specimens and shared sequence
between human and mouse. We compared the sequences of
mouse miRNAs as described on the Agilent Mouse MiRNA array
Version 1.0 (miRbase Version 10.1) and human miRNAs as
described on the Agilent Human MiRNA array Version 1.5
(miRbase Version 9.1). The sequences of mmu-miR-199a-5p,
mmu-miR-199b, mmu-miR-199b, mmu-miR-200a, and mmu-
miR-200b in mouse miRNA corresponded to the sequences of
hsa-miR-199a, hsa-miR-199a*, hsa-miR-199a, hsa-miR-200a,
and hsa-miR-200b in human miRNA, respectively (Table $3).

Validation of the microarray result by real-time gPCR

The 4 human miRNAs (miR-199a, miR-199a*, miR-200a, and
miR-200b) with the largest difference in fold change between the
T1 and I3 groups were chosen to validate the microarray results
using stem-loop based real-time qPCR. The result of real-time
qPCR supported the “result of that microarray analysis. The
expression level of these 4 miRNAs was significantly different
between FO and F3 and spearman correlation analysis also showed
that the expressions of these miRNAs were strongly and positively
correlated with fibrosis grade (n=105, r=0.498(miR-199a),
0.607(miR-1992%), 0.639(miR-200a), 0.618(miR-200h), p-val-
ues<<0.0001) (Figure 3).

Over expression of miR-199a, 199a*, 200a, and 200b was
associated with the progression of liver fibrosis

In order to reveal the function of miR-199a, miR-199a*, miR-
200a, and miR-200b, we investigated the involvement of these
miRNAs in the modulation of fibrosis-related gene in 1.X-2 cells,
The endogenous expression level of these 4 miRNAs in LX2 and
normal liver was low according to the microarray study (Figure
$2). Translorming growth factor {TGF)B is one of the critical
factors for the activation of HSC during chronic inflammation
[15] and TGFB strongly induced expression of three fibrosis-
related genes include a matrix degrading complex comprised of a1
procollagen, matrix remodeling complex, comprised of metallo-
proteinases-13 (MMP-13), tissue inhibitors of metalloproteinases-1
(TIMP-1) in LX-2 cells (Figure 4A). Furthermore, overexpression
of miR-199a, miR-199a*, miR-200a and miR-200b in LX-2 cells
resulted  significant induction of above fibrosis-related  genes
compared with control miRNA (Figure 4B). Finally we validated
the involvement of TGFP in the modulation of these miRNAs. In
LX-2 cells treated with TGFB, the expression levels of miR-199a
and miR-199a* were significantly higher than in untreated cells;
the expression levels of miR-200a and miR-200b were significantly
lower than in untreated cells. Thus, our in vitro analysis suggested
a possible involvement of miR-199a, 199a*, 200a, and 200b in the
progression of liver fibrosis.

Discussion

Our comprehensive analysis showed that the aberrant expres-
sion of miRNAs was associated with the progression of liver
fibrosis. We identified that 4 highly expressed miRNAs (miR-199a,
miR-199a* miR-200a, and miR-200b) that were significantly
associated with the progression of liver fibrosis both human and
mouse. Coordination of aberrant expression of these miRNAs may
contribute to the progression of liver fibrosis.

Prior studies have discussed the expression pattern of miRNA
found in liver fibrosis samples between previous and present study.
In this report and prior mouse studies and the expression pattern of
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miRNA Fold change CCL4 mouse/control
4week Gweek Rweek

mmu-fet-7e 2.92 2.09 2.64
mmu-miR-125a-5p 4.29 2.35 2.67
mmu-miR-199a-5p 2,71 2.12 238
mmu-miR-199b 3.25 2.55 2.49
mmu-miR-199b* 5.13 447 394
mmu-miR-200a 2.23 1.63 2.02
mmu-miR-200b 2.38 2.06 2.20
mmu-miR-3| 34 2.35 3.19
mmu-miR-34a 3.89 3.22 3.5
mmu-miR-497 2.25 200 2.55
mmu-miR-802 2.02 2.87 274

Figure 1. The change of liver fibrosis in mouse model. A. Representative H&E-stained, Azan-stained, Ag-stained, and EVG-stained histological
sections of liver from mice receiving olive oil alone or CCL, in olive oil. Magnification is x10. B. The expression fevel of mmu-miRNA in mouse liver
with olive oil or CCL, at 4W, 6W, and 8W respectively, by microarray analysis.

doi:10.1371/journal.pone.0016081.g001

3 miRNAs (miR-1992-5p, 199b*, 125-5p) was found to be similar
while the expression pattern of 11 miRNAs (miR-223, 221, 24, 877,
29h, 29a, 29c¢, 30c, 365, 148a, and 193) was partially consistent with
fibrosis grade [16]. In low graded liver fibrosis, the low expression
pattern of 3 miRNAs (miR-140, 27a, and 27b) and the high
expression pattern of 6 miRNAs in rat miRNAs (miR-29c*, 143,
872,193, 122, and 146) in rat miRINA was also similar to our mousc
study (GEO Series accession number GSE19865) [11] [12] [17].
The results in this study and previously completed human
studies reveal that the expression level of miR-193, 222, 200c, 21,

@ PLoS ONE | www.plosone.org

and let-7d was higher in high graded fibrotic liver tissue than in
low graded fibrotic liver tissue. Additionally, the expression level of
miR-301, 194, and 122 was lower in the high graded fibrotic liver
tissue than in low graded fibrotic liver tissue [18] [19] [20)(GEO
Scries accession number GSE16922). This difference in miRNA
cxpression pattern may be contributed to (1) the difference of
microarray platform, (2) difference of analytic procedure, and (3)
the difference of the species (rat, mouse, and human).

The miR-199 and miR-200 familics have are circumstantially
related to liver fibrosis. TGFB-induced factor (TGIF) and SMAD
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Figure 2. Liver fibrosis in human liver biopsy specimen. A. B. C. D. and E. miRNAs whose expression differs significantly between F0 and F3, FO
and F1, FO and F2, F1 and F2, and F1 and F3, respectively. Relative expression level of each miRNA in human liver biopsy specimen by microarray.
Data from microarray were also statistically analyzed using Welch’s test and the Bonferroni correction for multiple hypotheses testing. Fold change, p-
value are listed in Table S2.

doi:10.1371/journal.pone.0016081.g002

specific E3 ubiquitin protein ligase 2 (SMURI2), both of which observations, overexpression of miR-200a and miR-200b can be
play roles in the TGFP signaling pathway, arc candidate targets of  comnected to the progression of liver fibrosis.

miR-199a* and miR-200b, respectively, as determined by the The diagnosis and quantification of fibrosis have traditionally
Targetscan algorithm. The expression of miR-199a* was silenced relied on liver biopsy, and this is still true at present. However, there
in several proliferating cell lines excluding fibroblasts [21]. Down arc a number of drawbacks to biopsy, including the invasive nature
regulation of miR-199a, miR-199a* and 200a in chronic liver of the procedure and inter-observer variability. A number of staging
injury tissuc was associated with the hepatocarcinogenesis [9]. systems have been developed to reduce both the inter-ohserver
miR-199a* is also one of the negative regulators of the HCV variability and intra-observer variability, including the METAVIR,
replication [22]. According to three target scarch algorithms the Knodell fibrosis score, and the Scheuer score. However, the
(Pictar, miRanda, and Targetscan), the miRNAs that may be reproducibility of hepatic fibrosis and inflammatory activity is not as
associated with the liver fibrosis can regulate several [ibrosis- consistent [25]. In fact, in our study, the degree of fibrosis of the two
related genes (Table $4). Aberrant expression of these miRNAs arbitrary fibrosis groups was classified using the miRNA expression
may be closely related to the progress of the chronic liver disease. profile with 80% or greater accuracy (data not shown). Thus,
Epithelial-mesenchymal transition (EMT) describes a reversible miRNA expression can be used for diagnosis of liver fibrosis.
series of events during which an epithelial cell loses cell-cell In this study we investigated whether common miRNAs in
contacts and acquires mesenchymal characteristics [23]. Although human and mouse could influence the progression of the liver
EMT is not a common cvent in adults, this process has been fibrosis. The signature of miRNAs expression can also serves as a
implicated in such instances as wound healing and fibrosis. Recent tool for understanding and investigating the mechanism of the
reports showed that the miR-200 family regulated EMT by onsct and progression of liver fibrosis. The miRNA expression
targeting EMT accelerator ZEB! and SIP1 [24]. From our profile has the potential to be a novel biomarker of liver fibrosis.
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Figure 3. The expression level of miR-199 and 200 families in human liver biopsy specimen by real-time qPCR. Real-time gPCR
validation of the 4 miRNAs {(miR-199a, miR-199a*, miR-200a, and miR-200b). Each column represents the relative amount of miRNAs normalized to the
expression level of U18. The data shown are the means+SD of three independent experiments. Asterisks indicates to a significant difference of
<0.05 (two-tailed Student-t test), respectively.

doi:10.1371/journal.pone.0016081.g003
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Figure 4. The relationship between expression level of miR-199 and 200 families and expression level of three fibrosis related
genes. A. Administration of TGFf in LX2 cells showed that the expression level of three fibrosis related genes were higher than that in non-treated
cells. The data shown are the means+SD of three independent experiments. Asterisk was indicated to the significant difference of p<<0.05 (two-tailed
Student-t test). B. The expression levels of 3 fibrosis related genes in LX2 cells with overexpressing miR-199a, 199a*, 200a, or 200b, respectively were
significantly higher than that in cells transfected with control miRNA (p<0.05; two-tailed Student t-test).

doi:10.1371/journal.pone.0016081.g004

Moreover miRNA expression profiling has further applications in
novel anti-fibrosis therapy in CH.

Materials and Methods

Sample preparation

105 liver tissucs samples from chronic hepatitis C patients
(genotype 1b) were obtained by fine needle biopsy (Table S1).
METAVIR fibrosis stages were FO in 7 patients, F1 in 57, F2 in 24
and F3 in 17. Patients with autoimmune hepatitis or alcoholic liver
mjury were excluded. None of the patients were positive for hepatitis
B virus associated antigen/ antibody or anti human immunodefi-
ciency virus antibody. No patient received interferon therapy or
immunomodulatory therapy prior to the enrollment in this study. We
also obtained normal liver tissue from the Liver Transplantation Unit
of Kyoto University. All of the patients or their guardians provided
written informed consent, and Kyoto University Graduate School
and Faculty of Medicine’s Ethics Committee approved all aspects of
this study in accordance with the Helsinki Declaration.

RNA preparation and miRNA microarray

Total RNA from cell lines or tissue samples was prepared using
a mirVana miRNA extraction Kit (Ambion, Austin, TX, USA)
according to the manufacturer’s instruction. miRNA microarrays
were manufactured by Agilent Technologies (Santa Clara, CA,
USA) and 100 ng of total RNA was labeled and hybridized using
the Human microRNA Microarray Kit protocol for use with
Agilent microRNA microarrays Version 1.5 and Mouse micro-
RNA Microarray Kit protocol for use with Agilent microRNA
microarrays Version 1.0. Hybridization signals were detected with
a DNA microarray scanner G2505B (Agilent Technologies) and

'@ PLoS ONE | www.plosone.org

the scanned images were analyzed using Agilent feature extraction
software (v9.5.3.1). Data were analyzed using GeneSpring GX
7.3.1 software (Agilent Technologies) and normalized as follows: (i)
Values below 0.01 were set to 0.01. (i) In order to compare
between one-color expression profile, cach measurement was
divided by the 75th percentile of all measurements from the same
species. The data presented in this manuscript have been
deposited in NCBT’s Gene Expression Omnibus and arc accessible
through GEO Series accession number GSE16922 (human) and
accession number GSE19865 (mouse).

Real-time qPCR for human miRNA

For detection of the miRNA level by real-time qPCR, TaqMan®
microRNA assay {Applicd Biosystemns) was used to quantify the
relative expression level of miR-199a (assay ID. 002304), miR-
199a* (assay ID. 000499), miR-200a (assay ID. 000502), miR-200b
(assay ID. 002251), and U18 (assay ID. 001204) was used as an
internal control. cDNA was synthesized using the Tagman miRNA
RT Kit (Applied Biosystems). Total RNA (10 ng/ml} in 3ml of
nuclease free water was added to 3 ml ol 5x RT primer, 10x 1.5ul
of reverse transcriptase buffer, 0.15 pl of 100 mM dNTP, 0.19 plof
RNase inhibitor, 4.16 pl of nuclease free water, and 50U of reverse
transcriptase in a total volume of 15 pl. The reaction was performed
for 30 min at 16°C, 30 min at 42°C, and 5 min at 85°C. All
reactions were run in triplicate. Chromo 4 detector (BIO-RAD) was
used to detect miRNA expression.

Animal and Chronic Mouse Liver Injury Model

Fach 5 adult (8-week-old) male C57BL/6] mice were given a
biweekly intra-peritoneal dose of a 10% solution of C:CI.y in olive
oil (0.02 ml/g/ mouse) for the first 4 weeks and then once a week
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for the next 4 weeks. At week 4, 6 or 8, the mice were sacrificed.
Partial livers were fixed, embedded in paraffin, and processed for
histology. Serial liver scctions were stained with hematoxylin-
cosin, Azan staining, Silver (Ag) staining, and Elastica van Gieson
(EVG) staining, respectively. Total RNA from mice liver tissue was
prepared as described previously. All animal procedures concern-
ing the analysis of liver injury were performed in following the
guidelines of the Kyoto University Animal Rescarch Committee
and were approved by the Ethical Committee of the Faculty of
Medicine, Kyoto University.

Cell lines and Cell preparation

The human stellate cell lines LX-2, was provided by Scott L.
Triedman. LX-2 cells, which viable in serum free media and have
high transfectability, were established from human HSC lines [26].
1X-2 cells were maintained in D-MEM (Invitrogen, Carlshad, CA,
USA) with 10% fetal bovine serum, plated in 60 mm diameter
dishes and cultured to 70% confluence. Huh-7 and Hela cells were
also maintained in D-MEM with 10% fetal bovine serum. HuS-E/2
immortalized hepatocytes were cultured as described previously
[27]. LX-2 cells were then cultured in D-MEM without serum with
0.2% BSA for 48 hours prior to TGFB1 (Sigma-Aldrich, Suflolk,
UK) treatment (2.5 ng/ml for 20 hours). Control cells were
cultured in D-MEM without fetal bovine serum.

miRNA transfection

LX-2 cells were plated in G-well plates the day before
transfection and grown to 70% confluence. Cells were transfected
with 50 pmol of Silencer® negative control siRNA (Ambion) or
double-stranded mature miRNA (Hokkaido System Science,
Sapporo, Japan) using lipofectamine RNAIMAX  (Invitrogen).
Cells were harvested 2 days after transfection.

Real-time qPCR

cDNA was synthesized using the Transcriptor High Fiderity
cDNA synthesis Kit (Roche, Basel, Switzerland). Total RNA (2 pg)
in 10.4 pl of nuclease free water was added to 1l of 50mM
random hexamer. The denaturing reaction was performed for
10min at 65°C. The denatured RNA mixture was added to 4 pl of
5% reverse transcriptase buffer, 2 ul of 10 mM dNTP, 0.5 ul of
40U/ul RNase inhibitor, and 1.1 pl of reverse transcriptase
(FastStart Universal SYBR Green Master (Roche) in a total volume
0f 20 pl. The reaction ran for 30 min at 50°C (cDNA synthesis), and
five min at 85°C (enzyme denaturation). All reactions were run in
triplicate. Chromo 4 detector (BIO-RAD, Hercules, CA, USA) was
used to detect mRNA expression. The primer sequences arc follows;
MMP13 5; 5'-gaggctecgagaaatgeagt-3', as; 3’ -atgecalcgtgaagietggl-
3', TIMPI s; 5'-ctiggetictgeactgatgg-3', as; 5'-acgelggtataaggtggtet-
8', al-procollagen s; 53'-aacatgaccaaaaaccaaaaglg-3’, as; 5'-catt-
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gtiteetgigletictgg-3’, and P-actin s; 5'-ccactggeategtgatggac-3', as;
5'-tcattgecaatggigatgacct-3'. Assays were performed in triplicate,
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Statistical analyses

Statistical analyscs were performed using Student’s ttest; p
values less than 0.05 were considered statistically significant.
Microarray data were also statistically analyzed using Welch’s test
and Bonferroni correction for multiple hypotheses testing.
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Helicobacter pylori-induced activation-induced cytidine
deaminase expression and carcinogenesis
Hiroyuki Marusawa and Tsutomu Chiba

Tumorigenesis is a multistep process in which the
accumulation of genetic alterations drives the transformation of
normal cells into malignant derivatives. Activation-induced
cytidine deaminase (AID) contributes to immune system
diversity by inducing somatic hypermutations and class-switch
recombinations of human immunoglobulin genes. The
mutagenic activity of AID, however, can also induce genetic
changes in various genes and may lead to the development of
cancer. Helicobacter pylori, a class 1 carcinogen for human
gastric cancer, affects AID expression by two different
mechanisms, introduction of bacterial virulence factors into
host cells and induction of inflammatory responses, thereby
contributing to the accumulation of mutations in tumor-related
genes. Aberrant AID activity may therefore be a novel link
between infection and carcinogenesis.

Address

Department of Gastroenterology and Hepatology, Graduate School of
Medicine, Kyote University, 564 Kawara-cho, Shogoin, Sakyo-ku, Kyoto
606-8507, Japan

Corresponding author: Marusawa, Hiroyuki (maru@kuhp.kyoto-u.ac.jp)

Introduction

Helicobacter pylori (H. pylori) is a gram-ncgative, spiral-
shaped bacterium colonized in human populations for
more than 58,000 years [1]. H. pylori infection is involved
in the development of several human discases, including
gastro-duodenal ulceers, gastric cancer, and mucosa-associ-
ated lymphoid tissue (MAL'T) lymphoma of the stomach.
H. pylori strains exhibit a high level of genetic diversity,
and a striking difference among strains is the presence or
absence of a 40-kb DNA scgment, termed the cag patho-
genicity island (PAI). The risk for developing H. pylori
infection-mediated gastric disorders is closcly associated
with the strain [2]. The risk of developing gastric cancer is
higher in patients infected with cagPAl-positive H. pylori
compared with cagPAl-ncgative H. pylori [3,4], but how
H. pylori infection contributes to gastric carcinogencsis

remained unknown. Genetic changes in tumor-related
gencs are essential in the malignant transformation that
leads to cancer cell development. How the intra-gastric
residential bacteria induce the genetic changes required
for tumorigenesis in host gastric epithelial cells is unclear,
since the extracellular habitant A. pylori cannot dircetly
access host genomic DNA located in the nucleus of
gastric epithelial cells. Recent studies, however, revealed
that cagPAl-positive H. pylori manipulates the host
nuclcotide editing cnzymes to induce mutagenesis in
human DNA scquences of the gastric epithelium [5].

Novel mechanism of active mutagenesis

achieved by nucleotide editing enzymes

Genetic changes in tumor-related genes are essential for
malignant transformation in cancer cell development.
Mechanisms that account for genetic changes required
for tumorigencsis arc unknown, except for defects in the
DNA repair system that are observed in certain human
cancers. Several enzymes that induce nucleotide altera-
tions were recently identificd, providing a new avenuc for
understanding the mutagenesis mechanism. The apoli-
poprotein B mRNA editing enzyme catalytic polypeptide
(APOBECQC) family comprises nucleotide editing enzymes
that insert nucleotide alterations in target DNA or RNA
through cytidine deamination [6]. The human APOBEC
family consists of APOBECt, APOBEC2, APOBEC3A,
APOBEC3B, APOBEC3C, APOBEC3DE, APOBEC3F,
APOBEC3G, APOBEC3H, APOBEC4, and activation-
induced cytidine deaminase (AID), and contributes to
producing various favorable physiologic outcomes by
modifying target gene scquences. For example, APO-
BECI participates in lipid metabolism through deaminat-
ing a specific eytidine to uridine in the Apo-B mRNA,
resulting in the formation of a termination codon, which
leads to the production of a half-length genomically
encoded Apo-B100. APOBEC3G is an anti-viral molecule
that induces hypermutation in viral DNA sequences and
acts as a host defense factor against viruses such as HIV-1.
Although the majority of APOBEC family members
exhibit mutagenic activity against human RNA or
exogenous viral genomes, only AID has the ability
induce nucleotide alterations and double-strand DNA
breaks in human genomic sequences. Under physiologic
condirtions, AID is expressed in germinal center B cells
and induces somatic hypermuration and class-switch
recombination of immunoglobulin genes, thercby ampli-
fying immune system diversity [7]. In sharp contrast to
the favorable role of AID in the immune system, exces-
sive AID activity might affect non-immunoglobulin
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genes, including tumor-related genes in non-lymphoid
cells [8].

CagPAl-positive H. pylori induces aberrant
AID expression in gastric epithelial cells

AID can alter host genomic information, but there are
safeguard mechanisms that restrict its potential tumori-
genic activity, including post-transcriptional regulation
by microRNA [9,10,11°], post-translational modification
by protein phosphorylation or ubuiquitination [12-14],
and regulation of subcellular localization [15-18]. Restric-
tion of AID expression is also an important regulatory
system that minimizes the aberrant mutagenic activity of
AID. AID gene transcription is restricted mainly to acti-
vated germinal center B lymphocytes where editing of
the immunoglobulin gene is required [19,20], while AID
expression is not detected in normal epithelial cells under
physiologic conditions. How then is AID expressed in
epithelial cells under pathologic conditions, especially
where the tumorigenic risk is unusually high? Strikingly,
endogenous AID is expressed in the epithelial cells of
H. pylori-infected stomach. Gastric  epithelial  cells
and some infiltrating lymphocytes arc immunoreactive
for AID protein expression in the majority of chronic
gastritis tissues infected with cagPAl-positive H. pylori

Figure 1
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[21]. Moreover, eradication of H. pylori infection by
antibiotics substantially decreases AID protein expres-
sion in gastric mucosa. These findings suggest that cag-
PAl-positive H. pylori somechow upregulates AID protein
in the gastric epithelium of the infected host.

CagPAl contain approximately 30 putative genes encod-
ing various bacterial proteins such as cytotoxin-associated
gene A (cagA) [22]. CagPAl-positive H. pylori introduces
several bacterial virulence factors into gastric epithelial
cells through a type-IV sccretion apparatus, and cagPAl-
positive H. pylori-derived peptidoglycans introduced into
the host cells have been shown to be responsible for
activating the transcription factor NF-xB [23]. The AID
promoter region also includes sites for several transcrip-
tion factors, such as NF-kB, STAT6, HoxC4, Sp1, Sp3,
and Pax5 [24-27], and AID expression in B lymphocytes
is induced in response to NF-«kB activation through CD40
ligand signaling [28]. Together, these findings suggest
that cagPAl-positive H. py/ori induces AID expression via
NF-«B activation by introducing bacterial virulence fac-
tors, and that the proinflammatory response caused by H.
pylori infection also triggers AID cxpression via the acti-
vation of NF-kB in gastric epithelium, because proin-
flammatory cytokines such as tumor necrosis factor

Bacterial

Gastric
cancer
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(TNF)-a and IL-18 can induce NI-kB activation in
various types of cells. These hypotheses are supported
by in vitro analyses showing that AID cxpression is
induced in response to cagPAl-positive H. pylori infection
or stimulation with the proinflammatory cytokine TNEF-a
via NF-kB signaling in cultured human gastric epithelial
cells [21]. Based on the clinical course of H. pylori-
infected individuals, both bacterial factors that are intro-
duced into epithelial cells and the inflammatory response
against H. pylori infection would be responsible for aber-
rant AID cxpression in gastric cpithelium (Figure 1),
and the direct action of the bacterial virulence factors
contributes to activate AID in the early stage of H. pylori
infection when the number of bacteria is high. In the late
phase of chronic gastritis, when gastric atrophy has pro-
gressed and the number of H. pylori is decreased,
the proinflammatory cytokine plays a central role in
causing the constitutive expression of AID in gastric
epithelial cells.

AID induces DNA mutations in tumor-related
genes in gastric epithelial cells

The target of AID-mediated genotoxic cffects is not
restricted to immunoglobulin genes and several non-
immunoglobulin genes are also targeted by AID in

Figure 2

Iymphocytes. Approximatcly 25% of expressed non-
immunoglobulin genes analyzed, including Bel6 and
Cd83, accumulated AID-mediated mutations in germinal
B cells [29%°]. Morcover, AID produces double-strand
DNA breaks throughout the genome, including c-wycin B
cells [30,31°]. The impact of AID expression in non-
lymphoid gastrointestinal epithelial cells was clarified
using mousc model with constitutive and ubiquitous
AID  cexpression. AID  transgenic mice accumulated
somatic mutations in various tumor-related genes and
developed tumors in both lymphoid and non-lymphoid
tissues [32,33]. The tumors developed in the epithelial
organs of AID transgenic mice included lung, liver, and
gastric cancers.

The findings that AID mutagenic activity results in
stomach cancer led us to speculate that H. pylori in-
fection in association with aberrant AID expression
contributes to human carcinogenesis via the accumu-
lation of genetic alterations in gastric epithelial cells
[21). In in vitro-cultured gastric epithelial cells, cagPAI-
positive H. pylori infection led to somatic mutations in
the tumor-suppressor 7P53 gene. The number of
nucleotide alterations observed in AH. pylori-infected
cells was significantly reduced by knockdown of

Proinflammatory
cytokines
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Helicobacter pyiori infection triggers AID expression in gastric epithelial cells via two distinct pathways. AID acts as a cytidine deaminase that is
capable of inducing nucleotide alterations in human DNA sequences. Under physiologic conditions, no AID expression is detectable in normal gastric
epithelium. Helicobacter pylori (H. pylori) infection, however, can induce AID expression in gastric epithelial cells via two distinct pathways. CagPAI-
positive H. pylori strains possess type-IV machinery and can inject bacterial virulence factors into gastric epithelial cells, leading to the activation of the
host transcriptional factor NF-kB. The host inflammatory response triggered by H. pylori infection also activates NF-kB in gastric epithelium. As a
result, AID is transcriptionally upregulated in gastric epithelial cells, and can contribute to the production of unfavorable genetic changes in tumor-
related genes, leading to gastric carcinogenesis.

www.sciencedirect.com Current Opinion in Immunoclogy 2010, 22:442-447

AID links inflammation and infection to cancer development in various gastrointestinal tissues. This figure is a model depicting the role of AID in the
development of human cancers. Normal epithetlial cells lack endogenous AID expression under physiologic conditions, Helicobacter pylori (H. pylori)
infection and the resultant inflammatory stimulation, however, trigger aberrant AID expression in gastric epithelial cells. Similarly, hepatitis C virus
infection and the resultant constitutive inflammation lead to AID expression in hepatocytes. In addition to proinflammatory cytckines, Th2 cytokine
plays a role in the enhanced expression of AID in colonic epithelium. Constitutive AID activation in these epithelial cells results in the accumulation of
somatic mutations in various target genes. If crucial nucleotide changes in the tumor-refated genes are induced by AID activity, the resultant cells can
acquire the transformation, leading to cancer development. .
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endogenous AID, indicating that the somatic mutations
in the 7P53 gene in cells infected with cagPAl-positive
H. pylori were due to the induction of endogenous AID
expression in gastric cells. In wild-type mice, oral in-
fection with cagPAl-positive H. pylori upregulated AID
protein expression. Morcover, nucleotide alterations
emerge in the 7P53 gene in stomach tissues after oral
H. pylori infection in wild-type mice. These findings
strongly suggest that H. py/osi infection causes accumu-
lation of somatic mutations in tumor-related gences such
as P53 through aberrant upregulation of AID in gastric
cpithelial cells.

H. pylori-associated lymphoid tumorigenesis
and AID expression

Low-grade lymphomas originating from MALT develop
in the stomach, salivary and thyroid glands, bronchi, and
small intestine, and are classified as MAL'T lymphoma
[34,35]. The acquisition of MAL'T is induced before the
development of lymphoma as a responsce to a persistent
antigenic stimulation [36]. The development of gastric
MALT lymphoma, a representative gastric lymphoma, is
strongly associated with H. pylori infection [37]. The
scroprevalence of A. pylori is higher in patients with
gastric MALT lymphomas than in control patients with-
out MAL'T lymphoma [38], and cradication of H. pylori
leads to complete regression of the lymphoma in nearly
80% of patients with carly-stage discase [39,40]. On the
contrary, several studies have aimed to clarify the role of
AID in the development of MAL'T lymphoma, because
AID is required for the development of germinal center-
derived non-Hodgkin’s lymphomas {41,42°]. AID
mRNA was, however, expressed in only some extranodal
marginal zone B-cell MAL/T lymphomas [41]. More
recent studics demonstrate that neoplastic marginal zone
B cells did not express detectable AID, whereas AID
expression was confined to reactive areas within MAL'T
lymphomas [43,44]. In addition to the low frequency of
AID upregulation in MALT lymphoma tissues, it
remains unknown whether H. pyfori infection enhances
the aberrant mutagenic activity of AID in gastric B cells.
Further analyses arc required to determine the role of
AID in the development of H. pylori-associated MAL'T
lymphomas.

Conclusions

The discovery of AID was a seminal finding that greatly
advanced our understanding of the molecular mechan-
isms involved in immunoglobulin diversification [45].
Now, AID is central to our understanding of how inflam-
mation and infection underlic the genetic alterations
required for carcinogenesis in epithelial cells [46].
Indeed, proinflammatory cytokine induction of AID
expression via the NF-kB pathway is not limited to gastric
epithelial cells. AID expression is mediated by the
inflammatory response in a varicty of cpithelial cells,
including human hepatocytes [47,48"], and biliary [49]

and colonic epithelial cells {50°]. Aberrant AID expres-
sion in these gastrointestinal organs results in somatic
mutations in various tumor-related genes. Thus, AID may
have a central role in genetic susceptibility to mutagen-
csis, which lcads to cancers in these gastrointestinal
tissucs upon exposure to certain inflammation or infection
(Figure 2).

A characteristic of H. pylori-associated gastric cancer is
multicentric tumor development. Patients with a history
of H. pylori-related gastric cancer arc at high risk for
subsequent  development  of  gastric  cancers  [51],
suggesting that cach epithelial ccll of the H. pylori-
infected stomach possesses sufficient genetic damage
for malignant transformation. Efficient strategies to
restrict aberrant AID activity might help to prevent
carcinogenesis in gastric epithelial cells inflamed by H.
pylori infection.
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Individualized Extension of Pegylated Interferon Plus
Ribavirin Therapy for Recurrent Hepatitis C Genotype
1b After Living-Donor Liver Transplantation

Yoshihide Ueda," Yasutsugu Takada,” Hiroyuki Marusawa," Hiroto Egawa,” Shinji Uemoto,”
and Tsutomu Chiba'

Background, The efficacy of combination therapy with pegylated interferon and ribavirin for recurrent hepatitis C
genotype 1 after liver transplantation is limited. In this study, we designed an individualized treatment regimen with
pegylated interferon and ribavirin for recurrent hepatitis C based on individual viral responses.

Methods. Thirty-four patients with recurrent hepatitis C genotype 1b after living-donor liver transplantation received
combination therapy with pegylated interferon a-2b and ribavirin. Treatment was continued for an additional 12
months after serum hepatitis C virus (HCV) RNA became undetectable.

Results. Of the 34 patients, 18 became negative for serum HCV RNA within 12 months (range, 1.2-9.9 months;
median, 4.0 months). The treatment for the 18 patients was individualized by adding a further 12 months of treatment
after the disappearance of serum HCV RNA, resulting in treatment durations of 13.2 to 21.9 months (median, 16.0
months). Notably, 17 (94%) of the 18 patients who received the individualized extended treatment achieved sustained
virologic response (SVR), resulting in a 50% SVR rate. Six patients (18%) discontinued the treatment, but none of the
18 patients who received the extended protocol withdrew from the study.

Conclusions. Individualized extension of combination therapy with pegylated interferon and ribavirin for recurrent
hepatitis C after liver transplantation resulted in a high SVR rate and good tolerability.

Keywords: Hepatitis C, Liver transplantation, Extended treatment, Pegylated interferon, Ribavirin.

(Transplantation 2010;90: 661-665)

Hepatitis C virus (HCV) infection is the predominant
cause of cirrhosis and hepatocellular carcinoma in Ja-
pan, the United States, and western Europe. End-stage liver
disease caused by HCV infection is the main indication for
liver transplantation. However, almost all patients who re-
ceive liver transplantation for HCV-related liver disease de-
velop recurrent infection, and 70% to 90% of patients suffer
from histologically proven recurrent hepatitis (1-6). The
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progression of recurrent hepatitis C is often accelerated, and
without appropriate antiviral therapy, 10% to 25% of patients
develop cirrhosis within 5 years of transplantation, result-
ing in poorer prognosis for HCV-positive recipients than
for HCV-negative recipients (7). The median interval from
transplantation to cirrhosis is 10 years for transplant pa-
tients, compared with that of 20 to 40 years for nontrans-
plant patients (8).

To prevent the progression of hepatitis C after liver
transplantation, combination therapy with pegylated inter-
feron and ribavirin is commonly administered for 12 months
(9, 10). However, the efficacy of this combination therapy is
limited, especially for patients infected with HCV genotype 1.
A systematic review of studies on combination therapy with
pegylated interferon and ribavirin for recurrent hepatitis C
after liver transplantation showed that the mean sustained
virologic response (SVR) rate among patients infected with
HCV genotype 1 was only 28.7% (range, 12.5%-40%) (11).
In contrast, the mean end-of-treatment virologic response
was 42.2% (range, 17%-68%), indicating that virologic re-
lapse was a major cause of the low SVR rate. Therefore, it is
necessary to develop a new strategy for reducing the incidence
of relapse if the SVR rate is to be increased.

Recently, trials have been conducted to evaluate
whether the SVR rate in nontransplant patients with chronic

www.transplantjournal.com | 661
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hepatitis C genotype 1 can be improved by extending the
duration of treatment (12—-17). These trials indicated that ex-
tension of treatment from 48 to 72 weeks significantly
increased the SVR rate in patients with a delayed virologic
response. However, because the virologic response to the
treatment varies between patients, especially between trans-
plant recipients who frequently require dose reduction, it is
desirable to individualize the treatment regimen to achieve
SVR more efficiently.

In this study, we designed an individualized treat-
ment regimen in which combination therapy with pegy-
lated interferon a-2b and ribavirin was continued in
patients for an additional 12 months after serum HCV
RNA became undetectable, and the efficacy of this ex-
tended treatment in patients with recurrent hepatitis C
genotype 1b who had undergone living-donor liver trans-
plantation (LDLT) was evaluated.

EXPERIMENTAL PROCEDURES

Patients

Between February 2006 and February 2008, 40 patients
were evaluated for antiviral treatment after undergoing LDLT
for HCV-related liver diseases caused by HCV genotype 1b
infection at the Kyoto University, and 34 patients were diag-
nosed as having recurrent hepatitis C. Of the 34 patients, five
patients had previously been treated with interferon plus
ribavirin after liver transplantation and did not achieve an
SVR (18). Combination therapy with pegylated interferon
and ribavirin was administered to the 34 patients. Eligibility
criteria for the treatment were positivity for serum HCV RNA
and histologic evidence of recurrent hepatitis C. Patients
with a necroinflammatory activity classification of A2 or
greater or a fibrosis stage of F1 or greater (METAVIR score)
were treated. Exclusion criteria were a neutrophil count of
less than 750/uL, a platelet count of less than 40,000/uL, a
hemoglobin level of less than or equal to 9.0 g/dL, and renal
insufficiency (serum creatinine levels >2 mg/dL).

Treatment Protocol and Definition of Responses
to Treatment

The treatment protocol for patients with recurrent
hepatitis C after liver transplantation consisted of 1.5 ug/kg
of pegylated interferon a-2b once weekly plus ribavirin at an
oral dose of 600 mg/day (body weight <60 kg) or 800 mg/day
(body weight >60 kg). Patients who became negative for se-
rum HCV RNA within 12 months of initiation of the combi-
nation therapy were enrolled in the individualized treatment
protocol, which started when patients first became negative
for serum HCV RNA and ended 12 months thereafter. The
overall duration of treatment was defined as the sum of the
period that elapsed before disappearance of serum HCV RNA
plus 12 months for individualized treatment after the disappear-
ance of serum HCV RNA (e.g,, if serum HCV RNA became
negative after 3 months, the total treatment duration was 15
months). Patients who were negative for serum HCV RNA for
more than 6 months after completion of interferon therapy were
defined as showing an SVR. If serum HCV RNA was positive
after 12 months, the treatment protocol was discontinued and
the patient was classified as having shown no response.
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The dose of pegylated interferon was reduced to 0.75
pg/kg if the neutrophil count was less than 750/l or the
platelet count was less than 75,000/.L, and pegylated inter-
feron was discontinued if the neutrophil count was less than
500/pL or the platelet count was less than 50,000/pL. The
ribavirin dose was reduced to 400 mg/day if the hemoglobin
level was less than 10 g/dL and to 200 mg/day if the hemoglo-
bin level was less than 9 g/dL. Ribavirin was discontinued if
the hemoglobin level wasless than 8 g/dL. Granulocyte colony-
stimulating factor (lenograstim, 100 pg/week) was used for
neutrophil counts below 500/l and was continued until
values returned to more than 750/ L. Recombinant erythro-
poietin (epoetin beta, 6000 IU/week) was started if the hemo-
globin level was less than 8 g/dL and was continued until it
became more than 9 g/dL. Granulocyte colony-stimulating
factor was used for two patients, and erythropoietin was given
in four patients (Table 1).

Immunosuppression

The standard immunosuppression protocol consisted
of tacrolimus and low-dose steroid therapy (18). The lower
limit of the target for whole blood tacrolimus level was 10 to
15 ng/mL during the first 2 weeks, 10 ng/mL thereafter, and 5
to 8 ng/mL from the second month onward. Cyclosporine
microemulsion was administered instead of tacrolimus to in-
duce immunosuppression in four patients (Table 1). Steroid
therapy was initiated at a dose of 10 mg/kg before graft reper-
fusion and then tapered down from 1 mg/kg per day on the
first day to 0.3 mg/kg per day until the end of the first month,
followed by 0.1 mg/kg per day until the end of the third
month. Subsequently, steroid administration was termi-
nated. Mycophenolate mofetil was administered to patients
who experienced refractory rejection or required reduction of
the tacrolimus or cyclosporine dose because of adverse
events.

Virologic Assays and Histologic Assessment

HCV genotype was determined using a genotyping sys-
tem based on polymerase chain reaction (PCR) of the core
region using genotype-specific PCR primers (19). Serum
HCV RNA load was evaluated once a month during treat-
ment and at 6 months of follow-up after treatment using PCR
and an Amplicor HCV assay (Cobas Amplicor HCV Monitor,
Roche Molecular Systems, Pleasanton, CA).

Liver biopsies were evaluated if a patient had liver en-
zyme levels greater than twice the normal upper limit or at
yearly intervals with informed consent. Necroinflammatory
activity (AO-A3) and fibrosis stage (FO-F4) were assessed
using the METAVIR score (20, 21).

Statistical Analysis

Characteristics of the patients were described and com-
pared between patients with an SVR and patients who did not
achieve an SVR (non-SVR). For continuous variables, medi-
ans and ranges are given, and the data were analyzed by the
Wilcoxon test. For categorical variables, counts are given, and
the data were analyzed by chi-square test. P<<0.05 was con-
sidered significant.
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TABLE 1. Characteristics of 34 patients treated with pegylated interferon and ribavirin after LDLT

Total (n=34) SVR (n=17) Non-SVR (n=17) P
Age (yr) 58 (21-68) 58 (21-68) 57 (50~66) 0.760"
Males/females 19/15 10/7 9/8 0.730"
Time since LDLT (mo) 8.0 (3.1-150.9) 7.8 (3.1-150.9) 9.0 (3.2-67.9) 0.760*
HCV RNA (kIU/mL) 4145 (387-5000<) 3230 (834-5000<C) 5000 (387~5000<) 0.099"
White blood cell count (per microliters) 5100 (1700-9900) 4900 (2200-8300) 5500 (1700-9900) 0.786"
Neutrophil (per microliters) 2520 (830-6230) 2630 (1240-6230) 2450 (830-3810) 0.204"
Hemoglobin (g/dL) 12.0 (9.2-16.4) 11.6 (9.7-16.4) 12.0 (9.2-14.8) 0.786"
Platelet (10*/pL) 23.8 (4.3-46.7) 23.9 (6.1-46.7) 20.6 (4.3-39.2) 0.274"
AST (IU/L) 78 (25-308) 79 (30-230) 68 (25-308) 0.973¢
ALT (IU/L) 65 (21-392) 64 (28-216) 66 (21-392) 0.812¢
ALP (1U/L) 446 (204-1583) 431 (204-1583) 468 (279-1533) 0.306"
v-GTP (1U/L) 99 (23-1282) 124 (23-425) 74 (27-1282) 0.413"
Bilirubin (mg/dL) 0.9 (0.4-2.6) 0.8 (0.7-1.7) 0.9 (0.4-2.6) 0.540"
METAVIR score
A0/1/2/3 0/19/13/2 0/9/711 0/10/6/1 0.937%
F0/1/2/3/4 3/24/7/0/0 0/14/3/0/0 3/10/4/0/0 0.149*
Immunosuppression 0.252%
Tacrolimus 14 6 8
Tacrolimus+MMF 13 7 6
Tacrolimus+ prednisolone 3 3 0
Cyclosporine 2 1 1
Cyclosporine+MMF 2 0 2
Trough level for tacrolimus (ng/mL) 6.1(2.2-10.9) 6.1(2.2-9.5) 6.2(3.3-10.9) 0.667¢
Dose modification of peginterferon 14 3 11 0.005"
Dose modification of ribavirin 27 11 16 0.034”
Use of G-CSF 2 0 2 0.145%
Use of erythropoietin 4 1 3 0.287"
Qualitative variables are shown in number; and quantitative variables are expressed as median (range).
“ Wilcoxon test.
" ¥ test.
AST, aspartate aminotr: ; ALT, alanine ferase; ALP, alkaline phosp! ¥-GTP, y-gh yl transpeptidase; MMF, miycophenol

mofetil; G-CSF, granulocyte colony-stimulating factor; LDLT, living-donor liver transplant; SVR, sustained virologic response.

RESULTS

Baseline Characteristics of Patients

We studied the baseline clinical and virologic charac-
teristics of the 34 patients before initiation of pegylated inter-
feron plus ribavirin therapy (Table 1). The median age of the
patients at the beginning of the therapy was 58 years (range,
21-68 years). The treatment started at a median of 8.0
months (range, 3.1-150.9 months) after liver transplanta-
tion. All patients were infected with HCV genotype 1b.
Median serum HCV RNA load was 4145 kIU/mL (range,
387-5000 kIU/mL), that is, most patients had an extremely
high viral load. Before treatment, all patients showed necro-
inflammatory activity greater than Al, and 31 patients (91%)
had a fibrosis score greater than F1 (METAVIR score).

Efficacy of Combination Therapy With Pegylated
Interferon and Ribavirin

We studied the outcomes of the combination therapy
given to 34 patients with recurrent hepatitis C genotype 1b
after LDLT (Fig. 1). Serum HCV RNA became undetectable
within 12 months in 18 patients (53%). The median interval

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

between the time at which treatment was initiated and the
time at which serum HCV RNA became undetectable was 4.0
months (range, 1.2-9.9 months). For these 18 patients, treat-
ment was continued for an additional 12 months after serum
HCV RNA became undetectable, resulting in a median treat-
ment duration of 16.0 months (range, 13.2-21.9 months).
Notably, 17 (94%) of these 18 patients achieved SVR. In 10
patients (29%), HCV RNA was detectable in the serum 12
months after the initiation of the treatment, and these pa-
tients were defined as having no response. For the 34 patients,
including six who discontinued treatment, the SVR rate was
50%. No significant difference in baseline characteristics be-
tween 17 patients who achieved an SVR and 17 patients who did
not achieve an SVR (non-SVR) was demonstrated (Table 1).
Liver biopsy was performed for 12 of the 34 patients,
including six with an SVR and six with anon-SVR, at 12 to 24
months after the initiation of the treatment. Median dura-
tions from initiation of treatment to liver biopsy were 15.6
months (range, 14.7-17.5 months) in SVR group and 18.1
months (range, 12.0-21.1 months) in non-SVR group. Ta-
ble 2 demonstrates the changes in histologic activity and fi-
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Pegylated interferon plus ribavirin therapy
for recurrent hepatitis C genotype 1b

after LDLT
n=34
Discontinued treatment
n=6
L.y | Biiary complication 2 m—pDiscontinuation
HCC recurrence 1
Worsening of liver function 1 6/34 (18%)
Neutropenia 1
M1
Detectable HCV RNA
| in serum at 12 months ==p-No response
n=10 10/34 (29%)
Undetectable HCV RNA in serum
within 12 months
n=18
¥
12 months treatment
after becoming
undetectable HCV RNA
Reappearance of HCV RNA
in serum > Relapse
n=1 1/34 (3%)
Undetectable HCV RNA in serum
at 6 months after the end of the treatment = SVR
n=17 17134 (50%)

FIGURE 1. Flow diagram showing the outcome of ex-
tended pegylated interferon plus ribavirin therapy for
patients with recurrent hepatitis C genotype 1b after living-
donor liver transplantation. HCC, hepatocellular carcinoma;
HAM, human T-lymphotropic virus (HTLV-1)-associated my-
elopathy; SVR, sustained virologic response.

TABLE 2. Numbers of the patients showing changes in
activity grade and fibrosis score (METAVIR score) at 12 to
24 months after the initiation of treatment

Activity Fibrosis
SVR Non-SVR SVR Non-SVR
(n=6) (n=6) (n=6) (n=6)
Improvement 3 4 1 0
No change 3 2 5 4
Worsening 0 0 0 2

SVR, sustained virologic response.

brosis of individual patients. Activity grade of all patients in
both the SVR group and the non-SVR group improved or
remained stable. Fibrosis stage was deteriorated in two of six
patients in the non-SVR group, whereas no patients with an
SVR showed worsening of fibrosis. There was no significant
difference in histologic changes of both activity grade
(P=0.558) and fibrosis stage (P=0.211) between the SVR and
non-SVR groups during the short-term follow-up.
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Safety and Tolerability

Six patients (18%) discontinued the treatment because
of biliary complications (n=2), recurrent hepatocellular car-
cinoma (n=1), worsening of liver function (n=1), neutrope-
nia (n=1), and human T-cell lymphotropic virus—associated
myelopathy (n=1). The patient who discontinued the treat-
ment because of worsening of liver function 9 months after
starting the treatment was diagnosed with chronic rejection
by liver biopsy 1 month after the discontinuation and died 2
months after the diagnosis. None of the 18 patients who re-
ceived the extended treatment withdrew from the study. For
the 28 patients who continued the treatment for 12 monthsor
more, modification of the pegylated interferon or ribavirin
dose was required in 22 patients (79%), reduction in the pe-
gylated interferon dose was required in eight (29%), and
reduction in the ribavirin dose was required in 21 (75%).
During the extended treatment of the 18 patients, the ribavi-
rin dose needed to be reduced for only three patients, and the
pegylated interferon dose did not need to be reduced for any
patient. Rate of the patients who required dose modifications
of pegylated interferon and ribavirin was significantly higher
in the non-SVR group than in the SVR group (Table 1).

DISCUSSION

In this study, an SVR rate of 50% was achieved using
individualized extension of combination therapy with pegy-
lated interferon a-2b and ribavirin for patients with recurrent
hepatitis C genotype 1b after LDLT. This SVR rate was higher
than that achieved in previous studies in which liver trans-
plant recipients were treated for 12 months (9-11). Notably,
only one patient relapsed in this study, indicating that indi-
vidualized extension of treatment reduces the relapse rate and
increases the SVR rate.

The virologic response during treatment is useful for
predicting whether SVR will be achieved. In both transplant
recipients and nontransplant patients, failure to achieve an
early virologic response (EVR) to combination therapy,
which was defined as a less than or equal to 2-log reduction in
(partial EVR) or the complete absence of serum HCV RNA
(complete EVR) at week 12 of therapy compared with the
baseline level, most accurately predicts that SVR will not be
achieved (11, 22). For nontransplant patients who do not
achieve complete EVR, treatment can be extended to 72
weeks instead of 48 weeks (13, 16, 17). In this study, complete
EVR was achieved in only six patients. For the other 12 pa-
tients with delayed virologic responses, we believed it was
desirable to extend the treatment to achieve SVR. However, it
seems unlikely that a uniform duration of treatment can be
defined, because virologic responses to combination therapy
vary between transplant recipients who require frequent dose
modifications and have high initial viral loads. In fact, in this
study, there was a considerable variation in the time required
for serum HCV RNA to become undetectable in different
patients. Of the 18 patients who received the extended treat-
ment, serum HCV RNA became undetectable within 12
weeks in six patients (33%), between 12 and 24 weeks in six
patients (33%), between 24 and 36 weeks in three patients
(17%), and after 36 weeks of treatment in three patients
(17%). Therefore, individualized extension of the treatment
would be the best strategy for these patients. The results of

© 2010 Lippincott Williams & Wilkins

individualized treatment of nontransplant patients with
chronic hepatitis C were recently reported (15). Treatment
for 44 weeks after serum HCV RNA became undetectable in
nontransplant patients with chronic hepatitis C genotype 1
resulted in a significantly higher SVR rate than that in 48
weeks of standard therapy. Although the optimum duration
of treatment for hepatitis C after liver transplantation is un-
known, individualized treatment based on the time required
for serum HCV RNA to become undetectable could help de-
fine the optimum duration.

Another issue involving antiviral therapy after trans-
plantation is the tolerability of pegylated interferon and riba-
virin. Dose reductions are frequent and drug discontinuation
rates are higher in transplant patients than in nontransplant
patients. In previous studies, 39% and 54% of patients re-
ceived reduced doses of pegylated interferon and ribavirin,
respectively, and the pooled weighted rate of treatment dis-
continuation was 26% (11). Therefore, treatment is often
limited by poor tolerability and the frequent need for dose
reductions and discontinuation (10, 11). In this study, 10 pa-
tients needed to discontinue treatment, but the reasons for
this were not directly associated with the treatmentin 9 of the
10 patients. All these patients were excluded within 12
months, showing that the extended protocol did not increase
the incidence of major adverse events. Dose modifications
were required for most patients, mainly because of cytopenia,
but complications caused by cytopenia were not observed.
Thus, the extended treatment did not affect the safety and
tolerability of the therapy in this study.

In conclusion, individualized extension of combina-
tion therapy with pegylated interferon «-2b and ribavirin
resulted in a high SVR rate and good tolerability. Further
studies with a large number of patients are required to deter-
mine the efficacy and safety of this extended treatment regi-
men for recurrent hepatitis C after liver transplantation.
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SUMMARY. Recurrent hepatitis C alter liver transplanta-
tion (HepC-LT) progresses faster than hepatitis C in
non-transplant scttings. Cholestasis has been suggested to
be one characteristic of HepC-LT related to the rapid
progression. We investigated the clinical features of bio-
chemical cholestasis, which we defined as high serum
concentrations of alkaline phosphatase and y-glutamyl
transpeptidase, in patients with recurrent hepatitis C after
living-donor liver transplantation. Eighty patients were
diagnosed with post-transplant recurrent hepatitis C after
exclusion of other actiologics of cholestasis by liver biopsy
and imaging. The clinical f{catures of biochemical chole-
stasis in the patients with HepC-LT, including histological
changes, the efficacy of interferon therapy and helper T-cell
(Th) subsets in the peripheral blood, were analysed. Fifty-
five of the 80 patients with HepC-L'T (69%) had evidence of
biochemical cholestasis. Progression of liver fibrosis Lo stage

F3 or F4 was significantly accelerated in patients with
biochemical cholestasis compared with patients without
cholestasis. The biochemical cholestasis in patients with
HepC-LT improved after interferon therapy in 22 of 39
patients (56%) who showed a virological response to the
therapy, suggesting that hepatitis C virus (HCV) caused the
biochemical cholestasis in these patients. Patients with
biochemical cholestasis who had a biochemical response to
interferon therapy showed an increased Thl responses in
peripheral blood. In conclusion, biochemical cholestasis is
the characteristic feature of HepC-LT and is related to
progression of liver fibrosis. An increased Th1 response is
associated with cholestasis caused by HCV after liver
transplantation.

Keywords: hepatitis C, cholestasis, living-donor liver trans-
plantation, Th1.

INTRODUCTION

Liver cirrhosis caused by hepatitis C virus (HCV) is the
leading indication for liver transplantation in many coun-
trics. However, almost all patients who receive liver trans-
plantation for HCV-related liver discase develop recurrent
infection, and 70-90% of paticnts experience histologically
proven recurrent hepatitis |1-6]. Progression of recurrent

Abbreviations: ALP, alkaline phosphatase; ALT, alanine amino-
transferase; CT, computerized tomography; ERCP, endoscopic
retrograde cholangiopancreatography: FCH, fibrosing cholestatic
hepatitis; y-GTP, y-glutamyl transpeptidase; HCV, hepatitis C virus;
HepC-LT, hepatitis C after liver transplantation; HepC-NT, hepatitis
C in non-transplant settings: LDLT, living-donor liver transplanta-
tion; MRCP, magnetic resonance cholangiopancreatography; PCR,
polymerase chain reaction; Th, helper T-cell; VR, virological
response.
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hepatitis C is often accelerated. and without appropriate
antiviral therapy, 10-25% of patients develop cirrhosis
within 5 years after transplantation, resuiting in poorer
prognosis for HCV-positive than HCV-negative recipients [7].
The median interval from transplantation to cirrhosis is
10 ycars compared with 20-40 years in non-transplant
patients [8].

The progression of recurrent hepatitis C infection after
liver transplantation (HepC-LT) is poorly understood.
Established factors associated with this progression and graft
survival alter liver transplantation are recipient-related
factors including age, sex. race and severity of illness before
transplantation, donor age, treatment of rejection, time to
recurrence, pre-transplant and early post-transplant HCV
load and cytomegalovirus infection [9.10}. Recently, Tacob
et al. [11] reported the presence of carly cholestasis as an
independent negative predictor of graft and patient survival
and for the development of HCV-related cirrhosis in
recipients with HCV,

In addition, a small number of patients with HCV infection
after liver transplantation show the unique clinical (eature
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known as fibrosing cholestatic hepatitis (FCH) [12-14]. FCH
is a progressive liver injury characterized by jaundice, high
serum concentrations of alkaline phosphatase (ALP) and
y-glutamy! transpeptidase (3-GTP), and very high serum
HCV RNA levels. FCH progresses rapidly and leads to the
development of cirrhosis and gralt [ailure, sometimes within
1 year alter liver transplantation. Histological findings arc
characterized by the presence of severe hepatocyte balloon-
ing, intrahepatic cholestasis, pericellular and portal fibrosis,
and ductular proliferation. Prognosis of FCH is poor, and
antiviral therapy after the diagnosis of FCH has been
reported not to improve the prognosis [15].

Even when patients do not have jaundice and intrahepatic
cholestasis is not apparent in liver histology. we often
encounter patients of HepC-LT with high serum concentra-
tions of ALP and y-GTP, which are enzymes associated with
cholestasis. Elevation of ALP and/or y-GTP in serum has
been called biochemical cholestasis [16,17]. The biochemical
cholestasis is rarely shown in the patients with hepatitis C in
non-transplant settings (HepC-NT) [18]. Thercfore, we
hypothesized that biochemical cholestasis is related to the
rapid progression of liver fibrosis in patients with HepC-LT.
Clarification of the clinical features of the biochemical
cholestasis may lead to the effective management for the
patients with HepC-LT.

In this study, we retrospectively analysed the clinical
features of biochemical cholestasis in the patients with HepC-
LT after living-donor liver transplantation (LDLT), including
the histological changes, the efficacy of interferon therapy
and helper T-cell (Th) subsets in the peripheral blood.

MATERIALS AND METHODS

Patients

Between March 1999 and December 2007, 141 patients with
HCV-related liver discases underwent LDLT at Kyoto Univer-
sity [19]. Of these, 100 patients had been [ollowed up for more
than 6 months after LDLT in our hospital. Combination
therapy with interferon and ribavirin (n = 40) [20] or
peginterferon and ribavirin (1 = 40) was given to 80 patients
with recurrent hepatitis C between January 2001 and April
2007. The remaining 20 patients did not receive anti-viral
therapy because of no histological recurrence of hepatitis Cin
the follow-up period. Eligibility [or treatment was positive
serum HCV RNA and histological evidence of recurrent
hepatitis C. Exclusion criteria were a neutrophil count lower
than 750/uL, a platelet count lower than 40 000/uL, a
haemoglobin level of 9.0 g/dL or lower, or renal insufficiency.
Other actiologics of increased alanine aminotransferase (ALT)
concentration, such as rejection and biliary obstruction, were
excluded by liver biopsy and imaging, including ultrasono-
graphy, computerized tomography (CT), endoscopic retro-
grade cholangiopancreatography (ERCP) and/or magnetic
resonance cholangiopancreatography (MRCP).

To provide a comparison group for thesc patients, we
evaluated 103 consecutive patients with HepC-NT who
received combination therapy with peginterferon plus riba-
virin at Kyolo University between January 2005 and April
2007. Eligibility for the treatment was positive serum HCV
RNA. Liver biopsy was not performed for most patients.

Treatment protocol

The basic treatment protocol between January 2001 and
April 2004 for patients with recurrent hepatitis C after liver
transplantation (HepC-LT) comprised three or six mega units
of interferon-e-2b three times a week plus ribavirin at 400-
800 mg/day orally for the lirst 6 months, followed by
interferon monotherapy for 6 months {20]. Combination
therapy with 1.5 pg/kg of peginterferon-a-2b plus ribavirin
at 400-800 mg/day orally was given between May 2004
and April 2007.

“”HﬂllTDSlllJlJl"l!SSiO)?

The standard immunosuppression protocol comprised
tacrolimus and low-dose steroid therapy. The target for
whole blood tacrolimus lower level was 10-15 ng/mL
during the first 2 weeks, 10 ng/ml. thereafter and 5-8 ng/
mL from the sccond month. Cyclosporine microemulsion
was administered instead of tacrolimus to induce immuno-
suppression in three patients. Steroid therapy was initiated
at a dose of 10 mg/kg before gralt reperfusion, and then
tapered down from 1 mg/kg/day on the first day to 0.3 mg/
kg/day until the end of the first month, followed by 0.1 mg/
kg/day to the end of the third month. After that, steroid
administration was terminated. Mycophenolate moletil or
mizoribine was added for patients who experienced refrac-
tory rejection or required reduction in the tacrolimus dose
because of adverse events.

Virological assays

The HCV genotype was determined by a genotyping system
based on polymerase chain reaction (PCR) of the core region
with genotype-specilic PCR primers [21]. Serum HCV RNA
load was evaluated by PCR using the Amplicor HCV assay
(Cobas Amplicor HCV Monitor, Roche Molecular Systems,
Pleasanton, CA, USA).

Thi1 and Th2 cell assay

Th1 and Th2 cell percentages were measured before inter-
feron therapy in 27 patients with recurrent HepC-LT, Th1l,
Th2 and ThO cells in the human peripheral blood T-cell
population were detected by intracellular cytokine staining
and {low cytometric analysis [22,23]. Peripheral blood cells
from patients were stimulated with phorbol myristate
acetate (10 ng/ml) and ionomycin (1 ug/mL) for 4 h in the
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presence of Brefeldin A (10 pg/ml; all from Sigma Chemical
Co, St Louis, MO, USA). Cells were harvested and stained
with  phycoerythrin  (PE)-cyanin-5-conjugated-anti-CD4
monoclonal antibody (Immunotech, Marseilles, France). The
cells were fixed with 1% paraformaldehyde, permeabilized
with FACS Permeabilizing Solution (Becton Dickinson, San
Jose, CA, USA), and stained with FITC-conjugated-anti-IFN-y
and PE-conjugated-anti-[1.-4 monoclonal antibodies (Becton
Dickinson). Cytokine-producing CD4-positive cells were
analysed on a FACS Calibur (BD Biosciences, San Jose, CA,
USA). The percentages of cells in the gate of IFN-y* -4~
cells (Th1), TFN-y” [L4* cells (Th2), IFN-y" 1L-4" cells
(double-positive ThO or ThO-DP) and IFNy™ T-4~ cells
(double-negative ThO or ThO-DN) were analysed.

Histological assessment

Liver biopsies were evaluated when patients showed an ALT
concentration more than twice the normal upper limit or at
yearly intervals with informed consent. Biopsy specimens
were cvaluated by a single pathologist (H.H.) with extensive
experience in the pathology of liver transplantation. Necro-
inflammatory activity (AO-A3) and [ibrosis stage (FO-I'4)
were assessed using the METAVIR score [24.25].

Statistical analysis

Baseline characteristics and Th subsets were recorded and
compared between discase types. For continuous variables
that were nearly symmetrically distributed, mean values and
standard deviations (SDs) are given, and these data were
analysed by (-test and one-way analysis of variance. For
non-normally distributed variables, medians and ranges are
given, and the data were analysed by the Wilcoxon and
Kruskal-Wallis tests. For categorical variables, counts arc
given, and the data analysed by chi-square test. The rates of
patients who showed a progression of fibrosis to stage I'3 or
F4 after initiation of the interferon therapy were estimated
using the Kaplan-Meier method and compared using log-
rank tests. A P value <0.05 was considered significant.

RESULTS

Biochemical cholestasis in patients with recurrent hepatitis
C after LDLT

Eighty patients were diagnosed with recurrent HepC-LT and
other aectiologies of liver injury were excluded by liver
histology and imaging. The blood concentration of ALP and
p-GTP, enzymes that reflect cholestasis, of the 80 patients
with HepC-LT was significantly higher than those of 103
patients with HepC-NT before interferon therapy. The
median ALP level was 485.5 TU/L (range 204-2977) in
HepC-LT patients, compared with 259 U/, (range
121-772) in the HepC-NT group (P < 0.001). The median
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y-GTP level was 148.5 TU/L (range 15-1827) in the HepC-
LT group, compared with 41 TU/L (range 12-399) in the
HepC-NT group (P < 0.001). We defined biochemical cho-
lestasis as an ALP concentration more than 1.2 times (more
than 431 IU/L) or a p-GTP concentration more than four
times (morc than 216 IU/L for men and 116 [U/L for
women) the upper limit of normal, because <10% ol the
patients in the HepC-NT group satisfied these criteria,
showing remarkable difference between the HepC-LT and
HepC-NT groups (Fig. 1). Of the 80 patients with HepC-LT,
48 patients (60%) had an ALP concentration more than 1.2
times the upper limit of normal, whereas only 5% ol the
HepC-NT group had a high ALP concentration. Thirty seven
patients with HepC-LT (46%) had a y-GTP concentration
more than four times the upper limit of normal, whereas 6%
of HepC-NT patients had a high y-GTP concentration. Taken
together, 69% of the patients with HepC-LT (55 patients)
showed either a high ALP concentration (>1.2 times nor-
mal) or high y-GTP concentration (>4 times normal),
whereas only 9% of the patients in the HepC-NT group had
high values for one of these variables. These data clearly
show that biochemical cholestasis is a characteristic of
HepC-LT.

The cause of the biochemical cholestasis in patients with
HepC-LT was examined again by imaging and liver histol-
ogy, retrospectively. Imaging by ultrasonography, CT, ERCP
or MRCP, or a combination, did not reveal any causes of
mechanical cholestasis, such as biliary obstruction. Analysis
of liver histology demonstrated intrahepatic cholestasis only
in 12 ol 55 patients (22%) with biochemical cholestasis and
in seven of 25 patients (28%) without cholestasis. The

go I HepC-LT
[ HepC-NT
6o

Percentage of patients
8
T

20
]
ALP 1-GTP ALP
>1.2times >4times >1.2times
and/or
GTP
>4 times

Fig. 1 Percentage of patients with biochemical cholestasis
delined as increased serum alkaline phosphatase (ALP)
concentration more than 1.2 times the upper limit of
normal and/or gamma-glutamyl transpeptidase (y-GTP)
more than four times the upper limit of normal in patients
with recurrent hepatitis C after liver transplantation
(HepC-LT) or those with hepatitis C in non-transplant
settings (HepC-NT).
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prevalence and extension of liver steatosis also did not differ
between patients with and without biochemical cholestasis.
Steatosis, defined as more than 5% of hepatocytes with fat
deposit on biopsy, was found in 22 of 55 patients (40%) with
biochemical cholestasis, and in 11 of 25 patients (44%)
without biochemical cholestasis. Thus, the major cause of
biochemical cholestasis could not be determined by imaging
or liver histology.

Progression of fibrosis in patients with biochemical
cholestasis

As already mentioned, 55 (69%) of the 80 patients with
HepC-LT showed biochemical cholestasis. These patients
were classified into the cholestasis (Ch) group, and the
remaining 25 patients (31%) were classified into the non-
cholestasis (non-Ch) group. To evaluate the progression ol
liver injury in the Ch and non-Ch groups, we analysed the
change in fibrosis stage by using the METAVIR score. The
baseline (ibrosis stages at diagnosis of recurrent hepatitis C
did not differ between the Ch and non-Ch groups. The mean
fibrosis stages were 0.95 in the Ch group (n = 55) and 1.06
in the non-Ch group (n = 25). We monitored the fibrosis
stage by liver biopsy after initiation of interferon therapy at
roughly yearly intervals. A liver biopsy was performed in 60
patients (75%) after the initiation of interferon therapy —
including 43 in the Ch group (78%) and 17 in the non-Ch
group (68%). The occurrence of ibrosis stage ¥3 or ¥4 in
these 60 patients was assessed using Kaplan—Meier analysis
(Fig. 2). No patient in the non-Ch group developed fibrosis
stage I3 or 4, whereas 12 patients (28%) in the Ch group
progressed Lo fibrosis stage F3 or F4 (P = 0.040, log-rank
test). These data indicate that biochemical cholestasis was
associated with the progression of fibrosis in the patients
with HepC-LT.

1.0+
w
=
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o5
73
3
504 Ch
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=3
£ 0.2
8
8 non-Ch
i 0.0 —— - - '
0 10 20 30 40
Time from the initiation of interferon therapy
{months)

Fig. 2 Kaplan-Meicer estimates of the rate of patients who
showed progression of fibrosis to stage F3 or F4 (METAVIR
score) after initiation of interferon therapy in patients with
cholestasis (Ch) and without (non-Ch).

Effect of interferon therapy on biochemical cholestasis

To clarily the clinical characteristics of biochemical chole-
stasis in the patients with HepC-LT, we analysed the efficacy
of interferon therapy in treating cholestasis (Fig. 3). Of the
55 Ch patients, 39 (71%) showed a virological response (VR)
after interferon therapy, which was defined as a decrease in
serum HCV RNA titre to <5 kIU/mL or a 2 log;, decrease.
On the other hand, of the 25 non-Ch patients, 14 (56%)
showed a VR following interferon therapy. When both ALP
and y-GTP concentrations decreased to the normal range or
to less than half of the concentration before interferon
therapy along with a reduced serum HCV RNA titre,
cholestasis was assumed to be caused by HCV; we defined
these patients as biochemical responders for cholestasis (Ch-
VR-BR). Twenty two of the 39 (56%) virological responders
with cholestasis satisfied these criteria and were classified
into the Ch-VR-BR group. The biochemical cholestasis in the
other 17 patients (44%) did notl improve after interferon
therapy despite a VR; these patients were classified into the
Ch-VR-non-BR group. The lack of improvement indicated
the presence of other mechanisms for development of
cholestasis, although the imaging and histology could not

Interferon therapy after LDLT
n=80

ALP > 1.2 times ALP < 1.2 times
and/or and
¥+GTP>4 times FGTP < 4 times
of the normal ranges of the normal ranges
n=>55 n=25

3

Cholestasis (Ch) Non-cholestasis
(non-Ch)

HCV-RNA
< 5 or 2log, decline
during the therapy

No responder Virological responder
with cholestasis with cholestasis
(Ch-NR) (Ch-VR)

1
ALP and y-GTP decrease
to normal range or
to less than half of those before therapy

for cholestasis for cholestasis
(Ch-VR-BR) (Ch-VR-non-BR)

Fig. 3 Flow diagram showing the classification of patients
with or without biochemical cholestasis, and the outcome of
interferon therapy in patients with recurrent hepatitis C
after liver transplantation. n = number of patients.
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identily these causes before interferon therapy. However,
after the initiation of interferon therapy, we found biliary
obstruction in five patients and chronic rejection in three
patients in the 17 patients with the Ch-VR-non-BR,
suggesting that these conditions had caused the biochemical
cholestasis. The causes of biochemical cholestasis in the
remaining nine patients were unknown. Conscquently, after
excluding those cight patients, more than half of the chole-
stasis in patients with Ch-VR (22 patients of 31 paticnts)
were interferon sensitive, indicating that cholestasis was
altributed to HCV infection in the 22 patients. Basced on the
presence of biochemical cholestasis. and the ecfficacy of
interferon therapy, we classified the patients as shown in
Fig. 3.

Increased Th1 responses in biochemical responders with
cholestasis

Next, helper T-cell (Th) subsets of the peripheral blood were
measured in the patients with HepC-LT by intracellular
cytokine staining and [low cytometry, because Th responsecs
are known to be an important factor lor the progression of
HepC-NT [26.27]. Peripheral blood cells were taken before
interferon therapy from 18 patients with Ch, including nine
patients with Ch-VR-BR, four with Ch-VR-non-BR and [ive
with Ch-NR. Nine patients without cholestasis (non-Ch)
were also analysed (Table 1). The percentage of Thl cells
and the Th1/Th2 ratio were significantly higher in the Ch
than the non-Ch group (P = 0.003, t-test, and P = 0,007,
Wilcoxon test respectively), suggesting that the increased
Th1 response was associated with the cholestasis in the
patients with HepC-LT. Then, to clarify the features of
VR-Ch-BR that characterize cholestatic hcpatitis caused
by HCV. we compared the Th subscts among the Ch-VR-BR,
Ch-VR-non-BR and non-Ch groups. As the Ch-NR group
consisted of both HCV-related cholestasis and HCV-unrelated
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cholestasis, we excluded the Ch-NR group from the analysis.
The percentage of Thl cells was significantly higher in the
Ch-VR-BR group than in Ch-VR-non-BR and non-Ch groups
(P = 0.001, onc-way analysis of variance). The percentage
of ThO-DN cells in the Ch-VR-BR group was significantly
lower than the other two groups (P = 0.004, Kruskal-Wallis
test), but the percentages of Th2 cells and ThO-DP did not
differ among the three groups, indicating pronounced dif-
ferentiation of ThO-DN cells into Th1 cells in the Ch-VR-BR
patients. Thus, this increased Thl response in cholestatic
patients with a biochemical response after interferon therapy
suggests that cholestasis caused by HCV is associated with
such a Th1 response.

DISCUSSION

In this study, we found that biochemical cholestasis, defined
as a high ALP or y-GTP concentration, was a characteristic
featurc of HepC-LT, and the biochemical cholestasis
improved after interferon therapy in more than half of the
patients. Differences of the clinical course between the
HepC-LT and HepC-NT groups have been well documented.
Rapid progression and poorer prognosis are well-known
characteristics of HepC-LT compared with HepC-NT [8].
However, the dillerences in bascline characteristics have not
been previously reported. Our data show that high ALP and/
or y-GTP concentration is a characteristic of HepC-LT that
distinguishes it from the HepC-NT setting. This may not be
surprising because several conditions related to transplan-
tation, such as drug use, acute cellular rejection, chronic
rejection, liver steatosis or biliary obstruction, result in
cholestasis after liver transplantation. We excluded these
conditions by liver histology and imaging, and then started
interferon therapy for hepatitis C. Interestingly, after inter-
feron therapy, the biochemical cholestasis improved in more
than hall of the patients in association with a reduction in

Table 1 Helper T-cell subscts in peripheral blood of patients with cholestasis (Ch) and without (non-Ch), and the three
subgroups in the Ch group; biochemical responders for cholestasis (VR-Ch-BR), biochemical non-responders for cholestasis
(VR-Ch-non-BR) in virological responders and virological non-responders (Ch-NR) before interferon therapy

Ch
Total Ch-VR-BR Ch-VR-non-BR Ch-NR Non-Ch
n=18) =9 (n=4) (n=75) n=9)

Thl (%)* 47.3%(13.1) 52.6%(11.9) 36.4 (11.6) 46.3 (12.6) 32.1 (6.5)

Th2 (%) 1.28 (0.79) 1.41 (0.99) 1.20 (0.22) 1.12 (0.75) 1.86 (0.88)

ThO-DP (%) 2.5 (0.7-14.9) 2.3 (0.7-14.9) 2.2 (1.6-2.5) 4.2 (2.4-7.6) 1.9 (0.8-7.4)

ThO-DN (%) 46.2 (24.0-70.9)  44.6" (24-59.3)
Th1/Th2* 38.9%(15.4-374)  38.8 (15.4-374)

62.3 (46-70.9)
25,3 (23.3-51.2) 42.6 (39.0-108.2) 16.9 (6.0-36.8)

41.2 (36.5-65.5) 60.9 (51.6-73.7)

ThO-DP, double-positive ThO; ThO-DN, doublg:-ncgalivc ThO. *Mean (standard deviation). TMedian (rangc). *Significantly
higher than the non-Ch group (P = 0.003). SSignificantly higher than the non-Ch group (P = 0.007). %Significantly higher
than the Ch-VR-non-BR and the non-Ch groups (P = 0.001). **Significantly lower than the Ch-VR-non-BR and the non-Ch

groups (P = 0.004).
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HCV RNA titre, whereas no virological non-responder
showed an improvement in biochemical cholestasis, indi-
cating that the biochemical cholestasis was caused by HCV
in many patients.

This study also demonstrated that the biochemical cho-
lestasis in the patients with HepC-LT is associated with the
progression of liver fibrosis. However, we still do not know
whether the biochemical cholestasis is related to FCH.
Fibrosis is accelerated in patients with biochemical chole-
stasis, but the liver histology in our patients did not show the
features of FCH. In the 80 patients with HepC-LT in this
study, only two (2.5%) were diagnosed as having IFCH by
liver histology. Both patients with FCH were in the Ch-NR
group. Previous reports showed 7-15% incidence [12-14] of
FCH in patients with HCV alter liver transplantation. The
lower incidence in our study might indicate that interferon
therapy has a role in inhibiting the progression to 'CH.

We found that biochemical cholestasis in patients with
HepC-LT is characterized by Thl predominance. We also
demonstrated that virological responders to interferon ther-
apy who showed improvement in cholestasis (Ch-VR-BR)
had a higher Th1 response than those without improvement
in cholestasis (Ch-VR-non-BR) or those without cholestasis
(non-Ch), suggesting that a Th1/Th2 profile is associated
with the pathophysiology of HCV-induced cholestasis after
liver transplantation. The host immune response plays a
critical role in both the control of HCV replication and liver
injury [26.27]. In particular, the CD4" T-cell responscs to
HCV play a key role in the outcome of the infection, and an
imbalance between Thl and Th2 cytokines has been sug-
gested as a [actor influencing the activity and progression of
hepatitis C {28--31]. Indeced, a correlation between dominant
Th1 responses and progression of chronic hepatitis C has
been reported [31], suggesting that the Th1 response plays
a role in accelerating the disease. Thus, the increased Th1
response in patients with cholestasis may be associated with
a more severe progression of fibrosis in patients with chole-
stasis than in those without after liver transplantation.
Although the precise mechanism is unknown at present, our
results indicate that the higher Th1 response may be a good
marker for determining the cause of cholestasis and
predicting the efficacy of interferon therapy in terms of
cholestasis for patients with recurrent HepC-LT. Patients
with a higher Th1/Th2 ratio may be good candidates for
receiving interferon therapy.

In conclusion, biochemical cholestasis is a characteristic
feature in patients with HepC-LT, which is associated with
progression of fibrosis. The improvement of biochemical
cholestasis following antiviral therapy appears to be impor-
tant in preventing this progression. An increased Thl
response to HCV may contribute to the pathophysiology of
cholestasis caused by HCV and the rapid progression of
HepC-LT. Thus. manipulation ol the T-cell response may be a
promising therapeutic approach for preventing progression
of HepC-LT.
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SUMMARY

RNA virus infection is recognized by the RIG-I-like
receptors RIG-1 and MDAS, which induce antiviral
responses including the production of type | inter-
ferons (IFNs) and proinflammatory cytokines. RIG-I
is regulated by Lys63-linked polyubiquitination, and
three E3 ubiquitin ligases, RNF125, TRIM25, and
Riplet, are reported to target RIG-1 for ubiquitination.
To examine the importance of Riplet in vivo, we
generated Riplet-deficient mice. Fibroblasts, macro-
phages, and conventional dendritic cells from Riplet-
deficient animals were defective for the production of
IFN and other cytokines in response to infection with
several RNA viruses. However, Riplet was dispens-
able for the production of IFN in response to B-DNA
and DNA virus infection. Riplet deficiency abolished
RIG-1 activation during RNA virus infection, and the
mutant mice were more susceptible to vesicular
stomatitis virus infection than wild-type mice. These
data indicate that Riplet is essential for regulating
RIG-I-mediated innate immune response against
RNA virus infection in vivo.

INTRODUCTION

RNA virus infection is initially recognized by RIG-I-like receptors,
RIG-1 and MDAS, which induce antiviral responses such as the
production of type [ interferons (IFNs} and proinflammatory
cytokines (Yoneyama and Fujita, 2009; Takeuchi and Akira,
2010). Analyses of RIG-I and MDAS knockout mice showed
that RIG-1 is essential for type | IFN production by mouse embry-
onic fibroblasts (MEFs), conventional dendritic cells (cDCs), and
macrophages (Mfs) in response to RNA viruses such as vesicular
stomatitis virus (VSV), influenza A virus (Fiu), hepatitis C virus
(HCV), Sendai virus (SeV), and Japanese encephalitis virus
(JEV). MDAS is critical in picornavirus infection (Kato et al.,
2006; Saito et al., 2007). However, in plasmacytoid DCs
(pDCs), loss of RIG-I has no effect on viral induction of IFNs,
and TLR7 and MyD88 are required for inducing immune
responses in these cells (Diebold et al., 2004; Kato et al., 2005;
Kumar et al., 2006; Sun et al., 2006).

RIG-1 consists of two N-terminal CARDs, a central DExD/H heli-
case domain, and a C-terminal repressor domain (CTD)
(Yoneyama et al., 2004). Before viral infection, CTD of RIG-|
suppresses N-terminal CARDs (Saito et al., 2007). When the
CTD of RIG-I recognizes the &' triphosphate-double-stranded
{ds) viral RNA, the conformation of the RIG-I protein changes,
and the N-terminal CARD triggers interaction with its downstream
partner [PS-1 (Hornung et al., 2006; Pichimair et al., 20086; Saito
et al., 2007; Cui et al., 2008; Takahasi et al., 2008; Rehwinkel
et al.,, 2010). IPS-1 contains an N-terminal CARD that interacts
with thetandem CARDs of RIG-l and a C-terminal transmembrane
domain that localizes it to the mitochondrial outer membrane
(Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu
et al,, 2005). IPS-1 activates TBK1 kinase, which mediates phos-
phorylation of IRF-3, leading to its dimerization and translocation
into the nucleus (Kumar et al., 2006; Sun et al., 2006). The IRF-3
dimers, NF-xB, and AP-1 transcription factors activate type |
IFN transcription (Honda et al., 2005). The secreted type | IFNs
activates the IFNAR, which leads to phosphorylation and nuclear
transiocation of STAT1 (Akira et al., 2006; Honda et al., 2006).

RIG-I is requlated by ubiquitination. Three E3 ubiquitin ligases,
RNF125, TRIM25, and Riplet, target RIG-1 (Arimoto et al., 2007;
Gack et al., 2007; Oshiumi et al., 2009). RNF125 functions as
a negative regulator for RIG-I signaling and mediates Lys48-
linked polyubiquitination of RIG-I, leading to protein degradation
by the proteasome (Arimoto et al., 2007). On the other hand,
TRIM25 and Riplet function as positive regulators for the
signaling. TRIM25 mediates Lys63-linked polyubiquitination at
Lys172 of RIG-l CARDs (Gack et al., 2007). Lys63-linked
polyubiquitination induces interaction between RIG-1 and IPS-1
CARDs, leading to the activation of signaling (Gack et al.,
2007, 2008). However, there are several reports that describe
other models. First, Zeng et al. developed an in vitro reconstitu-
tion system of the RIG-I pathway (Zeng et al., 2010). Using this
system, they showed that Lys172 of RIG-{ CARDs is required
for binding to the Lys63-linked polyubiquitin chain (Zeng et al.,
2010). They postulated that polyubiquitin binding and not ubiqui-
tin modification is required for RIG-| activation (Zeng et al., 2010).
in their model, unanchored polyubiquitin chains are responsible
for RIG-| activation. However, they did not rule out the possibility
that ubiquitination of some signaling proteins may contribute to
RIG-I activation (Zeng et al., 2010). Second, Fujita T and his
colleagues reported that residue 172 of mouse RIG-I is not Lys
but Gln and human RIG-| K172R mutant was normally activated
by SeV infection in RIG-1 KO MEFs (Shigemoto et al., 2009).
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The third ubiquitin ligase, Riplet, mediates Lys63-linked poly-
ubiquitination of RIG-I CTD and CARDs (Gao et al., 2009;
Oshiumi et al.,, 2009). This polyubiquitination promotes RIG-I
activation and its antiviral activity in human cells (Horner and
Gale, 2009; Nakhaei et al., 2009; Takeuchi and Akira, 2010;
Yoneyama and Fujita, 2010); however, in vivo evidence is absent.
Type ! IFNs are mainly produced by DCs or Mf in vivo, and RIG-I
is essential for type | IFN production in ¢cDC and Mf (Kato et al.,
2005; Sun et al., 2006; Kumagai et al., 2007). The role of Riplet
in these cells also has not yet been examined. Both TRIM25
and Riplet proteins mediate Lys63-linked polyubiquitination of
RIG-I, and thus Gao et al. suggested that Riplet may be
a complementary factor of TRIM25 for RIG-I activation (Gao
et al., 2009). Therefore, it is not known whether Riplet is essential
for RIG-| activation. To address these issues, we generated
Riplet knockout mice. Our analysis revealed that Riplet is essen-
tial for the RIG-| activation and innate immune responses against
viral infection in vivo.

RESULTS

Ubiquitous Expression of Riplet mRNA

First, we examined mouse Riplet mRNA expression by quantita-
tive PCR (gPCRY), and found it to be ubiquitously expressed in
various tissues, MEFs, bone marrow-derived DCs (BM-DCs),
and Mf (BM-Mf) (Figure 1A, left panel). Furthermore, we have
previously shown that human Riplet mRNA is expressed in
various tissues. When we examined the expression of Riplet
mRBNA in human DCs, it was observed in human DCs as in
HelLa cells (Figure 1A, right panel). These data indicate that Riplet
is expressed in various tissues and cells that are able to produce
type | IFNs.

Generation of Riplet-Deficient Mice

Previously, we have shown that Riplet is a positive regulator for
RiG-I-mediated signaling, and it mediates Lys63-linked polyubi-
quitination of RIG-I. However, the functional role of Riplet in vivo
remains unclear. To investigate the role of Riplet in vivo, we
generated Riplet-deficient (Riplet™") mice by homologous
recombination of embryonic stem cells (ESCs) (Figure 1B). We
confirmed the target disruption of Riplet without deletion outside
the targeted region (Figure 1C, and see Figures S1A and S1B
available online). Riplet mRNA expression was abolished in
Riplet™~ celis (Figures 1E and 1F), and the knockout of Riplet
did not affect the expression of other genes, such as RIG-I,
MDAS, IPS-1, TICAM-1, TLR3, and TRIM25, which are involved
in type | IFN production (Figure 1F). The mutant mice were
born at the Mendelian ratio from Riplet*”’” parents (Figure 1D),
and they developed and bred normally. These mice displayed
no apparent abnormalities up to 7 months of age. Mutations in
the human Riplet/RNF135 gene cause the overgrowth syndrome
(Douglas et al., 2007). We did not observe any overgrowth
phenotypes in Riplet” and Riplet ™'~ mice. Next, we examined
the composition of CD4-, CD8-, CD11¢-, and/or PDCA1-positive
cells in the spleen, and found no difference between wild-type
and Riplet™’~ mice (Figures S1C and S1D). Induction of cDC
from BM in the presence of GM-CSF was also normal in Riplet ™'~
mice (Figure S1E). Therefore, the mouse Riplet gene is dispens-
able for development.

Riplet”~ Embryonic Fibroblasts Are Defective in innate

[l Resp RNA Viruses

Riplet is a positive regulator for RiG-I-mediated signaling. In
mouse fibroblast, VSV and Flu are mainly recognized by RIG-
(Kato et al., 2006). Furthermore HCV 3'UTR RNA is also recog-
nized by RIG-I (Saito et al., 2008). Therefore, we first examined
the expression of type | IFNs, IFN-inducible gene IP-10, and
Cci6 in MEFs after HCV 3'UTR dsRNA transfection or infection
with VSV or Flu. The induction of mRNA of IFN-22, -8, IP-10,
and Ccl5 in response to VSV or Flu was abrogated in Riplet ™~
MEFs (Figures 2A-2D). In addition, transfection of low concen-
tration of HCV 3'UTR dsRNA (0.05-0.2 pg/well) also failed to up-
regulate IFN-¢.2, -B, and IFN-inducible genes in Riplet’/ " MEFs
(Figures 2A~-2D).

Single-stranded (ss) RNA, which is synthesized by T7 RNA
polymerase in vitro, induced lower IFN-B expression than
dsRNA (Figure S2A). The induction of IFN-B mRNA by HCV
3'UTR ssRNA was also abolished in Riplet ™~ MEFs (Figure $2A).
Although the induction of IFN-B mRNA in response to VSV infec-
tion was abrogated in Riplet "~ MEFs even at high (moi = 5) or low
multiplicities of infection (moi = 0.2 or 1), the induction of IFN-B
mRNA in response to high concentration of HCV dsRNA
(0.8 ng/well) was detected in Riplet ™/~ MEFs (Figures S2C-S2K).
Therefore, RIG-1 does not require Riplet function in the presence
of farge amounts of naked viral RNA in the cytoplasmic region.

Recently, Onoguchi et al. reported that type lll IFN, IFN-2,
induction was RIG-I dependent during viral infection (Onoguchi
et al., 2007). The induction of IFN-A mRNA in response to VSV
was also abrogated in Riplet '~ MEFs (Figure S2B).

Next, we examined type | IFNs or IL-6 levels in culture super-
natants after viral infection or HCV 3’UTR RNA transfection (low
concentration condition). The production of IFN-a,, -8, and IL-6 in
culture supernatants was abrogated in Riplet '~ MEF's (Figures
3A-3C). Next, we analyzed the contribution of Riplet to the
antiviral response. When MEFs were infected with VSV at various
mois, cytopathic effects (CPEs) were more severe in Riplet™~
than in wild-type MEFs (Figure 3D). These results demonstrate
that Riplet plays a critical role in the elimination of RNA virus
infection by induction of IFN responses.

Riplet Is Disp ble for the Prod
Induced by B-DNA and HSV-1 Infection
Cytoplasmic B-form double-stranded DNA (dsDNA) stimulates
the cells to induce type | IFNs and IFN-inducible genes (Ishii
et al., 2006). TBK1 is required for type | IFN induction by dsDNA
(Ishii et al., 2008). Although immortalized MEFs require RIG-! for
type | IFNs production by dsDNA stimulation, primary MEFs do
not require IPS-1, which is a RIG-I adaptor, for type | IFNs
production by dsDNA (Kumar et al., 2006; Chiu et al., 2009).
We examined the expression of IFN-B and IP-10 mRNA by
dsDNA stimulation in primary wild-type and Riplet”~ MEFs.
IFN-B and I1P-10 mRNA were detected in Riplet™’~ MEFs by
dsDNA transfection similar to that detected in wild-type MEFs
(Figures 4A and 4B).

Next, we examined IFN-B mRNA expression during infection
with DNA virus, HSV-1. Wild-type and Riplet™’~ MEFs were
infected with HSV-1, and IFN-B mRNA expression was examined
by RT-gPCR. IFN-$ expression in Riplet™~ MEFs was compa-
rable to that in wild-type MEFs (Figure 4C). Taken together, these

of Type | IFN
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data indicate that Riplet-dependent RIG-1 activation is dispens-
able for type | IFN and IFN-inducible genes mRNA expression by
cytoplasmic DNA in primary MEFs. This is consistent with
previous studies reporting that the IPS-1-dependent pathway
is dispensable for type | IFN production by cytoplasmic dsDNA
stimulation (Kumar et al., 2006).

Riplet Is Essential for Triggering the RIG-I Signaling
Pathway
We further examined the role of Riplet in RIG-lI-mediated
signaling during RNA virus infection. In RIG-I-mediated
signaling, induction of type | IFNs and proinflammatory cytokines
requires the activation of transcription factor IRF3. IRF3 is
phosphorylated by TBK1 and IKK-e. Phosphorylated IRF3
induces IFN-B gene expression. IFN-B produced subsequently
stimulates the JAK-STAT pathway to amplify the responses.
To determine the role of Riplet in signaling pathway activation,
we analyzed IRF3 and STAT1 activations after VSV infection in
Riplet™'~ MEFs. VSV-induced dimerization of IRF3 and VSV- or
Flu-induced pohsphorylation of STAT1 were abrogated in
Riplet™’~ MEFs (Figures 3E and 3F). These results demonstrate
that Riplet is essential for activating the transcription factors
that work early phase of RNA virus infection.

in the absence of viral infection, RIG-I CTD suppressed
N-terminal CARDs (Saito et al., 2007). After viral infection,
RIG-1 CTD binds to viral RNA, leading to conformational changes
(Saito et al., 2007). Later, RIG-I CARDs undergo TRIM25-medi-
ated polyubiquitination and associate with IPS-1 CARD
(Gack et al.,, 2007, 2008). When we tested the effect of Riplet
on RIG-1 activation, the full-length RIG-I protein with CTD failed
to activate the IFN-B promoter in Riplet™~ MEFs (Figure 5A);
however, promoter activation by the expression of RIG-I
CARDs without CTD was normal in Riplet '~ MEFs (Figure 5B).
These data indicate that Riplet is required for the activation of
full-length RIG-I, but not for the activation of RIG-I CARDs
without CTD. Next, we performed complementation assays.
Immortalized Riplet”~ MEFs were transfected with an empty-,
RIG-I-, or RIG-1-56KA mutant-expressing vector together with or
without Riplet-expressing vector. The RIG-I-5KA mutant harbors
mutations in five C-terminal Lys residues that are important for
Riplet-mediated ubiquitination (Oshiumi et al., 2009). In the
Riplet~'~ cell line, RIG-1 was not activated by HCV RNA stimula-
tion, and Riplet expression led to the activation of wild-type RIG-{
(Figure 5C). The deletion of the Riplet RING finger domain, which
is the catalytic domain of ubiquitin ligase, abolished RIG-I activa-
tion (Figure 5D). Unlike wild-type RIG-I, Riplet expression failed
to activate the RIG-I-5KA mutant protein (Figure 5C). The activa-
tions of wild-type and mutant RIG-I were correlated with its
polyubiquitination (Figure S3A). Although the RNA binding
activity was weakly reduced by the 5KA mutation, the pull-
down assay showed that RIG-I-5KA mutant bound to dsRNA

(Figure S38). Next, we examined ligand-independent RIG-I acti-
vation by overexpression of Riplet. Overexpression of Riplet in
HEK293 cells activated RIG-1 in the absence of RIG-I ligand,
such as viral RNA (Figure S3C). This ligand-independent
activation of RIG-1 by Riplet overexpression was also abolished
by the 5KA mutation (Figure S3C). In addition, we examined
the polyubiquitination of exogenously expressed RIG-I CTD frag-
ment. Polyubiquitination of RIG-1 CTD fragment was increased
by overexpression of Riplet (Figure 5M), and was reduced by
overexpression of the dominant-negative form of Riplet (Riplet
DN) (Figure 5N). Polyubiquitination of RIG- CTD fragment was
not detected in Riplet-deficient cells (R3T cells); however,
expression of Riplet led to polyubiquitination of RIG-I CTD frag-
ment (Figure 50). These data are consistent with our previous
report (Oshiumi et al., 2009). Taken together, these data indicate
that Riplet-dependent polyubiquitination of RIG-1is important for
RIG-! activation.

Previously, we showed that Riplet is not involved in MDA5-
mediated signaling. IFN-B promoter activation by MDAS overex-
pression was normal in Riplet ™~ MEFs (Figure 5E). Transfection
of poly(I:C), which is recognized by MDAS, induced IFN-B, IL-6,
and IP-10 expression in both wild-type and Riplet™'~ MEFs
(Figures 5F-5H). In addition, stimulation with lipopolysaccharide
{LPS), which is a TLR4 ligand, normally induced expression of
these cytokines in Riplet~ MEFs (Figures 5I-5K). Furthermore,
IL-6 production in culture medium in response to LPS was
normal in Riplet™~ MEFs (Figure 5L). Taken together, these
data indicate that Riplet is essential for the RIG-i-mediated
type | IFN or IL-6 production upon viral infection in nonprofes-
sional immune cells like fibroblasts, but is not required for
MDAGS- or TLR4-mediated signaling.

Riplet Is Required for Antiviral Innate Immune
Resp inC i I Dendritic Cells
and Macrophages
We examined whether Riplet is required for the induction of type |
IFN in DCs or Mf. DCs play a pivotal role in bridging innate and
adaptive immune responses, and can be classified into cDCs
and pDCs, the latter producing high levels of type | IFNs. Mfs
also produce type | IFN. We induced cDCs from BM cells in
the presence of GM-CSF (BM-DC). Twenty-four hours after
VSV or Flu infection, ¢cDCs of wild-type mice produced
IFN-2, -B, and IL-6 (Figures 6A-6F). In contrast, the cDCs of
Riplet™’~ mice showed severely impaired IFN-a, -8, or IL-6
production during VSV or Flu infection (Figures 6A-6F). When
the cDCs were stimulated with a TLR4 ligand, such as LPS,
IFN-B or IL-6 production in Riplet™ ¢cDCs was almost normal
(Figures S4A and S4B), indicating that Riplet is dispensable for
LPS-induced cytokine production in cDCs.

Then we tested M-CSF-induced BM-Mf. Wild-type Mf
produced IFN-a, -B, and IL-6 after VSV or Flu infection (Figures

(C) PCR of mouse tail. Genomic DNA was extracted from wild-type, Riplet*'~, or Riplet '~ mice tails and PCR was performed using primers shown in (B).
(D) Genotype analyses of offspring from heterozygote intercrosses. Chi-square goodness-ol-fit test indicated that deviation irom Mendelian ratio was not statis-

tically significant (p > 0.1).
(E) RT-PCR of MEFs. Total RNA from wild-type and Riplet '~ MEFs were

and subj to RT-PCR to ine Riplet mRNA

(F) Riplet, IPS-1 MDAS, RIG-I, TICAM-1, TLR3, and TRIM25 expression in MEFs. Total RNA from wild-type and Riplet '~ MEFs were extracted and subjected to
RT-qPCR to determine mRNA expression. Expression of the indicated gene mRNA was normalized to f-actin mRNA expression. Data are shown as means +SD

and are rep ive of three | it
See also Figure S1 and Table $1.

“NS" indicates no statistically significant difference between the two samples.
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Figure 2. i F 1o RNA Virus Infection in Riplet™ Fibrobl
Wild-type or Riplet '~ MEFs were infected with VSV or influenza A virus (Flu), and total RNA was extracted at the indicated times. Short HCV 3'UTR dsRNA was
transfected into wild-type or Riplet "~ MEFs, and total RNA after 24 hr. RNA was subj d to RT-qPCR to determine [FN- (A), IP10(B),
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of three independent experiments. “p < 0.05, **p < 0.01 (t test).
See also Figure S2 and Table S1.
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Figure 3. Role of Riplet in Antiviral Responses in Fibroblasts

(A-C) Wild-type or Riplet "/~ MEFs were infected with VSV or Flu or transfected with short HCV 3'UTR dsRNA, Amounts of IFN-«. (), -B (B), and IL-6 (C) in culture
supernatants were measured by ELISA after 24 hr. Data are shown as means +SD and are rep! ive of three ir i *p<0.05,"p<0.01
(t test).

(D) Wild-type or Riplet ~/~ MEFs were infected with VSV at the indicated moi, and after 36 hr MEFs were fixed with formaldehyde and stained with crystal violet.
(E) Wild-type or Riplet '~ MEFs were infected with VSV at moi = 5, and after 9 hr cell lysates were prepared and analyzed by native PAGE. IRF-3 proteins were
stained with anti-IRF3 antibody.

(F) Wild-type or Riplet ™'~ MEFs were infected with VSV or Flu at moi = 1, and after 20 hr celtlysates were prepared. The samples were analyzed by SDS-PAGE and
western blotting. They were stained with anti-STAT1, phospho-STAT1, or B-actin antibodies.
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Figure 4. Role of Riplet in Type | IFN Production Induced by Cyto-
plasmic dsDNA

(A and B) Wild-type and Riplet '~ MEFs were transfected with the indicated
amounts of dsDNA (Salomon sperm DNA) using the Lipofectamine 2000
reagent. Nine hours after the transfection, IFN-B (A) and IP-10 (B) mRNA
expression was determined by RT-qPCR. Data are shown as means +SD
and are representative of three independent experiments.

(C) Wild-type and Riplet '~ MEFs were infected with HSV-1 at moi = 4, and
IFN-B mRNA expression at the indicated times was examined by RT-gPCR.
Data are shown as means +SD and are representative of three independent
experiments.
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B6A-6F). Similar to cDCs, cytokine production was reduced in
Riplet knockout mice (Figures 6A-6F). Peritoneal Mf were
isolated from wild-type and Riplet™’~ mice. Knockout of Riplet
reduced type | IFN production from peritoneal Mfs during VSV
infection (Figures S4C and S4D).

We next generated Fit3L-induced DCs (FIt3L-DCs), which
contain pDCs. Akira and his colleagues previously showed that
the knockout of RIG-| or IPS-1 does not reduce type | IFN and
IL-6 production by Flt3L-DCs, because RIG-! is dispensable for
cytokine production in pDCs (Kato et al., 2005). The F3L-DCs
of Riplet™’~ mice produced normal amounts of IFN-a, -B, and
IL-6 during Flu infection (Figures 6A-6F). This is consistent with
the notion that Riplet is essential for the RIG-I-mediated type |
{FNs and IL-6 production. Although the IFN-u levels in the culture
mediumn after VSV infection were comparable with those in wild-
type and Riplet ™"~ mice, Fit3L-DCs of Riplet ™~ mice produced
less IL-6 compared with that produced by wild-type mice
through an unknown mechanism (Figure 6C).

Next, we examined type | IFN praduction during SeV infection.
SeV infection induced IFN- and -B productions from wild-type
BM-DC, and the knockout of Riplet reduced IFN-o and -8
productions from BM-DC (Figures S4E-S4J). Wild-type
FIt3L-DC produced IFN-z, after SeV infection, and the knockout
of Riplet did not reduce IFN- o production from Fit3L-DC (Figures
S4E-S44).

Riplet Is Essential for Antiviral Immune Defense In Vivo
To investigate the role of Riplet in antiviral responses in vivo,
wild-type and Riplet’~ mice were injected intraperitoneally
with wild-type VSV, and sera were collected to measure type |
IFN and IL-6 levels. IFN-2, -B, and IL-6 levels in sera were
markedly reduced in Riplet ™/~ mice compared to in wild-type
mice (Figures 7A and 7B, and Figure S5A). Next, wild-type and
Riplet™~ mice were intranasally infected with VSV, and type |
IFN levels in their sera were measured. At early time points,
IFN-o. and -p production was reduced in Riplet™~  mice
compared to wild-type mice (Figures 7C and 7D}); however,
cytokine levels were comparable at later time points (Figures
S$5B and S5C). Previously, Ishikawa et al. observed that the
knockout of STING gene, which is involved in RIG-I-dependent
signaling, leads to reduction of type | IFN at early time points
and relatively less reduction at later time points {Ishikawa and
Barber, 2008; Ishikawa et al., 2009).

To determine if Riplet deficiency affects the survival of mice
after VSV infection, the mice were intranasaily infected with
VSV, and their survival was monitored. Wild-type mice
survived VSV infection; however, Riplet ™/~ mice were suscep-
tible to VSV infection (Figure 7E). The viral titer in Ripfet™""
mice brains 7 days after infection was higher than in wild-type
mice (Figure 7F). These data indicate that Riplet plays a key
role in the host defenses against VSV infection in vivo, and
type | IFN production at early time points is important for host
defenses.

DISCUSSION
In this study, we presented genetic evidence that Riplet is indis-

pensable for antiviral responses in MEFs, BM-Mf, and BM-DCs,
but not in Fit3L-DCs. The celi-type-specific requirement of Riplet
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Figure 5. Role of Riplet in the RIG-I-Dependent Pathway

{A) Expression vector of full-length RiG- and reporter plasmids were transfected into wild-type or Riplet™~ MEFs with or without HCY 3'UTR short dsRNA, and
after 24 hr IFN-B promoter activation was examined by reporter gene assay. Data are shown as means =SD and are representative of three independent exper-
iments. "p < 0.05 (t test).
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is similar to that of RIG-I. Previously, we showed that Riplet binds
to RIG-| and mediates Lys63-linked polyubiquitination of RIG-
(Oshiumi et al., 2009). Genetic evidence in this study revealed
that Riplet function is essential for RIG-I-dependent type ! IFN
production. Knockout of Riplet reduced type | IFN production
in vivo during the early phase of VSV infection, and Riplet™
mice were susceptible to VSV infection. Taken together, our
results provide genetic evidence that Riplet is essential for
RIG-I-dependent antiviral immune response in vivo. Most
RIG-I~"~ embryos were lethal at embryonic days 12.5-14.0 in
some strain backgrounds (Kato et al., 2005). However, we could
not observe any developmental defect in Riplet knockout mice
as far as we examined.

Previously, Chen and his colleagues independently isolated
Riplet and named it REUL (Gao et al., 2009). They reported
that REUL/Riplet binds to RIG-I CARDs but not to CTD
(Gao et al., 2009). Furthermore, they reported that REUL/Riplet
mediates Lys63-linked polyubiquitination of Lys172 of RIG-I
CARDs in a manner similar to TRIM25 (Gack et al., 2007; Gao
et al., 2009). Although they did not show any expression profile
data for Riplet and TRIM25, they mentioned that TRIM25 and
Riplet have different distribution patterns, and thus hypothesized
that REUL/Riplet is a complementary factor of TRIM25 and is
required for RIG-I activation in cells that do not express
TRIM25 (Gao et al., 2009). However, our genetic evidence is
not consistent with their hypothesis, because Riplet is essential
for RIG-| activation in MEFs that express TRIM25. Previously,
Gack et al. showed that knockout of TRIM25 alone abolished
RIG-I activation in MEFs (Gack et al., 2007). Therefore, null muta-
tion in either Riplet or TRIM25 abolishes RIG-| activation. This
genetic evidence indicates that Riplet can mediate polyubiquiti-
nation of RIG-lI Lys residues that are not ubiquitinated by
TRIM25. This means that Riplet functions differently than
TRIM25 in RIG-] activation.

We isolated Riplet cDNA by yeast two-hybrid screening using
the C-terminal region of RIG-I (Oshiumi et al., 2009). Because
the yeast genome does not encode RIG-1, the interaction indi-
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cates the direct binding of Riplet to the RIG-I C-terminal region.
The interaction between RIG-I CTD and Riplet has also been
confirmed by immunoprecipitation assays in human cells
{Oshiumi et al., 2009). Moreover, we have shown that Riplet
expression leads to Lys63-linked polyubiquitination of RIG-I
CTD (Oshiumi et al., 2009). Recently, Zheng et al. showed that
RIG-I CARDs has the ability to bind to polyubiquitin chains
(Zeng et al., 2010). We have carefully detected Riplet-mediated
polyubiquitination of RIG-I C-terminal region without CARDs,
under high-salt conditions, in which many protein-protein
interactions were abolished (Oshiumi et al., 2009). Therefore,
we proposed the hypothesis that Riplet mediates Lys63-linked
polyubiquitination of RIG-{ CTD (Oshiumni et al., 2009). This model
can explain the genetic evidence that Riplet is essential for RIG-
activation in MEFs that express TRIM25. Gack et al. showed that
K172R mutation alone caused near-complete loss of ubiquitina-
tion of the human RIG-1 CARDs (Gack et al., 2007). Because
residue 172 of mouse RIG-I is not Lys but Gin (Shigemoto et al.,
2009), Riplet/Reul does not ubiquitinate residue 172 of mouse
RIG-I. Based on the previous studies and our current data, we
prefer the interpretation that Riplet activates RIG-1 through poly-
ubiquitination of RIG-1 CTD. However, this interpretation does not
exclude the possibility that Riplet ubiquitinates both CTD and
CARDs of RIG-| (Gao et al., 2009; Oshiumi et al., 2009).
Previously, we showed that Lys8489, -851, -888, -907, and -909
are critical residues in Riplet-mediated RIG-I CTD ubiquitination
{Oshiumi et al., 2009}. These five Lys residuse are close to the
dsRNA binding sites of RIG-I CTD (Takahasi et ai., 2008), and
the 5KA mutation weakly reduced RNA binding activity of
RIG-i. Therefore, it is possible that the 5SKA mutation abrogate
activation and polyubiquitination of RIG-I by reducing RNA
biding activity of RIG-I. However, this possibility is weakened
by following observations. First, the 5KA mutation caused
near-complete loss of RIG-| activation, but the RIG-I-5KA mutant
protein still possessed RNA binding activity. Second, overex-
pression of Riplet led to RIG-} activation in the absence of dsRNA
in HEK293 cells, and this ligand-independent activation of RIG-I

B) Expressxon vector for the two RIG-I N-terminal CARDs were transfected into wild-type or Riplet '~ MEFs together with reporter plasmuds and IFN-B promoter
was by the reporter gene assay. Data are shown as means +SD and P! ive of three indep: “NS” indicates not

statistically significant.

{C) Empty, wild-type RIG-I-, or RIG-I-5KA mutant-expressing vectors were transfected into the Riplet™ /= MEF cell line together with or without the Riplet-express-
ing vector. Cells were stimulated with HCV 3'UTR short dsRNA, and reporter gene assay was performed as described in (A).

(D) Empty or wild-type RiG-I-expressing vectors were transfected into the Riplet™~ MEF cell line together with empty, wild-type Riplet, or Riplet mutant (Riplet
dRING)-expressing vector. Cells were stimulated with HCV 3’'UTR short dsRNA, and the reporter gene assay was performed as described in (A).

(E) Empty or MDAS-expressing vectors was transfected into wild-type or Riplet™"~ MEFs together with reporter plasmids, and after 24 hr IFN-j promoter acti-

vation was examined by the reporter gene assay.

(F~H) Of poly(I:C}, 0.8 ng was transfected into wild-type or Riplet™'~ MEFs. Twenty-four hours after transfection, total RNA was extracted from MEFs and sub-
jected to RT-gPCR to determine IFN-B (F), Ccl5 (G), and IP10 (H) expression, Expression in each sample was normalized to the B-actin mRNA expression.
(1=K} Wild-type or Riplet ™'~ MEFs were stimulated with 1 g of LPS. Total RNA was exiracted at the indicated times and subjected to RT-qPCR analysis for of

IFN-B (1), 1L-6 (J), or IP-10 (K) expression.

{L) Wild-type or Riplet ™'~ MEFs were stimulated with LPS, and after 24 hr the amount of IL-6 in culture supernatants was measured by ELISA.

(M) HEK293FT celis were transfected with Riplet, FLAG tagged RIG-I-CTD, and HA-tagged ubiquitin (HA-Ub) expression vectors. Twenty-four hours after trans-
fection, cell lysates were and immt 1 ied out with anti-FLAG antibody as previously described {Oshiumi et al., 2009). The samples.
were analyzed by SDS-PAGE, and western blotting was performed using anti-HA polyclonal antibody (Ub) and anit-Flag M2 monoclonal antibody (RIG-I-CTD).

The plasmids are described previously (Oshiumi et al., 2009).

(N) Expression vector of dominant negative form of Riplet (Riplet DN) was transfected into HEK293FT cells together with expression vector of FLAG-tagged RIG-I
CTD and HA-tagged ubiguitin. Cells were stimulated with dsRNA, Ubiquitination of RIG-I CTD was detected as in (M).
(O} R3T celis were transfected with Riplet, FLAG-tagged RIG-I-CTD, and HA-tagged ubiquitin (HA-Ub) expression vectors. Cells were stimulated with dsRNA.

Ublquitination of RIG-I-CTD was detected as in (M).
See also Figure S3.
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