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examined by dot blot analysis (Fig. 1C), which indicated that the
binding capacity of the RNA pools was enriched in the earlier
cycles of the selection. The RNA in pool 5 appeared to show the
strongest binding to NS5B.

Individual RNA clones from pool 5 exhibited significantly
stronger binding to NS5B compared to those from pool 0
(P <0.01, Fig. 1D). The 9 highest binding mRNA 3’-UTR clones in
pool 5 are listed in Table 1. The C5, NFS1 and RPL41 clones
contained the 3’-end of the 3’-UTR sequences (Table 2), while
the other 6 clones contained the full length 3'-UTR sequences plus
the 3’-end of the coding sequences. A consensus RNA motif was
not identified among these clones even using the computer
program Nucleotide BLAST.

We analyzed the binding capacity of the 3'-UTR sequences
from the pool 0 and 5 clones by gel mobility shift assay (Fig. 2A).
Because these clones contained various lengths of the cDNA
fragments under the T7 promoter, in this experiment, the 47-
nucleotide RNA sequence just upstream of the 3’-end of each clone
was synthesized and used in the gel mobility shift assay. The RNA-
protein complexes appeared to form multiple bands, representing
the oligomeric character of the NS5B protein (Lee et al., 2004). The
pool 0 RNA 3’-UTRs exhibited relatively poor binding to NS5B.
While the pool 5 clone RPS15A 3'-UTR exhibited poor binding,

Relative 100 85 68 96 33
binding

5 out of 6 of the 3-UTR sequences from pool 5 exhibited tighter
binding than those from pool 0.

The 3'-UTRs of GAL-1 and RPS4X mRNA bind tightly to NS5B

We further analyzed two of the mRNA clones. GAL-1: lectin,
galactoside-binding, soluble, 1 (LGALS1) mRNA encodes the
galectin-1 protein, the expression level of which in HepG2 cells
is known to be relatively low (Table 1). RPS4X: ribosomal protein
S4, X-linked mRNA, is expressed at high level in a wide range of
organs (Table 1, http://157.82.78.238/refexa/main_search.jsp).
These two genes have relatively short 3’-UTRs (51 and 68 nucleo-
tides, respectively), which we would make them suitable for
further analysis. A gel mobility shift assay revealed that both the
3'-UTRs of GAL-1 mRNA and RPS4X mRNA formed a complex, not
only with GST-NS5B, but also with NS5B and not GST (Fig. 2B
and C), indicating specific binding of the RNA elements to NS58B,
The secondary structure analysis by the mfold computer program
(Zuker, 2003) indicated the presence of 2 stem-loop structures in
the 3’-UTR of GAL-1 mRNA (Fig. 3A, GAL-1 1-51), while the 3’-UTR
of RPS4X mRNA did not have any evident secondary structure and
appeared to be single-stranded (Fig. 3C).
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Fig. 2. RNA gel mobility shift assay using 3’-UTR mRNA sequences of the pool 0 and pool 5 clones. (A) An RNA segment (47-nucleotide length) just upstream of the 3’-end of
each clone from pool 0 and pool 5 was synthesized, 5'-end labeled with 5-[*?P] and incubated with (+) or without (—) GST-NS5B, and mixtures were run on a 5%
polyacrylamide gel. The relative binding strength of each clone was determined by quantification by BAS2000 and is shown on the top portion of the gels. The binding
strength of GAL-1 was set equal to 100. IGFBP1: insulin-like growth factor binding protein 1, DCTN6: dynactin 6, RPS6: ribosomal protein S6, FOXK1: forkhead box K1, USP53:
ubiquitin specific peptidase 53. The specific interaction of the 3’-UTRs of GAL-1 and RPS4X mRNA with the NS5B protein is shown in panel B and C, respectively. GST, GST-
truncated NS5BA21 (NS5B) or the GST-NS5BA21 (GST-NS5B) protein was incubated with either the GAL-1 (GAL-1 1-51, panel B) or RPS4X (RPS4X 1-68, panel C) RNA 3'-UTR
as a probe and analyzed by RNA gel mobility shift assay. The arrows indicate the positions of the RNA-protein complexes.
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mobility shift assay using the NS5B protein. (A) Predicted secondary structures of

GAL-1 1-51 and the deleted RNA clones (1-22, 23-51, 28-51, 23-48, and 28-48) by mfold computer analysis (Zuker, 2003) are shown. For GAL-1 28-51, 23-48 and 28-48,
each secondary structure is shown in a box. (B) An RNA gel mobility shift assay using GAL~1 3'-UTR (1-51) and the deleted clones (1-22, 23-51, 28-51, 23-48 and 28-48).

Chemically synthesized RNA was labeled with 5'-[>?P], incubated with (+) or without (
sequence of RPS4X 3'-UTR (1-68) RNA is shown. The 34 nucleotide RNA fragments (1-34,

—) GST-NS5B, and mixtures were run on a 5% polyacrylamide gel. (C) Nucleotide
, 18-51, 35-68) tested in panel D are indicated. The putative polyadenylation signal

is boxed. (D) An RNA gel mobility shift assay using RPS4X 3'-UTR (1-68) and its deleted sequences (1-34, 18-51 and 35-68) in the presence (+) and absence (— ) of the NS5B
protein. The relative binding strength of each RNA molecule is shown at the top of the gels. The binding strength of GAL-1 1-51 (panel B) or RPS4X 1-68 (panel D) was set

equal to 100. The arrows indicate the positions of the RNA-NS5B complexes.

Both the stem-loop structures and the single-strand regions
of the GAL-1 3’-UIR are required for binding to NS5B

We undertook mapping of the NS5B binding sites on the
3’-UTRs of GAL-1 and RPS4X mRNA by testing the binding strength
of the various portions of the 3'-UTR RNA segments by RNA gel
mobility shift analysis, as shown in Fig. 3. Full length GAL-1 3'-UTR
(GAL-1 1-51) RNA exhibited strong binding to NS5B (Fig. 3B). The
3-half of the GAL-1 3'-UTR (GAL-1 23-51) exhibited weaker but
still substantial binding, while the 5’-half (GAL-1 1-22) did not
form a complex with NS5B. RPS4X 1-68 exhibited strong binding

to NS5B. Both the 5'- (RPS4X 1-34) and the 3’-half (35-68)
displayed weaker but still substantial levels of binding strength
to NS5B (Fig. 3D). Interestingly, the middle portion of the RPS4X
3’-UTR (18-51) did not exhibit any binding to GST-NS5B. Because
the nucleotide length of the 3 RPS4X RNA fragments tested were
the same (34 nucleotides), the binding strength is not likely to be
determined by the nucleotide length. The result instead indicates
that either the 5- or 3’- end of the 3’-UTR of RPS4X mRNA is
indispensable for tight binding.

From the results of the GAL-1 mRNA binding, we thought that
the stem-loop structure located on the 3'-half of the GAL-1 3-UTR
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Fig. 4. Inhibition of RdRp activities by the mRNA 3'-UTRs. (A) GAL-1 mRNA or one
of its deleted sequences (GAL-1 1-22 and 23-51, upper panel) was added in the
poly(C)-oligo(G) RdRp reaction mixture (0, 50, and 250 nM) and the RdRp activity
was measured. (B) The 3'-UTR of RPS4X mRNA or one of its deleted sequences
(RPS4X 1-34, 18-51 and 35-68) was used as a competitor (0, 50, and 250 nM). The
experiment was performed in triplicate, The standard deviations are shown by the
error bars.

might be the key element in the tight binding of RNA to NS5B. The
stem-loop structure is flanked by the 6-nucleotide polyadenylation
signal (AAUAAA) on the 5-end and the 3 nucleotide stretch (CUG)
just upstream of the poly(A) tail on the 3’-end. To further analyze
the binding of the GAL-1 3’-UTR RNA sequence to NS5B, we tested
the deleted RNA oligonucleotides (GAL-1 28-51, 23-48 and 28-48,
Fig. 3A) for the capacity to bind NS5B (Fig. 3B, right lanes).
Interestingly, deletion of either of the flanking single-stranded
nucleotides (GAL-1 28-51, 23-48) greatly reduced the capacity of
the RNA to bind to NS5B. The stem-loop structure by itself (GAL-1
28-48) did not bind to NS5B.

mRNA 3'-UTRs with strong binding to NS5B inhibit the NS5B RdRp
activity measured by poly(C)-oligo(G) system

The in vitro RdRp assay is a versatile assay that is used to
evaluate the activity of the inhibitory factors against the NS5B
polymerase (Kanamori et al., 2010). We used a primer-dependent
RdRp system to evaluate the inhibitory effects of RNA segments
from the 3’-UTRs of GAL-1 and RPS4X mRNA on NS5B RdRp. The
full length 3’-UTRs of GAL-1 (GAL-11-51), RPS4X (RPS4X 1-68), or
one of the dissected RNA fragments was added (50 or 250 nM) to
the RdRp activity assay (Fig. 4). The full length 3’-UTRs of GAL-1
and RPS4X inhibited the RdRp activities efficiently. While RPS4X
1-34 also reduced the RdRp activity to 40% (Fig. 4B), none of the
other dissected 3'-UTR RNA fragments (GAL-1 1-22, 23-51, RPS4X
18-51 or 35-68) inhibited the activity effectively.

The 3'-UTR sequences that bind to NS5B can serve as templates
of NS5B RdRp

We tested whether the mRNA 3’-UTR molecules that exhibited
potent binding to NS5B can serve as substrates of NS5B RdRp
by adding RNA fragments to the NS5B RdRp reaction mixture
(Fig. 5). In addition to pool 5 (GAL-1 and RPS4X) RNA molecules,

pool 0 FOXK1 3’-UTR was very efficiently elongated when the poly
(A) tail was present at the 3’-end (Fig. 5A).

Next, we tested whether the 3'-UTR sequence without the poly
(A) tails can serve as a template for NS5B RdRp (Fig. 5B). The full
length 3-UTRs of GAL-1 (GAL-1 1-51) and RPS4X (RPS4X 1-68)
appeared to be elongated by NS5B efficiently, while the 3’-end of
FOXK1 3'-UTR, which is one of the pool 0 clones that displayed
poor binding to NS5B (Fig. 2), was not elongated. In correlation
with the binding ability (Fig. 3B), the 5’-portion of the GAL-1
3'-UTR (1-22) was elongated less efficiently compared with its
3’-portion (23-51).

The binding of GAL-1 and RPS4X mRNA to NS5B in vivo

To investigate whether the GAL-1 and RPS4X mRNA sequences
bind to NS5B in vivo, we performed immunoprecipitation (IP)-RT-
PCR assay (Fig. 6). RCYM1 cells are derived from Huh7 cells and
harbor a genome-length dicistronic HCV genotype 1b full-length
RNA. In this experiment, RCYM1 cells were cultured in a mono-
layer, where the viral proteins are efficiently produced while the
viral particles are less efficiently secreted compared with those in
three-dimensional culture (Murakami et al., 2006). A cytoplasmic
extract of the monolayer-cultured RCYM1 cells was immunopre-
cipitated with a NS5B antibody in order to monitor the binding of
RNA molecules to NS5B in the HCV replication complex by
applying RT-PCR to the co-immunoprecipitated RNA molecules
using specific primer pairs (Fig. 6A). Huh7 parental cells appeared
to contain substantial amounts of the tested RNA molecules
(Fig. 6A, GAL-1, RPS4X and FOXK1, Total RNA, Huh7). The RT-PCR
product from GAL-1 as well as from RPS4X RNA was detected in
the IP eluate of RCYM1 cells, while it was not detected in the
parental Huh7 cell IP eluate, indicating the in vivo interaction of
these RNA molecules with NS5B in the replication complex. FOXK1
RNA, which does not bind to NS5B, was not detected in the IP
eluate of either RCYM1 cells or Huh7 cells, in spite of the fact that
the total Huh7 cell RNA appears to contain a substantial amount of
the FOXK1 RNA (Fig. 6A, FOXK1, Total RNA, Huh7). The results
indicate that NS5B as well as other components in the HCV
replication complex interact specifically with the GAL-1 and RPS4X
RNA molecules.

To monitor the NS5B-RNA interaction in vivo more specifically,
we tested COS cells transiently transfected with the FLAG-fused
NS5B gene (Fig. 6B). The FLAG-fused NS5B protein from the
cytoplasmic lysates of COS cells transfected with an NS5B expres-
sing plasmid (pFLAG-5B) was immunoprecipitated with a FLAG
antibody. RT-PCR was performed to monitor the specific binding of
RNA molecules to NS5B. Non-transfected COS cells appeared to
contain substantial amounts of the tested RNA molecules (Fig. 6B,
GAL-1, RPS4X and FOXK1, Total RNA, Transfection ( —)). The RT-PCR
products from GAL-1 RNA and RPS4X RNA were detected in the IP
eluate of COS cells expressing the NS5B protein (pFLAG-5B), while
they were not detected in the mock-transfected COS cell IP eluate
(pFLAG-CMV-4). In contrast, FOXK1 RNA, which does not bind to
NS5B, was not detected in the IP eluate from the NB5B expressing
COS cells (pFLAG-5B, FOXK1). These results indicate that the GAL-1
and RPS4X mRNA molecules directly interact with NS5B in vivo,

Discussion

We constructed a cDNA library that contained mostly 3'-UTR
sequences from a human hepatoblasma cell line, HepG2. By using
iterative selection cycles, we obtained 3'-UTR RNA segments that
bind tightly to the HCV NS5B protein. In an earlier study by Gao
et al. (1994), a similar ¢cDNA library was constructed using a
simpler method and 3’-UTR sequences were identified that bind
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Fig. 5. RNA synthesis by NS5B RdRp using RNA 3’-UTR sequences as the templates. (A) The 3’-portion of GAL-1 (the 44-nucleotide coding, 51-nucleotide 3’-UTR and
26-nucleotide poly(A) tail), RPS4X (the 4-nucleotide coding, 64 nucleotide 3'-UTR and 24-nucleotide poly(A) tail) or FOXK1 (the 59-nucleotide 3’-UTR and 18-nuclectide poly
(A) tail) mRNA segment was incubated with recombinant NS5B, cold NTPs and [«->2P]UTP, and the RdRp products were analyzed by electrophoresis on a 12% polyacrylamide/
7 M urea gel. For reference, the RNA templates were labeled at the 5’-end with [y-*2P] by using T4 polynucleotide kinase and electrophoresed side-by-side with each RdRp
product (lanes 1, 3 and 5). B. The 3'-UTR sequences without any poly(A) tails were tested similarly. The 3/-UTR of GAL-1 (GAL-1 1-51), its deleted form (GAL-1 1-22, 23-51),
the 3/-UTR of RPS4X (RPS4X 1-68), its deleted form (RPS4X 1-34, 18-51, 35-68) or the FOXK1 3’-UTR segment (3'-end 26 nucleotides) was tested as a template for NS5B
RdRp. For reference, the RNA templates were labeled at the 5-end with [v->2P] using T4 polynucleotide kinase and electrophoresed side-by-side with each RdRp product

(lanes 1, 3, 5,7, 9, 11, 13 and 15).

to Hel-N1/Hel-N2 proteins. In the present study, by performing
partial RNase T1 treatment of HepG2 RNA and size fractionation of
cDNA fragments, we successfully removed approximately 99% of
the coding sequences from the cDNA library. According to the UTR
data base, approximately 50% of the 3'-UTRs of mRNA are less than
500 nucleotides (Grillo et al., 2010). Therefore, we decided to focus
our attention on the shorter 3’'-UTR sequences and recovered
cDNA fragments 75-150 nucleotides in length, comprising
approximately 9% of mRNA 3’-UTR sequences. As a result, 67.5%
(27/40) of the clones in the library contained the 3’-end of the 3'-
UTR (an average of 60.4 nucleotides) plus poly(A) tails and did not
contain any coding regions. The rest of the pool 0 clones (13/40)

contained the full length 3'-UTRs (an average of 47.5 nucleotides)
and very short coding sequences (an average of 36.2 nucleotides)
plus poly(A) tails.

The binding capacity of the RNA pool to NS5B increased as the
selection cycles proceeded, reaching a peak at pool 5. Among the
highest 9 binders in pool 5, 4 were housekeeping genes (Table 1).
The frequency of these 9 high binding clones as a whole in the
pool increased after the selection cycles (pool 5, 19/188, Table 2),
while there were fewer in pool 0 (2/67), indicating the effective-
ness of the selection process (P < 0.05).

Stem-loop structures have been considered to be important targets
of RNA binding proteins (Dingwall et al, 1989; Koeller et al, 1989;
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Fig. 6. The specific interaction of the NS5B protein with GAL-1 and RPS4X mRNA
3-UTRs in vivo. (A) Immunoprecipitation using an anti-NS5B antibody was
performed using cell extracts of RCYM1 cells or Huh7 cells. Following the RNA
extraction of the immunoprecipitants, RT-PCR was performed using a primer pair
specific for each mRNA to monitor GAL-1, RPS4X or FOXK1 mRNA bound to NS5B.
As a reference, RT-PCR was carried out using total RNA from Huh7 cells (Total RNA)
using the same primer pairs and the PCR products were run on 6% polyacrylamide
gels side-by-side with the IP-RT-PCR products. (B) Immunoprecipitation using an
anti-FLAG antibody was performed using cell extracts of COS cells transfected with
either a FLAG-tag fused NS5B expression vector (pFLAG-5B) or a blank vector
(pFLAG-CMV-4), RNA molecules bound to NS5B in vive were amplified by RT-PCR
and visualized as described in panel A. As a reference, RT-PCR was carried out using
total RNA from nontransfected COS cells (Total, Transfection (~)) using the same
primer pairs.

Munishkin et al, 1991; Tan et al, 1996; Nomaguchi et al,, 2004; Kim
et al., 2007). While the 3'-UTR of RPS4X mRNA is single-stranded and
the full length 3'~-UTR (68 nucleotides length) appears to be important
for tight binding to NSS5B, the stem-loop structure at the 3’-end of
GAL-1 RNA also appears to be important for NS5B binding. Of note, the
flanking 5’- and 3'-single-strand nucleotides were also indispensable
for the tight binding to NS5B, having a similar property as the
aptamers to NS5B reported in our earlier study (Kanamori et al,, 2009).

GAL-1 1-51, as well as RPS4X 1-68 and 1-34 exhibited
comparatively high affinity binding to NS5B in gel mobility shift
analysis (Fig. 3), and at the same time strong inhibitory effects
against RdRp activity (Fig. 4). The binding strength to NS5B was
well correlated with the inhibitory effect on NS5B RdRp and also
the efficiency as a template of NS5B RdRp in most of the RNA
fragments we tested. RPS4X 18-51 exhibited weak binding to
NS5B and weak inhibition on the RdRp, and yet was still efficiently
elongated by NS5B RdRp. This suggests that tight binding is not
necessarily required for the RNA molecules to interact with the
NS5B RdRp catalytic site for replication. This result also suggests
that there may be a population of mRNA molecules that did not

survive the in vitro selection in this study but still can be elongated
efficiently by NS5B RdRp.

Although limited to the three mRNA clones tested in this study,
all of the RNA molecules bearing poly(A) tails on the 3'-ends were
very efficiently elongated by NS5B, while the elongation efficiency
of the 3-UTRs without any poly(A) tails depended on their
individual sequences (Fig. 5). The in vivo situation may be different
because the poly(A) tails are likely to form complexes with other
cellular factors such as the poly(A) binding protein and the poly
(A) polymerase, and the importance of the poly(A) tail in the RdRp
reaction should not be underestimated, while the 3'-UTR portions
of mRNA appear to be more likely to interact with cellular or viral
proteins.

We employed immunoprecipitation (IP)-RT-PCR and demon-
strated that the GAL-1 and RPS4X mRNA 3'-UTR sequences
actually do interact with NS5B in vivo. Notably, these mRNA
molecules were shown to bind to NS5B in the replicon cell line
RCYM1, where NS5B is one of the components of the HCV
replication complex in the ER-derived membrane spherules, which
are termed membranous web. The in vivo interaction of NS5B and
these mRNA molecules suggests a mechanism by which the gene
expression levels might be regulated by NS5B in HCV-infected
cells. Compared to the abundant, constitutively-expressed house-
keeping RPS4X gene product (Eisenberg and Levanon, 2003), the
regulation of the gene expression of GAL-1 is biologically of
greater importance, as the expression level of the GAL-1 gene is
relatively low in the liver (Camby et al, 2006). In the COS cell
experiment, where only NS5B was expressed transiently (Fig. 6B),
the in vivo interaction of these RNA molecules with NS5B was
shown to probably occur through a direct interaction with NS5B.
The interaction of the NS5B protein with the GAL-1 mRNA 3'-UTR
may influence the mRNA turnover rate and increase or decrease its
expression level, since the control of the mRNA half life is
considered to be regulated mainly by the 3’-UTR portions of the
RNA (Ross 1995).

Although percentage of the immunoprecipitated GAL-1 and
RPS4X mRNA was estimated to be as little as 0.1% of the total
cellular mRNA molecules (Fig. 6), the in vivo interaction of NS5B
with cellular mRNA may play a role in the host immune response
against HCV infection. Generation of double stranded RNA mole-
cules following the elongation of the host mRNA molecules by
NS5B RdRp may increase the innate immunity against HCV
infection (Ranjith-Kumar et al., 2011).

Recently, GAL-1 has received considerable attention because of
its pleiotropic functions, such as promoting the apoptosis of
activated T cells (Perillo et al, 1995; Matarrese et al., 2005),
cytokine production (IL-5, IL-10, TGF-g), the regulation of CD4+
CD25+ T cells (Santucci et al, 2000; Garin et al, 2007), cell-
extracellular matrix and cell-cell interaction, cell migration, angio-
genesis, tumor-immune escape and correlation with tumor
aggressiveness, especially hepatocellular carcinoma (Liu and
Rabinovich, 2005; Rabinovich, 2005; Salatino et al,, 2008; Spano
et al, 2010). Thus, GAL-1 expression under a condition of viral
infection may aid viral survival in the infected cells.

In the present study, we demonstrated that NS5B interacts with
GAL-1 and RPS4X mRNA not only in vitro but also in vivo through
the 3'-UTR portions. Further studies are required to elucidate how
it is that NS5B-mRNA interactions modulate the expression of
these genes.

In conclusion, we have identified a population of liver cellular
mRNA that binds to the NS5B protein through the 3’-UTR regions
by employing an iterative selection cycle using an mRNA library
enriched with the 3’-UTR portions. Elucidating the interaction of
the cellular mRNA 3'-UTRs and HCV NS5B RdRp will be a great
help for understanding the mechanism by which HCV replicates in
the intracellular environment in association with cellular factors.

— 240 —



K. Yuhashi et al. / Virology 450-451 (2014) 13-23 21

Materials and methods
Purification of the recombinant NS5B protein

A recombinant glutathione S-transferase (GST)-NS5B (strain
BK, genotype 1b) fusion protein that lacks the C-terminal 21 amino
acids portion was produced and purified as described (Uchiyama
et al, 2002). Purification of the GST-free NS5B protein was
performed as described in our previous work (Kanamori et al,,
2009). The protein concentration was measured by Coomassie
staining or the Bradford method.

Preparation of a 3'-UTR cDNA library

Total RNA was extracted from HepG2 cells with TRIzol (Invitrogen)
and partially digested with 0.01 U/ml RNase T1 (Ambion) at room
temperature for 15 min. The mRNA 3'-UTR fragment was obtained
using the PolyATract mRNA isolation system (Roche) and reverse
transcribed with a cDNA library construction kit (Takara). Subse-
quently, cDNA was size fractionated by polyacrylamide gel electro-
phoresis to obtain the 3'-cDNA fragments sizing from 75 to 150 base
pairs. The recovered cDNA fragments were digested by EcoRI and Not],
and subcloned into the pAP3neo pre-digested vector (Takara). Plas-
mids containing cDNA clones were linearized by Notl and an RNA pool
was synthesized (pool 0) using T7 RNA polymerase.

Selection procedure

Approximately 10° individual RNA molecules were used as the
initial RNA pool (pool 0) for selecting the cellular RNA 3’-UTRs that
bind tightly to the HCV NS5B protein. A 100 pg of the GST-NS5B
protein was incubated with 200 pl of glutathione agarose beads
(Sigma) in 2 ml of LG buffer (2 mM Tris-HCl [pH 7.5], 1 mM EDTA,
5mM DTT, 0.5% Triton X-100, 0.2 mM PMSF and 40% glycerol)
containing 150 mM NaCl for 1h at 4 °C. Following incubation, the
beads were washed 5 times with LG buffer containing 150 mM Na(l to
remove any unbound protein, and subsequently washed 5 times with
binding buffer (8 mM Hepes [pH 79], 40 mM NaCl, 2 mM EDTA,
0.2 mM DTT, 0.2 mM PMSF and 1.6% glycerol). The initial pool of RNA
was added to the beads and allowed to bind for 15 min at 30 °C in
800 pl of binding buffer containing 50 pg/ml tRNA. After 5 washes
with the binding buffer, the RNA molecules that remained bound to
the beads were eluted by incubation with 300 ul of proteinase K
digestion buffer (20 mM Tris—HCl [pH 7.9], 100 mM NaCl, 10 mM
EDTA, 1% SDS and 400 pg/ml proteinase K) for 30 min at 37 °C. RNA
was extracted with phenol/chloroform and precipitated with ethanol.
The recovered RNA was reverse transcribed using primer A (5-
TAATACGACTCACTATAGGGAATTCCCGGG-3') and PCR-amplified (25
cycles; 30s at 96 °C, 30 s at 55 °C, 45 s at 72 °C) by adding primer B
(5'-ACGTGCGGCCGCTTTTTTTITTT-3"). Primers were removed from the
reaction mixture with a Micro Bio-Spin 30 Chromatography Column
(Bio-Rad). The recovered PCR products were used as templates to
synthesize an RNA pool (pool 1).

Selection cycles were repeated until we obtained the pool
8 RNA. For the selection cycles 2-7, 25 pg of GST-NS5B and 50 pl
of glutathione agarose were used. For the selection cycles 3-7, RNA
pools were first absorbed to GST-attached glutathione agarose
beads to remove RNA molecules that were bound to the GST or
agarose beads, and the unbound RNA was used for the selection
process.

Filter binding assay and RNA gel mobility shift experiments

Filter binding assay was used as described previously to
measure the binding strength of each RNA molecule to NS5B
(Kanamori et al.,, 2009).

For RNA gel mobility shift analysis, synthetic RNA molecules
were labeled with 3P at the 5'-end using T4 polynucleotide kinase
and [y->2P]ATP. The labeled RNA probes were purified by denatur-
ing gel electrophoresis and subsequently incubated with proteins
in a total of 10 pl of binding buffer containing 50 pg/ml tRNA for
20 min at 22 °C. The samples were loaded on a 6% polyacrylamide
gel in a 1:4 dilution of Tris-borate/EDTA buffer and electrophor-
esed at 300V and 4 °C. Gels were visualized with a Bioimage
Analyzer BAS2000.

RdRp assay

For competition experiments, RdRp activity was measured by
using the poly(C)-oligo(G) system, as previously described
(Uchiyama et al., 2002). Reactions were performed in a 100-pl
reaction mixture containing 20 mM Tris-HCl (pH 7.5), 25 mM KCl,
1mM DTT, 5mM MnCl, 0.01% BSA, 100 U/ml RNasin, 5 pg/ml
actinomycin D, 0.4 uCi [®H|GTP, 0.5 ug/ml poly(C), 50 nM oligo
(rG)12 and 80 nM purified NS5B in the presence (50 or 250 nM) or
absence of competitor RNA molecules. After incubation for 2 h at
room temperature, samples were precipitated with 3 volumes of
ethanol in the presence of 10 pl of 3 M sodium acetate (pH 5.2) and
3 ul of ethachinmate (Nippon Gene), and transferred to GF/C glass
microfiber filters (Whatman). The filters were rinsed with 70%
ethanol and air dried. The filter bound radioactivity was measured
using a scintillation counter. Experiments were performed in
triplicate and the standard deviations are indicated in Fig. 4.

GAL-1 or RPS4X 3’-UTR mRNA was used as the template for
RNA synthesis. RNA templates (final concentration of 125 nM)
were incubated with 80 nM recombinant GST-NS5B in a 100-pl
reaction mixture containing 50 mM Tris-HCl (pH 8), 50 mM Nacl,
100 mM KCl, 5 mM MnCl,, 1 mM DTT, 20 pg/ml actinomycin D,
20 U RNasin, 10% glycerol, 0.5 mM each rATP, rCTP, rGTP and 5 pM
rUTP with 40 pCi [«->?PJUTP (10 mCi/ml) for 2 h at 25 °C. Reaction
products were extracted with phenol/chloroform, precipitated
with ethanol and 3 M sodium acetate, purified with Centri-Sep
spin columns (Life Technologies), denatured in 95% formamide,
and separated on a 6% polyacrylamide/8 M urea gel.

Immunoprecipitation-reverse transcription-PCR (IP-RT-PCR)

COS cells were maintained in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum. RCYM1 is a
Huh7 derived cell line and was a generous gift from Dr. Takeya
Tsutsumi (The University of Tokyo) (Murakami et al, 2006).
RCYMT1 cells harbor a genome-length dicistronic HCV genotype
1b full-length RNA and were cultured in a monolayer in Dulbecco's
modified Eagle's medium with 10% fetal bovine serum and 0.5 mg/
ml G418 and harvested at the exponential growth phase.

We constructed a FLAG-NS5B expressing plasmid, pFLAG-5B to
express the NS5B protein in COS cells. The NS5B coding region cDNA
lacking the C-terminal 21 amino acid portion was PCR amplified using
the primer C (5-AAGAATGCGGCCGCGTCAATGTCCTACACA-3’) and
primer D (5-CCGGAATTCTTAACGGGGTCGGGCACG-3'), with the
PGEX-4T-2-5bC21 plasmid as the template (Uchiyama et al, 2002).
Following digestion with EcoRl and Notl, the DNA fragment was
ligated into the pFLAG-CMV-4 vector (Sigma) to obtain the pFLAG-5B
plasmid. The pFLAG-5B expression plasmid was transiently transfected
into COS cells using Lipofectamine™ LTX (Invitrogen). Cells were
incubated 24 h at 37 °C in a CO, incubator before harvesting for the
analysis.

Cytoplasmic extracts of transfected COS cells containing the
FLAG-fused NS5B protein were collected using the FLAG® Immu-
noprecipitation Kit (Sigma) by following the manufacturer's
instructions. Expression of the FLAG-NS5B fusion protein was
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confirmed by Western blotting using anti FLAG-M2 (Sigma) and
anti-HepC-NS5b (Santa Cruz Biotechnology) antibodies.

For RCYM1 cells, after preparing the cytoplasmic extract,
immunoprecipitation was carried out using the anti-HepC-NS5b
(Santa Cruz Biotechnology) antibody.

The eluates from the immunoprecipitation were treated with
proteinase K to release the NS5B-bound RNA molecules. RNA was
isolated using TRIzol reagent (Invitrogen) as instructed by the manu-
facturer, followed by DNase treatment to completely remove the
cellular genomic DNA. For detecting mRNA molecules bound to
NS5B, RT-PCR was performed using gene-specific primer pairs for
GAL-1 (5-GGACCGAGCAGCGGGAGG-3' and 5-CAGGGGAGCAGAGG-
CAGC-3'; a 250-bp product; annealing temperature: 61 °C), RPS4X (5'-
CGACTTTCCAACATTTTT-3" and 5-TGCTATTAATCCTGCCAC-3"; a 200-bp
product; annealing temperature: 52°C) or FOXK1 (5-CGCG-
GCGGCCTGTGGGCA-3" and 5-TGCGTTTCTGTCTGTCCT-3"; a 300-bp
product; annealing temperature: 61 °C), respectively. The primer pairs
for GAL-1 and RPS4X were designed to amplify the full length 3-UTRs
plus the 3’-end coding sequences, respectively, while the one for
FOXK1 was designed to amplify the segment within the 3-UTR of
FOXK1. The PCR products were electrophoresed on 5% polyacrylamide
gels and stained with ethidium bromide.
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Perihepatic lymph node enlargement is a negative
predictor for sustained responses to pegylated interferon-o
and ribavirin therapy for Japanese patients infected with
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Aim: Although perihepatic lymph node enlargement (PLNE)
is reportedly associated with the negative outcome of inter-
feron therapy for chronic hepatitis C, there were limitations in
that the results were obtained in patients with various geno-
types, viral loads and treatment regimens. We aimed to pre-
cisely clarify the significance of PLNE in interferon therapy for
chronic hepatitis C.

Methods: Between December 2004 and June 2005, 112
patients with hepatitis C virus (HCV) genotype 1 and HCV RNA
of more than 100 KiU/mL were enrolled, who underwent
pegylated interferon-o plus ribavirin therapy thereafter. PLNE
was defined as a perihepatic lymph node of morethan 1 cmin
the longest axis by ultrasonography.

Results: The sustained virological response (SVR) rate was
lower in patients with PLNE (4/22, 18.2%) than in those without
(37190, 41.1%; P =0.045) and viral load decline was smaller
in patients with PLNE than in those without (P = 0.028). The

proportion of PLNE positive patients was the smallest in the
SVR group (P =0.033) among the patient groups divided by
the treatment outcome. PLNE was retained as a negative
predictor for SVR by multivariate logistic regression analysis
(P =0.012). Furthermore, PLNE was not significantly associ-
ated with the mutations at HCV core protein and at interferon
sensitivity-determining region, or interleukin-28B polymor-
phism in 45 patients with HCV genotype 1, enrolled between
December 2011 and March 2012.

Conclusion: PLNE is a negative predictor for SVR in patients
with HCV genotype 1 and HCV RNA of more than 100 KIU/mL
treated with pegylated interferon-o plus ribavirin, indepen-
dent of other known predictors for SVR.

Key words: chronic hepatitis C, hepatitis C virus core
protein, interferon sensitivity-determining region,
interleukin-288

INTRODUCTION

ERIHEPATIC LYMPH NODE enlargement (PLNE) is
frequently observed in patients with chronic liver
disease,’ especially in those with hepatitis C.** Although
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it has been shown that PLNE is associated with inflam-
matory activity, stage of liver fibrosis or hepatitis C viral
load,*® the reported findings were inconsistent,*’ sug-
gesting that the clinical significance of PLNE has not
been fully established yet. We have recently reported
that PLNE is a negative predictor for hepatocellular
carcinoma (HCC) development in chronic hepatitis C
patients.’®

Regarding PLNE and efficacy of interferon (IFN)
therapy for chronic hepatitis C, PLNE was reportedly
more frequently found in non-responders.'*'? Dietrich
et al. reported that perihepatic lymph node volume
before IFN treatment was significantly larger in non-
responders than in sustained virological responders,
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based on a study in which the patients had various
genotypes and viral loads and were treated with IFN-o
with or without ribavirin (RBV).!! Soresi et al. reported
that PLNE was more frequent in non-responders to
IFN-o with RBY, although this association did not reach
statistical significance by logistic regression analysis, in
which the patients also had various genotypes.'? We also
reported that the sustained virological response (SVR)
rate in patients who received IFN therapy was signifi-
cantly lower in patients with PLNE than in those
without, although our patients also had various geno-
types and viral loads, and treatment regimens were
various including IFN-a. or pegylated IEN-a (PEG IEN)
with or without RBV. It is well known that patients
with hepatitis C virus (HCV) genotype 1 and high base-
line viral load are most difficult to treat with IFN*® and
that PEG IFN plus RBV has been the most effective
standard of care for chronic hepatitis C until telaprevir
emerged.' Thus, the previous results regarding PLNE
and efficacy of IFN therapy for chronic hepatitis C had
limitations, because they were analyzed with various
genotypes, viral loads and treatment regimens.

In this study, in order to precisely clarify the potential
association between PLNE and efficacy of IFN therapy
for chronic hepatitis C, we analyzed the patients
with HCV genotype 1 and HCV RNA of more than
100 KIU/mL at the start of therapy by PEG IFN with RBV
in the well-characterized chronic hepatitis C cohort, in
which liver stiffness values were found to be a risk for
HCC development.”

METHODS

Subjects

HE PREVIOUS COHORT in which we originally

analyzed the risk of liver stiffness for HCC develop-
ment was employed; 866 chronic hepatitis C patients
were enrolled between December 2004 and June 2005
at the Department of Gastroenterology, The University
of Tokyo Hospital.”> Among these patients, 112 patients,
who had HCV genotype 1 and HCV RNA >100 KIU/mL,
underwent PEG IFN plus RBV therapy after the enroll-
ment. The potential association between PLNE and effi-
cacy of PEG IFN plus RBV therapy was examined with
these patients. When each subject was screened for HCC
with ultrasonography at or immediately after the enroll-
ment, the presence of PLNE was evaluated. The criteria
to identify PLNE were previously described, and PLNE
was defined as a lymph node at perihepatic area which
was at least 1 cm in the longest axis.’®

© 2013 The Japan Society of Hepatology
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Moreover, between December 2011 and March 2012,
45 chronic hepatitis C patients with genotype 1 were
enrolled at the Department of Gastroenterology, The
University of Tokyo Hospital, to assess the potential
association between PLNE and the known factors to
predict the response to IEN therapy, namely, the muta-
tions at position 70 of HCV core protein, those at IEN
sensitivity-determining region (ISDR) of NS5A protein
or interleukin (IL)-28B polymorphism.

The present study was carried out in accordance with
the ethical guidelines of the Declaration of Helsinki and
was approved by the Institutional Research Ethics Com-
mittee of the authors’ institution. Informed consent was
obtained for the use of the samples in this study.

Laboratory tests

Sequences of ISDR and the core region of HCV were
determined by direct sequencing after amplification by
reverse transcription and polymerase chain reaction as
reported previously.’®!” Genetic polymorphism in one
tagging single nucleotide polymorphism located near
the IL-28B gene (1s8099917) was determined by direct
sequencing.'® Homozygosity (GG) or heterozygosity
(TG) of the minor sequence was defined as having
the IL-28B minor allele, whereas homozygosity for the
major sequence (TT) was defined as having the IL-28B
major allele. Null virological response (NVR) was
defined as detectable HCV RNA by qualitative poly-
merase chain reaction with a lower detection limit of
50 IU/mL (Amplicor; Roche Diagnostic Systems, Pleas-
anton, CA, USA) during the therapy. SVR was defined as
undetectable HCV RNA 24 weeks after the completion
of therapy. Relapse was defined as reappearance of
HCV RNA after the completion of therapy. HCV RNA
was quantitated using Amplicore HCV ver. 2.0 (Roche,
Tokyo, Japan) or Cobas Ampliprep/Cobas TagMan
assay system (Roche, Tokyo, Japan). HCV genotype was
determined based on the serotyping assay (SRL, Tokyo,
Japan) or direct sequence analysis."

Statistical analysis

Data were expressed as the mean *standard devia-
tion (SD) unless otherwise indicated. The categorical
variables were compared by y*test or Fischer's exact
test, whereas continuous variables were compared by
unpaired Student’s t-test (parametric), Mann-Whitney
U-test (non-parametric), Kruskal-Wallis rank sum test
(non-parametric) or Wilcoxon rank sum test (non-
parametric). For comparing group means, we used
ANOVA. In the analysis of predicting factors for the
responses to PEG IFN plus RBV therapy, the following
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variables were tested in univariate and multivariate
logistic regression analysis: age, sex, serum albumin,
aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), vy-glutamyltransferase (GGT), alkaline
phosphatase, total bilirubin, a-fetoprotein (AFP) levels,
prothrombin activity (%), liver stiffness values, platelet
count, HCV viral load and the presence of PLNE, Factors
that had a P-value of less than 0.4 in univariate analysis
were subsequently included in multivariate logistic
regression analysis. A P-value of less than 0.05 was con-
sidered significant. Data processing and analysis were
performed using StatView ver. 5.0 (SAS Institute, Cary,
NC, USA) and SPSS ver. 14.0 (SPSS, Chicago, 1L, USA)
software.

RESULTS

Association between PLNE and efficacy of
PEG IFN plus RBV therapy

HE CLINICAL FEATURES of patients are summa-
rized according to the presence or absence of PLNE
in Table 1. All the patients were infected with HCV
genotype 1 and had a high viral load (HCV RNA
>100 KIU/mL). No patients were co-infected with hepa-
titis B virus. PLNE was observed in 22 of 112 (20.0%)
patients analyzed.
PEG IFN-2a was administrated in 24 patients, while
PEG IFN-2b in 88 patients. This ratio between patients

PLNE in chronic hepatitis C 1007

treated with PEG IFN-2a and those with PEG IFN-2b was
not different between patients with PLNE and those
without (data not shown). Most of the patients were
treated when the extended treatment of PEG IFN plus
RBV therapy for more than 48 weeks was not generally
performed in Japan; 27 of 112 (24.1%) patients received
PEG IFN plus RBV for more than 48 weeks up to
72 weeks. After PEG IFN plus RBV therapy, SVR was
achieved in 41 of 112 (36.6%) patients in this cohort.
Between patients with PLNE and those without, the SVR
rate was significantly lower in the former (4/22, 18.2%)
than in the latter (37/90, 41.1%) (P =0.045; Table 1).
Of note, liver stiffness values as well as serum albumin
levels, prothrombin activity and platelet count, which
may be suggestive of liver fibrosis, were not different
between patients with PLNE and those without
(Table 1). Only serum GGT levels among the blood
parameters were significantly lower in patients with
PLNE than in those without.

To examine whether PLNE may influence virological
response, the viral loads before treatment and at week
4 of treatment are depicted according to the presence
or absence of PLNE in Figure 1. Viral decline between
the start of treatment and week 4 was smaller in patients
with PLNE than in those without (P=0.028 by Wil-
coxon rank sum test).

Patient characteristics according to the virological
responses are shown in Table 2. In six patients, the

Table 1 Patient characteristics according to the presence or absence of PLNE

Parameter PLNE positive, n =22 PLNE negative, n =90 P-value
Age (years) T 60.5+8.8 57.2+%8.9 0.12
Male/female 14/8 40/50 0.10
Albumin (g/dL)t 4.01+0.40 4.04+0.33 0.75
AST (U/L)+ 62.6+£41.2 61.0x£38.9 0.87
ALT (U/L)t 76.0+62.2 72.4+56.6 0.81
GGT (U/L)t 37.2+24.6 53.5+39.1 0.018
Alkaline phosphatase (U/L)t 211.7+80.9 199.0£66.3 0.50
Total bilirubin (mg/dL)t 0.82+0.29 0.87+£0.47 0.48
Prothrombin time activity (%) 85.8+12.5 85.9+14.7 0.97
AFP (ng/mL)t 22.8+44.0 13.0£21.7 0.32
Liver stiffness (kPa)t 10.8+6.9 12.7+11.9 0.32
Platelet count (x10*/uL)*t 15.2+8.2 15.5%53 0.85
HCV viral load (KIU/mL)# 731 (358-1070) 636 (151-1045) 0.51
SVR rate (%)$ 18.2 41.1 0.045

tData are presented as mean + standard deviation, and compared by Student’s t-tests.
$Data are presented as median (25-75% range), and compared by Mann-Whitney U-tests.

§Data are compared by y>-tests.

AFP, o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyltransferase; HCV, hepatitis C virus;
IL, interleukin; PLNE, perihepatic lymph node enlargement; SVR, sustained virological response.
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7.0, —— 7'0: T Figure 1 Changes in viral load in
6.0 EE - 6.0 E i patients treated by PEG IFN plus RBV
g 5 0: i : 5 0: according to the presence or absence of
D 7 . B — PLNE. The viral loads before treatment
8 4.0 4.0 . with PEG IEN plus RBV and at week 4
< 301 : 3.0 of treatment were analyzed in patients
i : i - with PLNE (PLNE positive, n = 22) and
5 20 2.01 without PLNE (PLNE negative, n = 90).
T 4ol 1.04 Viral decline was smaller in patients

1 - with PLNE than in those without (P =
0.0 , : 0.04 i . 0.028 by Wilcoxon rank sum test). HCV,
Before Week 4 of Before Week 4 of hepatitis C virus; PEG IFN, pegylated

treatment treatment treatment treatment

PLNE-positive

PLNE-negative

effect of PEG IFN plus RBV therapy was lost during the
treatment. Among the three groups of patients divided
by the treatment outcome, namely, SVR, relapse or

NVR, the rate of PLNE positive
(4/41, 9.8%) in the SVR group (P

patients was least

=0.033). Regarding

other parameters, liver stiffness values were lowest
(P=0.033) in the SVR group, whereas serum albumin

levels were lowest in the NVR

group (P=0.004),

in line with the well-known evidence that patients
with advanced liver fibrosis are difficult to treat with

IEN.2°

interferon-o; PLNE, perihepatic lymph
node enlargement; RBV, ribavirin.

Then, the predicting factors for SVR were analyzed,
and the results are shown in Table 3. Nine factors that
had a P-value of less than 0.4 in univariate analysis were
subsequently included in multivariate logistic regression
analysis. As a result, ALT, GGT, liver stiffness and PLNE
were retained as independent predicting factors for
SVR (Table 3). These results suggest that the presence
of PLNE is a negative predictor for achievement of
SVR by PEG IFN and RBV therapy in chronic hepatitis
C patients with genotype 1 and HCV RNA of more than
100 KIU/mL, independent of liver fibrosis.

Table 2 Patient characteristics according to the virological responses

Parameter SVR, n=41 Relapse, n=29 NVR, n=36 P-value
Age (vears)t 57.3+8.9 57.3+9.1 58.8+8.9 0.71
Male/female§ 18/23 16/13 17/19 0.55
Albumin (g/dL)t 4.11+0.28 4.10+0.35 3.87£0.37 0.004
AST (U/L)t 61.2+43.8 56.6+£33.9 65.2+34.1 0.67
ALT (U/L) T 81.6%x70.6 63.2+40.1 71.4+37.1 0.36
GGT (U/L)+ 42.6+30.3 48.5+33.4 62.8+45.6 0.056
Alkaline phosphatase (U/L)t 187.2+73.9 211.7 £56.6 203.0+73.7 0.33
Total bilirubin (mg/dL)t 0.78 +0.22 0.86+0.32 0.99 +0.67 0.11
Prothrombin time (%)t 86.1+17.1 84.8+124 87.1+12.3 0.80
AFP (ng/mL)*t 9.61£18.5 12.0£27.0 23.2+355 0.082
Liver stiffness (kPa)t 89+47 13.5+11.7 15.4+14.9 0.033
Platelet counts (x10*/uL)t 16.1+4.4 16.8+7.7 13.7%£5.8 0.077
HCV viral load (KIU/mL)# 641 (150-1260) 670 (286-1168) 615 (168-951) 0.86
PLNE negative/positive$§ 37/4 21/8 28/8 0.033
Rate of PLNE positive (%) 9.8 27.6 222

tData are presented as mean * standard deviation and compared by Student’s t-tests.

tData are presented as median (25-75% range) and compared by Kruskal-Wallis rank sum tests.
§Data are compared by Fischer’s exact tests.
AFP, o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, y-glutamyltransferase; HCV, hepatitis C virus;
IL, interleukin; NVR, null virological response; PLNE, perihepatic lymph node enlargement; SVR, sustained virological response.
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Table 3 Univariate and multivariate analyses of contributing factors associated with SVR

PLNE in chronic hepatitis C 1009

Parameter

Univariate analysis,
OR (95% CI), P-value

Multivariate analysis,
OR (95% CI), P-value

Age (years)

Male/female

Albumin (g/dL)

AST (U/L)

ALT (U/L)

GGT (U/L)

Alkaline phosphatase (U/L)
Total bilirubin (mg/dL)

Prothrombin time activity (%)

AFP (ng/mlL)
Liver stiffness (kPa)
Platelet (x10'/uL)

HCV RNA viral load (KIU/mL)

PLNE

0.989 (0.968-1.011), 0.619
1314 (0.886-1.949), 0.488
2.547 (1.399-4.637), 0.119
0.999 (0.995-1.005), 0,982
1.004 (1.001-1.007), 0.250
0.989 (0.983-0.996), 0.101
0.995 (0.996-0.998), 0.101
0.335 (0.166-0.679), 0.121
1.002 (0.988-1.016), 0.895
0.984 (0.972-0.995), 0.154
0.917 (0.884-0.952), 0.019
1.030 (0.997-1.065), 0.366
0.850 (0.561-1.287), 0.695
0.318 (0.176-0.576), 0.053

1.702 (0.728-3.979), 0.531

1.015 (1.009-1.020), 0.005
0.981 (0.973-0.989), 0.022
0.998 (0.995-1.002), 0.698
0.475 (0.257-0.877), 0.225

0.999 (0.979-1.020), 0.986
0.866 (0.810-0.927), 0.033
0.958 (0.913-1.006), 0.381

0.179 (0.090-0.354), 0.012

AFP, o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence interval; GGT, y-glutamyltransferase;
HCYV, hepatitis C virus; IL, interleukin; OR, odds ratio; PLNE, perihepatic lymph node enlargement; SVR, sustained virological response.

Association between PLNE and the
mutations at position 70 of HCV core
protein and at ISDR or IL-28B polymorphism

Recently, as a human factor, IL-28B polymorphism has
been shown to be a strong predictor for the response to
PEG IEN and RBV therapy for chronic hepatitis C.*'-*
On the other hand, as a viral factor, the mutations at
position 70 of HCV core protein* and those at ISDR of
NS5A protein® have been revealed to be associated with
the treatment outcome by IFN. Thus, the potential asso-
ciations between PLNE and these factors were evaluated.
To this end, we first sought to analyze them in the
original cohort, however, the stored samples were
not enough for these determinations. Thus, we newly
enrolled 45 chronic hepatitis C patients to only assess
the potential associations between PLNE and IL-28B
polymorphism, the mutations at position 70 of HCV
core protein or those at ISDR of NS5A protein.

The clinical features of these 45 patients with chronic
hepatitis C with HCV genotype 1 are summarized in
Table 4. Among these patients, PLNE was observed in 18
patients (40%). Regarding IL-28B genotypes, the fre-
quency of the rs8099917 risk allele (G), namely, minor
allele, was not different between the patients with PLNE
and those without: 22.2% in the former and 23.1% in
the latter (P = 0.76 by y*test; Fig. 2a). As a viral factor,
the mutations at position 70 of HCV core protein were
observed in 44.4% patients with PLNE, and in 42.3%
patients without (P = 0.87 by y-test; Fig. 2b), and less

than two substitutions at ISDR were observed in 52.9%
patients with PLNE, and in 64.0% patients without
(P =0.69 by y*-test; Fig. 2¢), none of which were statis-
tically different. These results suggest that PLNE is not
associated with IL-28B polymorphism, or the mutations

Table 4 Characteristics of patients in whom the mutations at
position 70 of HCV core protein and at ISDR or IL-28B poly-
morphism were measured

Parameter n=45

Age (years)t 68.1+10.7
Male/female 19/26
Albumin (g/dL)?t 3.93+£0.39
AST (U/L)t 43.4+18.6
ALT (U/L)t 38.8+20.3
GGT (U/L)t 38.1+28.9
Alkaline phosphatase (U/L)*t 276.3+101.5
Total bilirubin (mg/dL)t 0.83£0.29
Prothrombin time activity (%) 99.1£2.86
AFP (ng/mL)t 16.0£36.3
Platelet count (x10°/uL)t 154+7.0
HCV viral load (log IU/mL)% 5.94 (5.54-6.60)

PLNE positive/negative 18/27

tData are presented as mean + standard deviation.

$Data are presented as median (25-75% range).

AFP, o-fetoprotein; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; GGT, y-glutamyltransferase; HCV, hepatitis C
virus; IL, interleukin; ISDR, interferon sensitivity-determining
region; PLNE, perihepatic lymph node enlargement;.
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at position 70 of HCV core protein and those at ISDR of
NS5A protein.

DISCUSSION

HE FACT THAT chronic hepatitis C patients with

PLNE are prone to treatment failure to IFN therapy
has been previously reported.’®'> However, there were
limitations because these analyses were performed in
patients with various HCV genotypes, viral loads and
treatment regimens. It is well known that efficacy of IFN
therapy for chronic hepatitis C is poorest in patients
with HCV genotype 1 and higher HCV viral load.”® On
the other hand, IFN therapy has been refined with PEG
and combination with RBV and protease inhibitors.*
Thus, to more precisely examine the potential associa-
tion between PLNE and efficacy of IFN therapy for
chronic hepatitis C patients, we sought to analyze the
efficacy of PEG IFN and RBV therapy on patients
with HCV genotype 1 and HCV RNA of more than
100 KIU/mL in the presence or absence of PLNE. As a
result, the SVR rate was significantly lower and the viral
decline during the first 4 weeks of treatment was signifi-
cantly smaller in patients with PLNE than in those
without, and PLNE was negatively associated with SVR
by multivariate analysis. It is noteworthy that PLNE
was not associated with liver stiffness values, a marker

© 2013 The Japan Society of Hepatology

enlargement.

of liver fibrosis,” although controversy exists whether

PLNE may be associated with liver fibrosis,>* and more
importantly that PLNE was retained as a negative pre-
dictor for SVR by multivariate analysis, independent of
liver fibrosis, in the current study.

To examine the underlying mechanism in the associa-
tion between PLNE and efficacy of PEG IFN and RBV for
chronic hepatitis C, we analyzed the potential links
between PLNE and well-established host or viral factors
to predict outcome by IFN therapy. We especially
considered the possibility that PLNE may be associated
with IL-28B polymorphism, which could be importantly
involved in the host immune system.?’"** However,
PLNE was not significantly associated with IL-28B poly-
morphism as a host factor, in addition to no association
of PLNE with the mutations at position 70 of HCV core
protein® and those at ISDR® as a viral factor. Thus, we
speculate that PLNE may reflect an unknown host factor
to play a role in the reaction to HCV infection.

Perihepatic lymph node enlargement in chronic hepa-
titis C has long been assumed to reflect the immuno-
logical response of the host.” Indeed, higher CD8*
lymphocyte levels in the blood were observed in chronic
hepatitis C patients with PLNE,” and HCV-specific IFN-y
production and proliferative response of T cells were
found commonly in perihepatic lymph node,?® suggest-
ing that PLNE indicates an active host immune response
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in chronic hepatitis C. Of interest is the finding that
biochemical responders to IFN-¢. therapy for chronic
hepatitis C had significantly lower pretreatment levels of
CD8" cells.”” Thus, increased CD8" cell levels in chronic
hepatitis C patients with PLNE” may explain the mecha-
nism, at least in part, of the association between PLNE
and the poorer outcome by PEG IFN and RBV therapy.
Furthermore, increased oligoclonality of circulating
CD8" cells in chronic HCV infection was also identified
as an indicator for poor clinical response to IFN-o
therapy.® It should be further clarified whether the
altered clonality of CD8" cells may be also involved in
the mechanism of the association between PLNE and
the efficacy of PEG IFN and RBV therapy.

We previously demonstrated that PLNE is a negative
risk for hepatocarcinogenesis in chronic hepatitis C."
Currently, we have found that PLNE is a negative pre-
dictor for a successful outcome of IFN treatment for
chronic hepatitis C, both of which could be paradoxical.
However, these findings may be consistently explained
by an active host immune system as described above. We
previously speculated that the reduced hepatocarcino-
genesis in chronic hepatitis C patients with PLNE may be
explained by the enhanced host immune system. On the
other hand, there are accumulating lines of evidence
suggesting that the originally enhanced host immune
response may be associated with a negative outcome of
IFN treatment for chronic hepatitis C; the higher expres-
sion of IFN-stimulated genes in the liver was observed in
patients with no response to IFN treatment for chronic
hepatitis C.*'-%* Thus, we speculate that PLNE, as an
indicator of active host immune responses,”*® may be
associated negatively with the efficacy of IFN therapy for
chronic hepatitis C in line with these previous studies.

One of the limitations of the current study is that the
association between PLNE and efficacy of IEN therapy
in chronic hepatitis C patients was determined in the
retrospective cohort. However, the cohort analyzed
was originally set up to prospectively examine the risk
of liver stiffness values for HCC development, where
patients were consecutively enrolled among those who
previously visited our Department of Gastroenterology,
The University of Tokyo Hospital,® and were followed
up for 4.8 years.'® Thus, we believe that our current
evidence could be the same as that from the prospective
cohort. As another limitation, the association between
PLNE and IL-28B polymorphism, the mutations at posi-
tion 70 of HCV core protein or those at ISDR could not
be assessed in the original cohort, because the stored
samples of the original cohort were not enough for these
determinations.

PLNE in chronic hepatitis C 1011

The combination of PEG IFN and RBV has been the
standard of care for chronic hepatitis C,*® and the further
combination of telaprevir* or boceprevir®” with PEG IFN
and RBV has been recently employed to improve the
treatment efficacy. Nonetheless, it is expected that IFN is
still going to play a role in the treatment for chronic
hepatitis C. Thus, our evidence of PLNE as a significant
predictor for SVR by PEG IFN and RBV therapy may
be useful when deciding upon the regimen or timing
treatment for chronic hepatitis C patients. Furthermore,
because PLNE is originally one of the common clinical
signs of chronic liver disease,' the knowledge regarding
the clinical significance of PLNE may shed a light on not
only the prediction of treatment outcome of IFN therapy
for chronic hepatitis C but also the general pathophysi-
ology of chronic liver disease.
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SUMMARY

Hepatoceliular carcinoma (HCC) is a slowly devel-
oping malignancy postulated to evolve from pre-
malignant lesions in chronically damaged livers.
However, it was never established thai premalig-
nant lesions actually contain tumor progenitors
that give rise to cancer. Here, we describe isola-
tion and characterization of HCC progenitor cells
(HcPCs) from different mouse HCC models. Unlike
fully malignant HCC, HcPCs give rise to cancer
only when introduced into a liver undergoing
chronic damage and compensatory proliferation.
Although HcPCs exhibit a similar transcriptomic
profile to bipotential hepatobiliary progenitors, the
latter do not give rise to tumors. Celis resembling
HePCs reside within dysplastic lesions that appear
several months before HCC nodules. Unlike early
hepatocarcinogenesis, which depends on paracrine
IL-8 production by inflammatory cells, due to upre-
gulation of LIN28 expression, HcPCs had acquired
autocrine IL-6 signaling that stimulates their in vivo
growth and malignant progression. This may be a
general mechanism that drives other IL-6-producing
malignancies.
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INTRODUCTION

Every malignant tumor is probably derived from a single progen-
itor that had acquired growth and survival advantages through
genetic and epigenetic changes, allowing clonal expansion
(Nowell, 1876). Tumor progenitors are not necessarily identical
to cancer stem cells (CSCs), which maintain and renew fully
established malignancies (Nguyen et al., 2012). However, clonal
evolution and selective pressure may cause some descendants
of the initial progenitor to cross the bridge of no return and form
a premalignant lesion. Cancer genome sequencing indicates
that most cancers require at least five genetic changes to evolve
(Wood et al., 2007). How these changes affect the properties of
tumor progenitors and control their evolution into a CSC is not
entirely clear, as it has been difficult to isolate and propagate can-
cer progenitors prior to detection of tumor masses. Given these
difficulties, it is also not clear whether cancer progenitors are
the precursors for the more malignant CSC isolated from fully
established cancers. An answer to these critical questions de-
pends on identification and isolation of cancer progenitors, which
may also enable definition of molecular markers and signaling
pathways suitable for early detection and treatment. This is espe-
cially important in cancers of the liver and pancreas, which evolve
over the course of many years but, once detected, are extremely
difficult to treat (El-Serag, 2011; Hruban et al., 2007).
Hepatocellular carcinoma (HCC), the most common liver can-
cer, is the end product of chronic liver diseases, requiring




several decades to evolve (Ei-Serag, 2011). Currently, HCC is
the third most deadly and fifth most common cancer worldwide,
and in the United States its incidence has doubled in the past
two decades. Furthermore, 8% of the world’s population are
chronically infected with hepatitis B or C viruses (HBV and
HCV) and are at a high risk of new HCC development (El-Serag,
2011). Up to 5% of HCV patients will develop HCC in their life-
time, and the yearly HCC incidence in patients with cirrhosis is
3%-5%. These tumors may arise from premalignant lesions,
ranging from dysplastic foci to dysplastic hepatocyte nodules
that are often seen in damaged and cirrhotic livers and are
more proliferative than the surrounding parenchyma (Hytiroglou
et al., 2007). However, the tumorigenic potential of these lesions
was never examined, and it is unknown whether they contain
any genetic alterations. Given that there is no effective treat-
ment for HCC and, upon diagnosis, most patients with
advanced disease have a remaining lifespan of 4-6 months, it
is important to detect HCC early, while it is still amenable to sur-
gical resection or chemotherapy. Premalignant lesions, called
foci of altered hepatocytes (FAH), were also described in chem-
ically induced HCC models (Pitot, 1990), but it was questioned
whether these lesions harbor tumor progenitors or result from
compensatory proliferation (Sell and Leffert, 2008). The aim of
this study was to determine whether HCC progenitor cells
(HcPCs) exist and if so, to isolate these cells and identify
some of the signaling networks that are involved in their mainte-
nance and progression.

We now describe HcPC isolation from mice treated with the
procarcinogen diethyl nitrosamine (DEN), which induces poorly
differentiated HCC nodules within 8 to 9 months (Verna et al,,
1986). Although these tumors do not evolve in the context of
cirrhosis, the use of a chemical carcinogen is justified because
the finding of up to 121 mutations per HCC genome suggests
that carcinogens may be responsible for human HCC induction
(Guichard et al.,, 2012). Furthermore, 20%-30% of HCC, espe-
cially in HBV-infected individuals, evolve in noncirrhotic livers
(El-Serag, 2011). Nonetheless, we also isolated HcPCs from
Tak12"®P mice, which develop spontaneous HCC as a result of
progressive liver damage, inflammation, and fibrosis caused by
ablation of TAK1 (Inokuchi et al., 2010). Although the etiology
of each model is distinct, both contain HcPCs that express
marker genes and signaling pathways previously identified
in human HCC stem cells (Marquardt and Thorgeirsson, 2010)
long before visible tumors are detected. Furthermore, DEN-
induced premalignant lesions and HcPCs exhibit autocrine IL-6
production that is critical for tumorigenic progression. Circu-
lating IL-6 is a risk indicator in several human pathologies and
is strongly correlated with adverse prognosis in HCC and cholan-
giocarcinoma (Porta et al., 2008; Soresi et al., 2008). IL-6 pro-
duced by in-vitro-induced CSCs was suggested to be important
for their maintenance (lliopoulos et al., 2008). Furthermore, auto-
crine IL-6 was detected in several cancers, but its origin is poorly
understood (Grivennikov and Karin, 2008). In particular, little is
known about the source of IL-6 in HCC. In early stages of
hepatocarcinogenesis, IL-6 is produced by Kupffer cells or mac-
rophages (Maeda et al., 2005; Naugler et al., 2007). However,
paracrine IL-6 production is transient and does not explain its
expression by HCC cells.

RESULTS

DEN-Induced Collagenase-Resistant Aggregates of
HCC Progenitors
A single intraperitoneal (i.p.) injection of DEN into 15-day-old
BL/6 mice induces HCC nodules first detected 8 to 9 months
later. However, hepatocytes prepared from macroscopically
normal livers 3 months after DEN administration already contain
cells that progress to HCC when transplanted into the permissive
liver environment of MUP-uPA mice (He et al., 2010), which ex-
press urokinase plasminogen activator (UPA) from a mouse
liver-specific major urinary protein (MUP) promoter and undergo
chronic liver damage and compensatory proliferation (Rhim
et al., 1994). Collagenase digestion of DEN-treated livers gener-
ated a mixture of monodisperse hepatocytes and aggregates of
tightly packed small hepatocytic cells (Figure 1A). Aggregated
cells were also present—but in lower abundance—in digests of
control livers (Figure S1A available online). HCC markers such
as o fetoprotein (AFP), glypican 3 (Gpc3), and Ly6D, whose
expression in mouse liver cancer was reported (Meyer et al.,,
2003), were upregulated in aggregates from DEN-treated livers,
but not in nonaggregated hepatocytes or aggregates from con-
trol livers (Figure S1A). Thus, control liver aggregates may result
from incomplete collagenase digestion, whereas aggregates
from DEN-treated livers may contain HcPC. DEN-induced
aggregates became larger and more abundant 5 months after
carcinogen exposure, when they consisted of 10-50 cells that
were smaller than nonaggregated hepatocytes. Using 70 um
and 40 pym sieves, we separated aggregated from nonaggre-
gated hepatocytes (Figure 1A) and tested their tumorigenic
potential by transplantation into MUP-uPA mice (Figure 1B). To
facilitate transplantation, the aggregates were mechanically
dispersed and suspended in Dulbecco’s modified Eagle’s
medium (DMEM). Five months after intrasplenic (i.s.) injection of
10* viable cells, mice receiving cells from aggregates developed
about 18 liver tumors per mouse, whereas mice receiving nonag-
gregated hepatocytes developed less than 1 tumor each (Fig-
ure 1B). The tumors exhibited typical trabecular HCC morphology
and contained cells that abundantly express AFP (Figure S1B). To
confirm that the HCCs were derived from transplanted cells, we
measured their relative MUP-uPA DNA copy number and found
that they contained much less MUP-uPA transgene DNA than
the surrounding parenchyma (Figure $1C). Transplantation of
aggregated cells from livers of DEN-treated actin-GFP transgenic
mice resulted in GFP-positive HCCs (Figure S1D). Both experi-
ments strongly suggest that the HCCs were derived from the
transplanted cells. No tumors were ever observed after transplan-
tation of control hepatocytes (nonaggregated or aggregated).
Only liver tumors were formed by the transplanted cells. Other
organs, including the spleen into which the cells were injected,
remained tumor free (Figure 1B}, suggesting that HcPCs prog-
ress to cancer only in the proper microenvironment. Indeed, no
tumors appeared after HcPC transplantation into normal BL/6
mice. But, if BL/6 mice were first treated with retrorsine (a chem-
ical that permanently inhibits hepatocyte proliferation [Laconi
et al., 1998)), intrasplenically transplanted with HcPC-containing
aggregates, and challenged with CCl, to induce liver injury and
compensatory proliferation (Guo et al., 2002), HCCs readily
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Figure 1. DEN-Induced Hepatocytic Aggregates Contain CD44" HCC Progenitors

(A) Fifteen-day-old BL/6 males were given DEN or vehicle. After 3 or 5 months, their livers were removed and collagenase digested. Left: typical digest
appearance (magnification: 400x; 3 months after DEN). Red arrow indicates a collagenase-resistant aggregate. Right: aggregates per liver {n = 5; + SD for
each point).

(B) Livers were collagenase digested 5 months after DEN administration. Aggregates were separated from nonaggregated cells and mechanically dispersed into
a single-cell suspension (left upper panels; 200x). 10* viable aggregated or nonaggregated cells were i.s. injected into MUP-uPA mice whose livers and spleens
were analyzed for tumors 5 months later (left lower panels). The number of HCC nodules per liver was determined (n = 5; = SD).

(C) Adult BL/6 mice were given retrorsine twice with a 2 week interval to inhibit hepatocyte proliferation. After 1 month, mice were i.s. transplanted with dispersed
hepatocyte aggregates (10° cells) from DEN-treated mice and, 2 weeks later, were given three weekly i.p. injections of CCl, or vehicle. Tumor multiplicity and size
were evaluated 5 months later (n = 5; + SD).

(D) Hepatocyte aggregates were prepared as in (A), stained with CD44 antibody and DAPI, and examined by fluorescent microscopy (400x).

(E) Hepatocyte aggregates were dispersed as above, and CD447 cells were separated from CD44 ™ cells. The indicated cell numbers were injected into MUP-uPA
mice, and HCC development was evaluated 5 months later. n values are in parentheses (n.d., not done).

See also Figure S1.

appeared (Figure 1C). CCl; omission prevented tumor develop-  CCls-induced liver damage, especially within a male liver, gener-
ment. Notably, MUP-uPA or CCl,-treated livers are fragile, ates a microenvironment that drives HcPC proliferation and
rendering direct intrahepatic transplantation difficult. The trans-  malignant progression. To examine this point, we transplanted
planted HcPC-containing aggregates formed more numerous GFP-labeled HcPC-containing aggregates into retrorsine-
and larger HCC nodules in male recipients than in females (Fig- treated BL/6 mice and examined their ability to proliferate with
ure 1C), as observed in MUP-uPA mice transplanted with unfrac-  or without subsequent CCl, treatment. Indeed, the GFP* cells
tionated DEN-exposed hepatocytes (He et al., 2010). Thus, formed clusters that grew in size only in CCls-treated host livers
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(Figure S1E). Omission of CC1, prevented their expansion.
Unlike HCC-derived cancer cells (dih10 cells), which form sub-
cutaneous (s.c.) tumors with HCC morphology (He et al., 2010;
Park et al., 2010), the HcPC-containing aggregates did not
generate s.c. tumors in BL/6 mice (Figure S1F).

Despite their homogeneous appearance, the HcPC-contain-
ing aggregates contained both CD44" and CD44™ cells (Fig-
ure 1D). Because CD44 is expressed by HCC stem cells (Yang
et al., 2008; Zhu et al.,, 2010), we dispersed the aggregates
and separated CD44" from CD44™ cells and transplanted both
into MUP-UPA mice. Whereas as few as 10° CD44* cells gave
rise to HCGCs in 100% of recipients, no tumors were detected
after transplantation of CD44™ cells (Figure 1E). Remarkably,
50% of recipients developed at least one HCC after receiving
as few as 10% CD44" cells. Mature CD44~ hepatocytes were
found to engraft as well as or better than CD44* small hepato-
cytic cells (Haridass et al., 2009; Ichinche et al., 2012). Hence,
livers of DEN-treated mice contain CD44* HcPC that can be
successfully isolated and purified and give rise to HCCs after
transplantation into appropriate hosts. Unlike fully transformed
HCC cells, HcPCs only give rise to tumors within the liver.

HePC-Containing Aggregates in Tak72"*® Mice

We applied the same HcPC isolation protocol to Tak74"P mice,
which develop HCC of different etiology from DEN-induced
HCC. Importantly, Tak12"® mice develop HCC as a conse-
quence of chronic liver injury and fibrosis without carcinogen or
toxicant exposure {Inokuchi et al., 2010). Indeed, whole-tumor
exome sequencing revealed that DEN-induced HCC contained
about 24 mutations per 10° bases (Mb) sequenced, with
B-Raf'®3"E peing the most recurrent, whereas 1.4 mutations per
Mb were detected in Tak7%"*P HCC'’s exome (Table S1). By
contrast, Tak12"*P HCC exhibited gene copy number changes.

Figure 2. Tak1*"®® Livers Contain Collage-
nase-Resistant HcPC Aggregates

(A) Livers, free of tumors (upper panels), were
removed from 1-month-old Tak1™ and Tak72reP
males and collagenase digested (lower panels; red
arrow indicates collagenase-resistant aggregate).
(B) 10* nonaggregated or dispersed aggregated
hepatocytes from (A) were i.s. injected into MUP-
uPA mice that were analyzed 6 months later to
identify mice with at least one liver tumor (n = 5-8
mice per genotype).

(C) BL/6 males were injected with vehicle or CCl,
twice weekly for 2 weeks. Hepatocytes were iso-
lated by collagenase digestion and photographed
(right panels; 400x). Liver sections were stained
with Sirius red to reveal collagen deposits (left
panels).

(D) 8-week-old BL/6 males were subjected to 70%
partial hepatectomy, pulsed with BrdU at 46 and
70 hr, and sacrificed 2 hr later. Isolated hepato-
cytes were photographed. Liver sections were
analyzed for BrdU incorporation (400x). See also
Figure 82 and Table S1.

Hepatocytes

Collagenase digests of 1-month-old Tak72™® livers contained
much more hepatocytic aggregates than Tak1™ liver digests
(Figure 2A). Notably, HCC developed in 75% of MUP-uPA mice
that received dispersed Tak72"®P aggregates, but no tumors
appeared in mice receiving nonaggregated Tak7*"™P or total
Tak1"" hepatocytes (Figure 2B). Because Tak74"P mice are sub-
ject to chronic liver damage and consequent compensatory pro-
liferation, we wanted to ascertain that the HcPCs are not simply
proliferating hepatocytes or expanding bipotential hepatobiliary
progenitors using CCl, to induce liver injury and compensatory
proliferation in WT mice. Although this treatment caused acute
liver fibrosis, it did not augment formation of collagenase-resis-
tant aggregates (Figure 2C). Similarly, few aggregates were de-
tected in collagenase digests of livers after partial hepatectomy
(Figure 2D). However, bile duct ligation (BDL) or feeding with
3,5-dicarbethoxy-1,4-dihydrocollidine (DDC), treatments that
cause cholestatic liver injuries and oval cell expansion (Dorrell
et al.,, 2011), did increase the number of small hepatocytic cell
aggregates (Figure S2A). Nonetheless, no tumors were observed
5 months after injection of such aggregates into MUP-uPA mice
(Figure S2B). Thus, not all hepatocytic aggregates contain
HcPCs, and HcPCs only appear under tumorigenic conditions.

The HePC Transcriptome Is Similar to that of HCC and
Oval Cells

To determine the relationship between DEN-induced HcPCs,
normal hepatocytes, and fully transformed HCC cells, we
analyzed the transcriptomes of aggregated and nonaggregated
hepatocytes from male littermates 5 months after DEN adminis-
tration, HCC epithelial cells from DEN-induced tumors, and
normal hepatocytes from age- and gender-matched littermate
controls. Clustering analysis distinguished the HCC samples
from other samples and revealed that the aggregated
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