Adenosine Kinase Is a Key Determinant for the
Anti-HCV Activity of Ribavirin
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Ribavirin (RBV) is often used in conjunction with interferon-based therapy for patients
with chronic hepatitis C. There is a drastic difference in the anti-hepatitis C virus
(HCV) activity of RBV between the HuH-7-derived assay system, ORG, possessing the
RBV-resistant phenotype (50% effective concentration [ECsp]: >100 pM) and the
recently discovered Li23-derived assay system, ORLS, possessing the RBV-sensitive phe-
notype (ECso: 8 1IM; clinically achievable concentration). This is because the anti-HCV
activity of RBV was mediated by the inhibition of inosine monophosphate dehydrogen-
ase in RBV-sensitive ORLS cells harboring HCV RNA. By means of comparative analy-
ses using RBV-resistant OR6 cells and RBV-sensitive ORL8 cells, we tried to identify
host factor(s) determining the anti-HCV activity of RBV. We found that the expression
of adenosine kinase (ADK) in ORLS cells was significantly higher than that in RBV-re-
sistant ORG6 cells harboring HCV RNA. Ectopic ADK expression in ORG6 cells converted
them from an RBV-resistant to an RBV-sensitive phenotype, and inhibition of ADK
abolished the activity of RBV. We showed that the differential ADK expression between
ORLS8 and ORG cells was not the result of genetic polymorphisms in the ADK gene
promoter region and was not mediated by a microRNA control mechanism. We found
that the 5’ untranslated region (UTR) of ADK messenger RNA in ORLS cells was lon-
ger than that in ORG cells, and that only a long 5> UTR possessed internal ribosome
entry site (IRES) activity. Finally, we demonstrated that the long 5° UTR functioned as
an IRES in primary human hepatocytes. Conclusion: These results indicate that ADK
acts as a determinant for the activity of RBV and provide new insight into the molecular

mechanism underlying differential drug sensitivity. (HepaTOLOGY 2013;58:1236-1244)

See Editorial on Page 1203
epatitis C virus (HCV) is an enveloped RNA

virus, the genome of which consists of a posi-

tive-stranded 9.6-kilobase (kb) RNA encoding
10 structural and nonstructural (NS) proteins.1 The
combination of pegylated-interferon (Peg-IFN) and
ribavirin  (RBV) was the standard treatment for
patients with chronic hepatitis C (CHC) untl last
year, when a new triple-agent combination therapy

using an inhibitor of HCV NS3-4A protease (i.e., ei-
ther telaprevir or boceprevir), in combination with
Peg-IFN and RBV, was started.” The sustained viro-
logic response (SVR) rate of genotype 1 using this new
therapy is expected to increase from 55% to more
than 70%.> However, there has also been an increase
in side effects by RBV in the triple therapy, including
several severe side effects, such as skin rash by telapre-
vir, ageusia by boceprevir, and advanced anemia by
telaprevir/boceprevir.>*

Abbreviations: Abs, antibodies; ADK; adenosine kinase; SazaC, 5-azacytidine; CCsq, 50% cytoroxic concentration; cDNA, complementary DNA; CHC, chronic
hepatitis C; ECsq, 50% effective concentration; GTE guanosine triphosphate; HCV, hepatitis C virus; HPLC, high-performance liguid chromatography; IMPDH,
inosine monophosphate dehydrogenase; IMR, inosine-5"-monophosphate; IRES, internal ribosome entry site; kb, kilobase; mRINA, messenger RNA; NS, nonstructural
protein; nt, nucleotide; ORE open reading frame; 4-PBA, 4-phenylbutyric acid; Peg-IFN, pegylated-interferon; PHHs, primary human bepatocytes; RACE, rapid
amplification of cDNA ends; RBV, ribaviviny RL, renilla luciferase; RME RBV 5-monophosphate; RT-PCR, reverse transcription-polymerase chain reaction; siRNA,
small interfering RNA; miRNAs, microRNAs; SN, single-nucleotide polymorphism; SVR, sustained virologic response; UTR, untranslated region.
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The main hurdle to resolving the side-effect profile is
that the anti-HCV mechanism of RBV is not well under-
stood, although several possible mechanisms have been
proposed.™® To date, there has been no cell-culture sys-
tem enabling analysis of the anti-HCV mechanism of
RBV at clinically achievable concentrations (5-14 uM),
because the human hepatoma cell line, HuH-7, which
has been the only cell line available for robust HCV repli-
cation, is not sensitive to RBV.>”® Indeed, we also
observed that the 50% effective concentration (ECsg) of
RBV against HCV RNA replication in our developed
HuH-7-derived assay system (OR6), in which the ge-
nome-length HCV RNA (O strain of genotype 1b)
encoding renilla luciferase (RL) replicates efficiently, was
more than 100 pM, and 50% cytotoxic concentration
(CCso) was also more than 100 pM.%*°

On the other hand, we recently found that a new
human hepatoma cell line, Li23, whose gene expression
profile was distinct from that of HuH-7, enabling effi-
cient HCV RNA replication and persistent HCV pro-
duction, was sensitive to RBV.'%'? Indeed, the ECsp
value of RBV against HCV RNA replication in our
developed Li23-derived assay system (ORLS), which is
comparable to the ORG assay system, was 8.7 uM, and
the CCs value was more than 100 pM."® It was note-
worthy that this ECsq value was equivalent to the clini-
cally achievable concentrations of RBV. Therefore, this
finding led us to analyze the antd-HCV mechanism of
RBYV, and, consequently, we found that the anti-HCV
activity of RBV was mediated by the inhibition of ino-
sine monophosphate dehydrogenase (IMPDH), and
that IMPDH was required for HCV RNA replication.'®

From these findings, we anticipated that the compara-
tive analysis of RBV-sensitive ORLS8 cells and RBV-resist-
ant ORG cells would lead to the identification of host
factor(s) determining the anti-HCV activity of RBV. Here,
we report the finding that adenosine kinase (ADK) is an
essential determinant of the anti-HCV activity of RBV.

Materials and Methods

Cell Cultures. HuH-7- and Li23-derived cells and
PHSCHS cells were maintained as described previ-
ously.! HT17 cells were cultured in Dulbecco’s
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modified Eagle’s medium supplemented with 10% fe-
tal bovine serum. Primary human hepatocytes (PHHs;
PhoenixBio, Higashihiroshima, Japan) were also main-
tained in the medium for the Li23-derived cells.

Reagents. RBV was kindly provided by Yamasa
(Chiba, Japan).

Inosine-5’-monophosphate  (IMP) and nucleoside
triphosphates (cytidine triphosphate, uridine triphos-
phate, adenosine triphosphate, and guanosine triphos-
phate [GTP]) were also purchased from Yamasa. ABT-
702 was purchased from Calbiochem (San Diego,
CA). S-azacytidine (5azaC) and 4-phenylbutyric acid
(4-PBA) were purchased from Sigma-Aldrich (St
Louis, MO).

Western Blotting Analysis. Preparation of cell
lysates, sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, and immunoblotting analysis were per-
formed as previously described.’? Polyclonal-ADK
(ab54818; Abcam, Cambridge, MA), monoclonal-
ADK (F-5; Santa Cruz Biotechnology, Santa Cruz,
CA), and f-actin (AC-15; Sigma-Aldrich) antibodies
(Abs) were used.

Reverse-Transcription Polymerase Chain Reac-
tion. Reverse-transcription polymerase chain reaction
(RT-PCR) was performed to detect ADK messenger
RNA (mRNA), as described previously,"® using the
primer sets (ADKF and ADKR; ADK-5-untranslated

region [UTR]-187nts and ADK-5-UTR checkR)
listed in Supporting Table 1.
Quantitative  RT-PCR. Quantitative =~ RT-PCR

analysis for ADK mRNA was performed using a real-
time LightCycler PCR (Roche Diagnostics, Indianapo-
lis, IN), as described previously,11 with the primer sets
(ADKF and ADKR; ADK-5UTR-384nts and
ADK-5'UTR checkR; ADK-5"UTR-318nts and ADK-
5’UTR checkR; ADK-5’UTR-187nts and
ADK-5'UTR checkR; ADK-5"UTR-125nts and ADK-
5’UTR checkR) listed in Supporting Table 1.

RL Assay. RL assay was performed as described
previously.” Experiments were performed at least in
riplicate.

High-Performance  Liquid  Chromatography
Analysis. Quantitative high-performance liquid chro-
matography (HPLC) analysis was performed using the
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extract from the ORG6 or ORLS8 cells treated with 50
UM of RBV for 8 hours. HPLC analysis was per-
formed as described previously."

RNA Interference. Small interfering RNA (siRNA)
duplexes targeting the coding regions of human ADK
(catalog no.: M-009687-01; Dharmacon, Inc., Lafay-
ette, CO) were chemically synthesized. A nontargeting
siRNA duplex (catalog no.: D-001206-13; Dharma-
con) was also used as a control. ORLS cells were trans-
fected with the indicated siRNA duplexes using
Oligofectamine (Invitrogen, Carlsbad, CA 1o

Ectopic Expression of ADK. The methods of plas-
mid construction for ectopic expression of ADK and
retroviral infection using the constructed plasmids are
described in the Supporting Materials.

Plasmid Construction and Internal Ribosome
Entry Site Activity Assay. The method of plasmid
construction for internal ribosome entry site (IRES)
activity assay is described in the Supporting Materials.
The dual luciferase reporter assay for IRES activity was
performed by the method described previously.*

Statistical Analysis. Data are presented as mean-
s * standard deviation. The Student unpaired # test
was performed for statistical analysis between the two
groups, and the difference was considered significant at

P <0.05.

Results

High Expression Level of ADK in ORL8 Cells. 'To
identify the host factor responsible for the difference
in RBV responses between Li23-derived ORL8 and
HuH-7-derived OR6 cells, we first recompared the
previous data from complementary DNA (cDNA)
microarrays using Li23 and HuH-7 cells. Although we
assigned 17 genes that showed dramatic differences in
expression between Li23 and HuH-7 cells,*® none of
these genes were considered to be involved in the
response to RBV. Expression of IMPDHI
(NM_000883) and IMPDH2 (NM_000884), which
were involved in the ant-HCV mechanism of
RBV,%! was also at a similar level between Li23 and
HuH-7 cells or between cured ORL8 (ORL8c) and
cured OR6 (ORG6¢) cells (Supporting Table 2).

We next attempted to verify the process of GTP
reduction that is expected to occur after RBV is incor-
porated into cells. To this end, we performed a quanti-
tative HPLC analysis using the extract from the OR6
or ORLS cells treated with 50 uM of RBV for 8
hours, which is the working time of RBV against
HCV RNA replication.'® Amounts of IMP and GTP
were calculated from the peak area obtained by HPLC
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Fig. 1. Expression level of ADK in ORL8 cells was higher than that in
OR6 cells. (A) Signal of GTP obtained by HPLC analysis using nts
extracted from RBV-treated cells was quantified. (B) Signal of IMP
obtained by HPLC analysis using nts extracted from RBV-treated cells was
quantified. (C) Expression level of ADK mRNA in ORL8 cells was com-
pared with that in OR6 cells by quantitative RT-PCR analysis. (D) Level of
ADK in ORL8 cells was compared with that in OR6 cells by western blot-
ting analysis. (E) ORL8 cell extract was diluted and then western blotting
analysis was performed for the detection of ADK. Two isoforms of ADK
(40 and 38 kDa) were loaded as molecular markers. Experiments (A-C)
were performed in triplicate. *P < 0.05; NS, not significant.

analysis. Volume of cells was calculated from the mean
diameter of cells, and we found 10° cells to be equiva-
lent to 1.1 mm®. We assumed that the extracted nucle-
otides (nts) were uniformly distributed in the cell
aqueous volume. As expected, the level of intracellular
GTP in ORLS cells showed a significant (60%) reduc-
tion, whereas that in ORG6 cells showed only a 27%
reduction (Fig. 1A and Supporting Fig. 1A-D). These
results support our previous finding that the inhibitory
effect of RBV on HCV RNA replication in ORLS cells
is stronger than that in ORG cells.'”

In addition, we noticed an unexpected phenomenon:
A substantial accumulation of IMP occurred as the result
of IMPDH inhibition in ORLS cells, but not in OR6
cells. The IMP level in ORLS8 cells became approxi-
mately 30 times higher than that in OR6 cells (Fig. 1B
and Supporting Fig. 1A-D). However, no additive effect
of inosine (up to 100 pM) on HCV RNA replication
in ORLS cells was observed (Supporting Fig. 2).

It has been reported that RBV is metabolized
in vivo through RBV 5-monophosphate (RMP), a
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Fig. 2. ADK is a determining host factor for the anti-HCV activity of RBV. (A) ORL8 cells were cotreated with RBV (50 puM) and ABT-702 (nM)
for 72 hours, after which an RL assay was performed. Relative luciferase activity (RLU) (%) calculated at each time point, when the level of lucif-
erase activity in nontreated cells was assigned to be 100%, is shown. (B) ORL8 cells were transfected with 8 nM of siRNA targeting ADK. After
72 hours, expression levels of ADK were monitored by western blotting analysis (lower panel). ADK-knockdown ORLS8 cells were treated with 12.5
M of RBV for 72 hours, after which an RL assay was performed, as described in (A, upper panel). (C) Expression level of ADK in OR6-ADK cells
was monitored by western blotting analysis. (D) OR6-ADK cells were treated with RBV for 72 hours and then an RL assay was performed as
described in (A). (E) OR6-ADK cells were cotreated with RBV (5 uM) and ABT-702 (nM) for 72 hours and then an RL assay was performed, as
described in (A). Experiments (A, B, D, and E) were performed in triplicate. *P < 0.05.

competitive inhibitor of IMPDH, by ADK.'® Based
on our findings, we expected that ADK activity might
be able to control the anti-HCV activity of RBV.
Indeed, microarray analysis revealed that the actual
expression levels of ADK were 764 and 2,840 in
ORG6c and ORLS8c cells, respectively. Quantitative RT-
PCR analysis also showed that the mRNA level of
ADK in ORLS cells was 4.5 times higher than that in
ORG cells (Fig. 1C). Furthermore, we found that the
protein level of ADK in ORLS cells was much higher
than that in ORG6 cells (Fig. 1D).

On the other hand, it is known that ADK has two
major isoforms: ADK-long (NM_006721) localized in
the nucleus and ADK-short (NM_001123) localized in
the cytoplasm.’” ADK-long differs in the 5 UTR and
initiates translation at an alternative start codon, com-
pared to ADK-short. ADK-long is 17 amino acids lon-
ger than ADK-short. We prepared ORL8 cells stably
overexpressing ORL8-derived ADK-long or ADK-short

using a retroviral gene transfer system and examined its

mobility in western blotting analysis. Fortunately, two
isoforms were discriminable as 40 (ADK-long) and 38
kDa (ADK-short) (Fig. 1E). Using these isoforms as
molecular markers, we performed semiquantitative west-
ern blotting analysis by the sample dilution method.
The results revealed that the expression level of ADK-
short in ORLS cells was approximately 16 times higher
than that in ORG6 cells, and that ADK-long was little
expressed in both cells (Fig. 1E). From these results, we
assumed that the differences in ADK expression were
involved in the dramatic differences in RBV sensitivity
between the two cell lines. To address this assumption,
we focused on the ADK-short in the following study;
hereafter, ADK-short is designated as ADK.

ADK Is a Host Factor Determining the Anti-HCV
Activity of RBV. To evaluate the hypothesis that
ADK controls the anti-HCV activity of RBV, we first
examined the effect of ABT-702, an ADK inhibitor,
on the anti-HCV activity of RBV. The results revealed
that ABT-702 cancelled the activity of RBV in ORLS
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cells in a dose-dependent manner (Fig. 2A). Further-
more, we demonstrated that the activity of RBV was
cancelled in ADK-knockdown ORLS cells (Fig. 2B).
These results suggest that the inhibition of ADK in
ORLS cells converts them from an RBV-sensitive phe-
notype to an RBV-resistant phenotype.

To directly demonstrate the involvement of ADK,
we first prepared ORG6 cells stably expressing ADK
(OR6-ADK) (Fig. 2C). We were able to demonstrate
that the OR6-ADK cells were dramatically converted
from an RBV-resistant phenotype with an ECs, value
of more than 100 pM to an RBV-sensitive phenotype
with an ECsq value of 2.6 uM (Fig. 2D). We next
examined whether or not the GTP reduction or IMP
accumulation observed in ORLS8 cells treated with
RBV (Fig. 1A,B) occurs in ORG-ADK cells. The
results revealed that the GTP reduction and IMP
accumulation in RBV-treated OR6-ADK cells were
more pronounced than in RBV-treated ORLS cells
(Supporting Fig. 3A,B). Because ORG is a clonal cell
line harboring genome-length HCV RNA, we used a
polyclonal cell line (sOR) harboring HCV replicon
RNA’ to prepare sOR-ADK cells stably expressing
ADK (Supporting Fig. 3C) and examined their sensi-
tivity to RBV. sOR-ADK cells were also dramatically
converted from an RBV-resistant phenotype with an
ECsg value of more than 100 pM to an RBV-sensi-
tive phenotype with an ECsq value of 6.0 uM (Sup-
porting Fig. 3D). In addition, ORL8-ADK cells
stably overexpressing ADK also showed ECsy values
ranging from 13.2 to 1.2 pM (Supporting Fig. 3E).
Furthermore, we demonstrated that the anti-HCV ac-
tivity detected in OR6-ADK cells was also cancelled
by ABT-702 treatment in a dose-dependent manner
(Fig. 2E). Considering these results together, we con-
clude that ADK is a key determinant for the anti-
HCV activity of RBV.

The Suppression of ADK Expression in OR6 Cells
Was Not the Result of Genetic Variations or Epige-
netic Alterations in the ADK Gene Promoter. To
clarify the mechanism underlying the difference in
ADK expression between ORG and ORL8 cells, we
first examined the nt sequences of up to several kb
upstream from the transcription start point estimated
from NM_001123 (31-OCT-2010) using the data of
AL731576. Several possible transcription elements,
such as the GC box (—12 and —187 of ADK gene),
p53 response element (—252 and —585), and heat
shock element (=559, —971, —1486, and —1797)
were detected in up to approximately 2 kb upstream
from the estimated transcription start point, but not in
more 2 kb. Accordingly, we amplified approximately 2
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kb including the 5° UTR (187 nts estimated by
NM_001123 [31-OCT-2010]) by PCR using DNA
prepared from ORL8 or ORG cells, and each PCR
product was inserted into pGL4.10-luc2 for the
sequence analysis and reporter analysis of gene pro-
moter activity. Sequence analysis confirmed that the
sequences of the inserts were the same as the sequence
data of the ADK gene (AL731576), except in the case
of a single-nucleotide  polymorphism  (SNP)
[rs10824095; C for ORLS cells and T for ORG6 cells]
located 20 bases upstream from the initiation codon.
Luciferase reporter assay using ORLS8c cells revealed
that the promoter activity of ORG6 origin was almost
equal to that of ORL8 origin (Supporting Fig. 4A),
indicating that the detected SNP was not involved in
the level of promoter activity.

We next evaluated the epigenetic effects on ADK
expression level. The results revealed that the expres-
sion level of ADK mRNA in OR6 cells was not
enhanced in the cells treated with 5azaC and/or 4-
PBA for 48 hours (Supporting Fig. 4B). Moreover, the
protein level of ADK was not increased in the OR6
cells treated with 5azaC for 6 days (Supporting Fig.
4C). Taken together, these results suggest that the low
level of ADK mRNA in OR6 cells was not the result
of genetic polymorphisms or epigenetic alternations in
the ADK gene promoter region.

The Differential ADK Expression Between ORG
and ORL8 Cells Was Not Mediated by a microRNA
Control Mechanism. To explain the above-described
gap between the 4.5-fold difference in the mRNA level
and the 16-fold difference in the protein level (Fig.
1C,E), we hypothesized that the 3> UTR of ADK
mRNA was different in the length or nt sequences
between OR6 and ORLS cells, and that such differen-
ces affected the control mechanism by microRNA
(miRNA). To test this hypothesis, we first performed
3’ rapid amplification of cDNA ends (RACE) analysis
on ADK mRNA using total RNA prepared from ORG6
or ORLS cells. Sequence analysis using more than 45
cDNA clones obtained from each cell line was carried
out. 3 UTRs of four different lengths were detected
in both ORG and ORLS cells, because four potential
poly(A) additional signals were present in the down-
stream ADK open reading frame (ORF) (Supporting
Fig. 5). The results revealed no qualitative difference
of 3> UTR species between OR6 and ORLS cells
(Supporting Fig. 5).

Because the 3° UTR of ADK mRNA contained the
seed sequences of miR-182, miR-203, mir-125a-3p,
and miR-106b (Supporting Fig. 5), we assumed that
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Fig. 3. Level of ADK mRNA possessing long 5" UTR was correlated
with the expression level of ADK. (A) Total RNAs prepared from ORLS8
and ORG6 cells were subjected to RT-PCR using the primer sets (Sup-
porting Table 1) for various lengths of 5° UTR of ADK mRNA. (B)
Expression levels of ADK were compared by western blotting analysis.
The two molecular markers of ADK shown in Fig. 1E were loaded on
every two lanes. (C) Amounts of 5’ UTR species of ADK mRNAs were
compared by quantitative RT-PCR analysis using the primer sets
described in (A). Experiments were performed in triplicate.

the difference in expression levels of these miRNAs
causes the different protein levels of ADK. To examine
this possibility, we performed an miRNA microarray
analysis between ORG and ORLS cells. This analysis
revealed very low expression levels (measured values of
less than 7) of miR-182, miR203, and miR-125a-3p
in both cell lines. Although only miR-106b was mod-
erately expressed (measured value of approximately
300) in ORG6 and ORLS8 cells, the values obtained
from both cell lines were almost the same. From these
results, these miRNAs may not participate in the
translational regulation of ADK mRNAs in OR6 and
ORLS cells.

The 5° UTR of ADK mRNA in ORL8 Cells Was
Longer Than That in ORG Cells. To explain the
dramatic difference in ADK expression between ORLS
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and ORG cells, we next focused on the 5 UTR. To
date, two different lengths of 5 UTR (384 nts in
accession number NM_001123[25-MAR-2011] and
187 nts in accession numbers NM_001123[31-OCT-
2010] and HSU_50196) have been deposited in Gen-
eBank. Because the 384 nts form has been considered
to be a unique species in testis tissue, we performed
5" RACE analysis to determine the length of the 5’
UTR of ADK mRNA in ORL8 or OR6 cells.
Sequence analysis was carried out using more than 20
c¢DNA clones obtained from each cell line. Conse-
quently, we obtained 319 and 125 nts as the major 5°
UTR species in ORL8 and ORG6 cells, respectively.
We confirmed these results by RT-PCR analysis using
four different primer sets for the 5> UTR (Fig. 3A).
The amount of 384 nts species in ORLS8 cells was
estimated to be less than one thirtieth the amount of
the 319-nts species (Fig. 3A). These results indicate
that the length of 5° UTR in ORLS cells is longer
than that in ORG cells.

From these results, we considered the possibility
that the length of the 5° UTR is associated with the
protein level of ADK. To test this possibility, we first
compared the expression levels of ADK in various
human hepatoma cell lines and human immortalized
hepatocyte lines. Low expression level of ADK was
observed in HT17 and Hep3B cells as well as OR6
cells, although the other cell lines, including ORLS,
HuH-6, HepG2, HLE, and PH5CHS cells, showed
high expression level of ADK (Fig. 3B and Supporting
Fig. 6). We next performed quantitative RT-PCR anal-
ysis on the 5 UTR using total RNAs from ORG,
ORLS, HT17, and PH5CHS cells. Consequently, we
found that the 319 nts species of the 5> UTR was
abundant in PH5CHS cells, but not in HT17 cells
(Fig. 3C), indicating good correlation between the
amount of 319 nts species and the amount of ADK
protein (Fig. 3B,C). These results suggest that the 319
nts species of 5° UTR is involved in the high protein
level of ADK.

The Long-Form 5° UTR of ADK mRNA Possessed
IRES Activity. From the results of 5° UTR analysis,
we assumed that the 319 nts species of the 5° UTR
possesses IRES activity because it is GC rich (72%)
and highly structured (estimated AG = —110.7 kcal/
mol), and because it contains an upstream ORF for 70
amino acids. To test this assumption, we used a bicis-
tronic dual luciferase reporter assay system for the
detection of IRES activity (Fig. 4A). As a positive con-
trol, we constructed a pGL4-based reporter plasmid
containing HCV IRES (377 nts; 341 nts in the 5
UTR plus the first 36 nts in the Core-encoding
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system. (B) ORL8c¢ celis were transfected with the plasmid as shown in (A). After 48 hours, a dual luciferase assay was performed. The ratio of
the RL activity to firefly luciferase activity was calculated. The relative value calculated at each sample, when the ratio in the control vector-trans-
fected cells (—) was assigned to be 1, is presented. F and R indicate the forward and reverse direction of insert in the reporter plasmid, respec-
tively. (C) Deletion mutant analysis of the 5’ UTR in IRES assay. IRES assay was performed using ORL8c cells transfected with the reporter
plasmid containing the deleted forms of the 5’ UTR, as described in (B). (D) ADK expression derived from the long-form 5’ UTR transcript was
more productive than that from the short-form 5" UTR transcript. OR6¢ cells were transfected with the plasmid, in which the Xbal fragment of the
plasmid used for HCV IRES activity assay was replaced by the ADK ORF possessing the 5’ UTR of 319 or 125 nts. After 48 hours, western blot-
ting analysis was performed. Firefly luciferase activities were measured to check equal transfection efficiency. Experiments (B and C) were per-

formed in triplicate. *P < 0.05; NS, not significant.

region). We next replaced the HCV IRES structure in
this plasmid with several different lengths (forward or
reverse direction) of the 5> UTR derived from ORLS8
cells. ORL8c cells were transfected with these plas-
mids, and at 48 hours after transfection, dual luciferase
assays were performed. Consequently, we found that
the forward 319 nts, but not the forward 125 nts, of
5" UTR clearly showed IRES activity at the same level
as HCV IRES (Fig. 4B). The 187 nts species also
showed weak IRES activity (Fig. 4B). None of the 5’
UTR species with reverse direction and none of the
HCV IRES with reverse direction showed any IRES
activities (Fig. 4B). Furthermore, similar results were
obtained in the genome-length HCV RNA-replicating
OL8 cells and their cured cells (OL8¢) (Supporting
Fig. 7A,B), suggesting that IRES activity does not
depend on cell strains or HCV RNA replication. In
addition, we did not observe any effects of an SNP
(rs10824095), which was located 20 bases upstream
from the initiation codon, on the IRES activities of

ORG6 and ORLS cell-derived 5 UTRs (319 nts) (Sup-
porting Fig. 8).

To identify the entry site of the 40S ribosome in
the IRES region, we prepared three deletion mutants
(deleted upstream 30, 60, and 90 nts from the initia-
tion codon) of the 5° UTR and measured their IRES
activities in ORL8c cells. The results revealed that the
deletion up to 60 nts from the initation codon did
not decrease IRES activity, but the 90 nts deletion
abolished IRES activity (Fig. 4C). Similar results were
also obtained in OL8 and OL8c cells (Supporting Fig.
7C,D). These results suggest that the entry site of the
40S ribosome is between 60 and 90 nts upstream
from the initiation codon, and that the region from
319 to 61 nts upstream from the initiation codon is
necessary for the IRES activity. It is noteworthy that
this region forms a stable secondary structure (esti-
mated AG = —108.4 kcal/mol) (Supporting Fig. 7E).
Furthermore, we demonstrated that ADK expression
derived from the long-form 5 UTR transcript was
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Fig. 5. Long-form 5’ UTR of ADK mRNA functioned as an IRES in
PHHs. (A) ADK expression level in PHHs was compared with those in
OR6 and ORL8 cells by western blotting analysis. (B) Total RNAs pre-
pared from PHHs and HuH-7 cells were subjected to RT-PCR analysis
using the primer sets described in Fig. 3A. (C) PHHs were transfected
with the plasmid shown in Fig. 4A. After 48 hours, a dual luciferase
assay was performed as described in Fig. 4B. Experiments (B and C)
were performed in triplicate. *P < 0.05; NS, not significant.

more productive than the expression from the short-
form 5” UTR transcript in OR6c cells (Fig. 4D).

The Long-Form 5° UTR of ADK mRNA Func-
tioned as an IRES in Primary Human Hepatocy-
tes. To obtain a final conclusion, we examined
whether the novel mechanism in ADK translation
plays a role in PHHs. We first examined ADK expres-
sion level in PHHs, and the results revealed that ADK
protein level was higher in PHHs than in ORLS cells
(Fig. 5A). We next performed RT-PCR analysis using
the primer sets used in Fig. 3A to examine the
amounts of 319 and 125 nts forms of the 5> UTR.
The results showed that the 319 nts species was the
major 5 UTR species in PHHs, but not in HuH-7
cells, which are the parent of ORG cells (Fig. 5B),
indicating a good correlation between the amount of
319 nts species and the amount of ADK protein in
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PHHs. Finally, we demonstrated that the 319 nts
form, but not the 125 nts form, of 5> UTR cdlearly
showed IRES activity in PHHs (Fig. 5C).

Considering all these results together, we conclude
that not only ORLS cells, but also PHHs express the
long-form 5> UTR of ADK mRNA possessing IRES
activity and then produce high levels of ADK, which
works as an RBV kinase.

Discussion

In this study, we identified, for the first time, a host
factor ADK whose expression level could control the
anti-HCV activity of RBV. Furthermore, we found that
the expression level of ADK was associated with the
amount of ADK mRNA possessing long 5 UTR exhib-
iting IRES activity. This finding suggests that the RBV
sensitivity on HCV RNA replication is regulated by the
IRES-dependent translation of ADK mRNA. If ADK
expression levels or activity differ between patients with
CHC, it may be a useful therapeutic target.

It has recently been reported that a functional SNP
(rs1127354; major C and minor A) in inosine triphos-
phatase was the most significant SNP associated with
RBV-induced anemia.'® In this context, we hypothe-
sized that this SNP is associated with the expression
level of ADK. To test this hypothesis, we examined
the status of rs1127354 in ORL8 and PHS5CHS cells
showing high expression levels of ADK and in OR6
and Hep3B cells showing low expression levels of
ADK. The results revealed that all cell lines showed
the major C of the SNP, suggesting that rs1127354 is
not associated with the expression level of ADK.

The most striking highlight in this study is the
IRES activity found in ADK mRNA. It has recently
been reported that cellular IRES-mediated translation
is activated by many physiological and pathological
stress conditions in eukaryotic cells.'® To achieve effi-
cient JRES-dependent translation, some triggers will be
needed. However, HCV RNA replication was not such
a trigger, in the present study, because a similar level
of IRES activity was observed in both OL8c cured
cells and genome-length HCV RNA-replicating OLS8
cells (Supporting Fig. 7A-D). The addition of adeno-
sine did not act as a trigger for IRES (Supporting Fig.
9). Another possible explanation for the high level of
ADK in ORLS cells would be the involvement of one
or more miRNA(s) in stabilizing the IRES-containing
ADK mRNA, as reported in HCV RNA.*® To test
this possibility, we performed comparative miRNA
microarray analysis using ORLS8, PH5CHS8, ORG6, and
HT17 cells. The results revealed that nts 1-8 of miR-
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424, whose expression levels in ORL8 and PH5CHS8
cells were several times higher than those in OR6 and
HT17 cells, showed base pairs in the nt 61-68
upstream initiation codon of ADK mRNA. It was
noticed that this region in ADK mRNA overlaps the
region (nt 60-90 upstream initiation codon of ADK
mRNA) identified as the entry site of the 40S ribo-
some. However, a preliminary experiment showed that
overexpression of miR-424 in ORL8 or OR6 cells did
not enhance the translation of ADK (Supporting Fig.
10), suggesting that miR-424 is not associated with
the high level of ADK in ORLS cells. The possibility
remains that other miRNA(s) participate in the up-reg-
ulation of ADK.

At this time, we have identified ADK as a host fac-
tor that controls the anti-HCV activity of RBV and
clarified the molecular mechanism underlying regula-
tion with ADK. Furthermore, we demonstrated that
such a novel mechanism plays a role in PHHs. From
our finding, we suggest that ADK expression is artfully
regulated both at the transcription and translation
stage. Although we identified ADK, which participates
in nucleotidic metabolism, as an enzyme functionally
controlled by the specific expression of an IRES-con-
taining mRINA, there may be other gene products con-
trolled by a similar mechanism.
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Hepatitis C virus NS4B targets lipid droplets through
hydrophobic residues in the amphipathic helices®
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Abstract Lipid droplets (LD) are dynamic storage organ-
elles that are involved in lipid homeostasis. Hepatitis C virus
(HCV) is closely associated with LDs. HCV Core and non-
structural (NS) proteins colocalize with LDs and presumably
are involved in virion formation at that site. We demon-
strated that HCV NS4B, an integral membrane protein in
endoplasmic reticulum (ER), strongly targeted LDs. Confo-
cal imaging studies showed that NS4B localized at the mar-
gins of LDs. Biochemical fractionation of HCVreplicating
cells suggested that NS4B existed in membranes associated
with LDs rather than on the LD surface membrane itself.
The N- and C-terminal cytosolic domains of NS4B showed
targeting of LDs, with the former being much stronger. In
both domains, activity was present in the region containing
an amphipathic o-helix, in which 10 hydrophobic residues
were identified as putative determinants for targeting LDs.
JFH1 mutants with alanine substitutions for the hydropho-
bic residues were defective for virus replication. W43A
mutant with a single alanine substitution showed loss of as-
sociation of NS4B with LDs and severely reduced release of
infectious virions compared with wild-type JFH1.H NS4B
plays a crucial role in virus replication at the site of virion
formation, namely, the microenvironment associated with
LDs.—Tanaka, T., K. Kuroda, M. Ikeda, T. Wakita, N. Kato,
and M. Makishima. Hepatitis C virus NS4B targets lipid
droplets through hydrophobic residues in the amphipathic
helices. J. Lipid Res. 2013. 54: 881-892.

Supplementary key words alanine substitution ® confocal imaging
¢ JFH1 * RNA transfection

Cellular lipid droplets (LD) are dynamic organelles con-
necting storage, metabolism, and dynamics of lipids in eu-
karyotic cells (1-3). LDs consist of core neutral lipids, mainly
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triglycerides and cholesteryl esters, and the surrounding
phospholipid monolayer. The lipids stored in LDs are used
for various cellular events, such as metabolism as an energy
source, membrane synthesis, steroid and eicosanoid synthe-
sis, lipoprotein formation, and protein modification. I.Ds are
thought to be generated from endoplasmic reticulum (ER)
and move in a microtubule-dependent, bidirectional man-
ner, interacting with other organelles, such as ER, mitochon-
dria, and peroxisomes.

Recently, a close association between LDs and hepatitis
C virus (HCV) was revealed (4). HCV infects about 150
million to 200 million people worldwide, and chronic
infection is associated with liver steatosis, cirrhosis, and hepa-
tocellular carcinoma. HCV is a positive- and single-stranded
RNA virus with about 9,600 nucleotides of genome (5),
which codes 10 HCV proteins: Core, envelope 1 (E1),
envelope 2 (E2), p7, nonstructural protein (NS)2, NS3,
NS4A, NS4B, NS5A, and NS5B. All of these proteins are
essential for replication of HCV. Both the 5" and 3" un-
translated regions (UTR) of the genome are also essential
for viral replication: the 5* UTR has an internal ribosome
entry site (6), and the 3’ UTR contains a highly conserved
structure, the 3" X (7, 8). The infectious viral particles
were found to contain the VLDL components, such as trig-
lycerides, cholesterol, and apoB and E, and are therefore
called “lipoviroparticles” (9-12). HCV infects cells by uti-
lizing the LDL receptor and scavenger receptor Bl in
addition to other receptor molecules, such as CD81, clau-
din 1, and occludin (13). Through the life cycle of HCV,
namely, from viral entry to virion release, cellular lipids

Abbreviations: ADRP, adipose differentiation-related protein; EGFP,
enhanced green fluorescent protein; ER, endoplasmic reticulum; GST,
glutathione S-transferase; HCV, hepatitis C virus; LD, lipid droplet;
NS, nonstructural (protein); PNS, post-nuclear supernatant; PVDF,
pollyvinylidene difluoride; UTR, untranslated region.
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and lipid metabolism, especially in lipoproteins, play impor-
tant roles (10-12). HCV modulates cellular lipid metabolism
to facilitate its replication: for example, HCV upregulates
lipogenesis, resulting in accumulation of triglycerides in
the increased mass of LDs. Clinically, liver steatosis is found
in about half of chronic HCV patients. Liver steatosis occurs
also in transgenic mice harboring the HCV Core protein
(14). Inhibition of microsomal triglyceride transfer protein
activity and VLDL secretion by HCV protein(s) is also an
important mechanism of the lipid accumulation in hepa-
tocytes (11). Several studies have shown that many HCV-
derived components, such as Core (15) and NS proteins
[NS2 (16), NS3, NS4A, NS4B, NS5A (17), and NS5B] and
HCV RNAs, also localize at sites close to LDs (4). Core and
NS5A are thought to mediate association of these HCV
components with LDs (4); however, the molecular mecha-
nisms by which NS proteins associate with LDs remain
unclear. Ultrastructural studies showed accumulation of
virion-like structures around LDs (18). Although several cel-
lular and viral proteins localize on the LD membrane, con-
sensus signals for LD targeting are not defined (1). Recent
reports have shown that LD-targeting activity resides in am-
phipathic helices (19-23) or in hydrophobic regions (24-26).

Here, we present evidence that HCV NS4B strongly tar-
gets LDs. NS4B is a 261-amino-acid, multifunctional pro-
tein consisting of N- and C- terminal cytosolic domains
and a central membrane domain harboring at least four
transmembrane helices (27). NS4B is an integral mem-
brane protein in ER (28) that can induce alteration of the
membrane structure to form a membranous web (29), in
which HCV RNA replication is thought to occur (30-32).
We provide evidence to suggest how ER-resident protein
NS4B can interact with LDs. Imaging studies, including a
series of mutation analyses, revealed the regions responsible
for LD targeting of NS4B. The hydrophobic amino acid
residues in amphipathic a-helices are critical for LD tar-
geting. The JFH1 (33) mutant harboring alanine substitu-
tions for the hydrophobic residues of NS4B was defective
for virus replication. In a single alanine substitution mutant,
W43A, we observed that loss of LD targeting of NS4B
caused a severe defect in virus replication. Our results
strongly suggest that NS4B functions at sites close to LDs,
which is critical for replication of HCV.

MATERIALS AND METHODS

Cell culture system

Oc cells (34) and OR6 HCV-RNA-replicating cells (35) were
cultured in collagen (type I)-coated dishes (Iwaki, Chiba, Japan)
with DMEM (Sigma) supplemented with 10% FBS, penicillin,
and streptomycin.

Antibodies

The antibodies used in this study were those against Core
(CP11; MBL, Nagoya, Japan), NS3 (R212), NS4B (52-1, detec-
tion for HCV-O NS4B), NS4AB (RR12, detection for JFHI1
NS4B), NS5A (8926; BioAcademia, Osaka, Japan), NS5B (NS5B-6,
BioAcademia), adipose differentiation-related protein (ADRP;
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Abcam), FLAG (Sigma), myc-tag (MBL), mCherry (Clontech),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Millipore),
and calnexin (BD Transduction Laboratories). The anti-NS3
(R212), anti-NS4B (52-1), and anti-NS4AB (RR12) antibodies were
gifts from Dr. M. Kohara (Tokyo Metropolitan Institute of Medi-
cal Science, Japan). Rabbit polyclonal antibodies specific to JFH1
NS3, NS5A, and NS5B were raised against bacterially expressed
glutathione S-transferase (GST)-NS3 (amino acids 165-631), GST-
NSBA (amino acids 25-466), and GST-NS5B (amino acids 1-570),
respectively. Alexa-Fluor-555-conjugated anti-rabbit IgG (Invitro-
gen), Alexa-Fluor-568-conjugated anti-mouse IgG (Invitrogen),
and rhodamine-conjugated anti-mouse IgG (Cappel) antibodies
were also used.

Expression plasmids

HCV sequences for expression experiments (NS4B, NS5A and
Core) were derived from type 1b HCV strain O [HCV-O, DDBJ/
EMBL/GenBank accession number AB191333 (84)]. The HCV
fragment was amplified by PCR using the restriction-site-tagged
primers with an appropriate template plasmid that contained the
desired HCV sequence. To create fusion constructs with fluo-
rescent protein, the Bglll-EcoRI-digested PCR fragment was li-
gated with Bglll-EcoRI-digested pmCherry-Cl or pEGFP-C1 vector
(Clontech). In another case, the Nhel-HindIIl-digested PCR frag-
ment was ligated with Nhel-HindIII-digested pcDNA3.1(+) vector
(Invitrogen) to create expression constructs. To create a mutant
fragment, primers that had desired mutated sequences were used
for PCR, and usually two appropriate PCR fragments, namely,
“N”and “C,” were connected by overlapping PCR. Sequences of
the primers and their usage, and which fragment the primer sets
amplified, are described in supplementary Tables I and II, re-
spectively. pDsRed2-ER, which expressed an ER marker protein,
was obtained from Clontech. For construction of enhanced green
fluorescent protein (EGFP)-ADRP and Cherry-ADRP, ADRP cDNA
was synthesized from Superscript III (Invitrogen) with a primer

-CCACAGCATGCACTAGTGAT-3" from total RNAs prepared
from Oc cells with Trizol reagent (Life Technologies) according
to the manufacturer’s protocol. The ADRP fragment was ampli-
fied using the restriction-site-tagged primers 5~ TTTAGATCTATGG-
CATCCGTTGCAGTTGA-3" and 5-TTTGAATTCTTAATGAGTT-
TTATGCTCAGATCGC-3, digested with Bglll and EcoRI, and ligated
with the Bglll-EcoRI-digested pmCherry-C1 or pEGFP-C1 vector.

Transient expression experiment

Oc cells (105 cells/well) were seeded on a glass-based, 24-well
culture plate (EZView, Iwaki), and after being cultured for 16 h,
the cells were transfected with expression plasmids with the aid
of Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. Usually, 1.6 pg plasmid was used for each well with
1:2.5-3 ratio to the lipofection reagent. When two kinds of plasmids
were cotransfected into cells, 1.0-1.6 ug of the plasmid was used.

Immunofluorescence

After 24 h transfection, the cells were fixed with 4% paraformal-
dehyde for 15 min, permeabilized with 0.01% digitonin for 30 min,
and stained with Bodipy 493/503 as described previously (36).
When antigens were visualized by indirect immunofluorescence,
the fixed permeabilized cells were blocked with 1% BSA in TBS
(20 mM Tris-HCl, 0.15 M NaCl, pH 7.4) and reacted with an ap-
propriate dilution of primary antibody in 1% BSA-TBS for 1 h at
room temperature. After three washes with TBS, the cells were in-
cubated with an Alexa-Fluor-dye-conjugated (Invitrogen) or rhod-
amine-conjugated (Cappel) secondary antibody with 1,000-fold
dilution in 1% BSA-TBS for 30 min. Cell nuclei were stained with
Hoechst 33342 for 20 min (nuclei were stained in most of the
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experiments but not always shown in the figures). The fluorescent
images were collected by confocal laser scanning microscope
FV1000 (Olympus, Tokyo, Japan) in a sequential scanning mode.

Immunoblotting

Proteins were resolved on 8 or 12% SDS-PAGE and transferred
to polyvinylidene difluoride (PVDF) membranes (GE Health-
care). The membranes were rinsed in water and then soaked
in TBS-0.1% Tween 20 (TBST) for 30 min to enhance detection
sensitivity (37). The membranes were again rinsed in water and
blocked with PVDF Blocking Reagent (Toyobo, Osaka, Japan)
for 1 h at room temperature. The membranes were reacted with
an appropriate dilution of primary antibody in Can Get Signal
Immunoreaction Enhancer Solution 1 (Toyobo) for 1 h at room
temperature. After washing with TBST (five times for 10 min
each), the membranes were reacted with an appropriate dilution
of horseradish-peroxidase-conjugated secondary antibody in Can
Get Signal Immunoreaction Enhancer Solution 2 (Toyobo) for
30 min at room temperature. After washing with TBST (five times
for 10 min each), the blots were visualized by an ECL Plus immuno-
blot detection system (GE Healthcare).

Construction of JFHI1 mutant

We generated JFH1 (33) (DDBJ/EMBL/GenBank accession
number AB047639) mutant constructs that contained alanine sub-
stitutions for hydrophobic residues in the NS4B region as follows:
4Bmtmt, W43A, V46A, W504, F57A, I61A, L64A, 1242A, 1.246A,
L249A, and I1253A; 4Bmt0, W43A, V46A, W50A, F57A, I61A, and
L64A; 4Bmtl, W43A, V46A, and W5H0A; 4Bmt2, F57A, I61A, and
L64A; and 4Bmt3, 1242A, L246A, L249A, and 1253A. Mutants
harboring single alanine substitutions, W43A, V46A and W50A,
were also created. To create a mutant fragment, primers with the
desired mutated sequences were used for PCR, and two or three
appropriate PCR fragments (“N” and ““C”; or “N1,” “N2,” and “-C”)
were connected by overlapping PCR. The resultant mutant frag-
ment was digested with Nsil and RsiI and ligated with Nsid-RsrdlI-
digested pJFH1 (83). Sequences of the primers and their usage
and which fragment the primer sets amplified are described in
supplementary Tables Il and IV, respectively.

In vitro transcription and electroporation of viral
RNA into Oc cells

pJFHI and its mutant plasmids were linearized with Xbal fol-
lowed by treatment with mung bean nuclease (Toyobo) accord-
ing to the manufacturer’s protocol. RNA was transcribed in vitro
from the linearized constructs using MEGAscript T7 kit (Am-
bion) and purified with MEGAclear kit (Ambion) according to
the instruction manual. RNA integrity was checked by agarose gel
electrophoresis. Prior to electroporation, Oc cells were trypsinized
and resuspended in complete DMEM. The cells were washed
twice with PBS and resuspended in buffer R (Invitrogen) at a
concentration of 107 cells/ml. JFHI1 and mutant RNA was intro-
duced into the Oc cells using the NEON transfection system
(Invitrogen) according to the instruction manual as follows. For
titration of virus production, 0.5 g RNA was introduced into 10°
cells in a 10 pl tip supplied by the manufacturer with two pulses
of 30 ms at 1,150 V. Usually, four shots of the electroporated cells
(4 x 107 cells) are pooled in 4 ml prewarmed DMEM supple-
mented with 10% FBS and seeded into 12-well plates (1 ml for
each well). For preparation of LDs, 5 pg RNA was introduced
into 10° cells in a 100 pl tip supplied by the manufacturer, with
two pulses of 30 ms at 1,150 V. Three shots of the electroporated
cells (3 x 10° cells) were pooled in 30 ml prewarmed DMEM sup-
plemented with 10% FBS and seeded into dishes with a diameter
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of 10 cm (10 ml each). At 48 h posttransfection, LDs were pre-
pared as described below.

Cell fractionation by step-wise sucrose density gradient

ORG6 cells were fractionated in sucrose density gradient as de-
scribed previously (38) with minor modifications. Twelve hours
before preparatlon 100 pM oleate was added to the culture me-
dium. Cells (2 x 10%to 3 x 10° cells) were homogenized in 0.5 ml
buffer A [10 mM tricine, 3 mM EDTA, and Complete Protease
Inhibitor Cocktail (Roche), pH 7.4] containing 0.25 M sucrose
with 30 strokes of a glass Dounce homogenizer using a tight-fit-
ting pestle. The lysate was centrifuged for 10 min at 1,000 g at
4°C. The sucrose concentration of the postnuclear supernatant
(PNS) was adjusted to 26% by adding buffer A containing 60%
sucrose. In a 5 ml ultracentrifuge tube (5PA; Hitachi Koki,
Tokyo, Japan), 0.34 ml buffer A containing 51% sucrose and 0.75 ml
buffer A containing 43% and 35% sucrose were layered. Sub-
sequently, 0.63 ml 26% sucrose-PNS was layered on top of this.
Following this, 0.75 ml buffer A containing 18% and 10% sucrose
was layered sequentially onto the PNS fraction. Finally, 0.97 ml of
buffer A containing 2% sucrose was loaded on top. The step-wise
gradient was centrifuged at 32,000 rpm, at 4°C for 90 min using
an S52ST rotor (Hitachi Koki). Following centrifugation, the
samples (0.5 ml each) were collected from the bottom.

Preparation of LDs

LDs were prepared as described previously (4) with minor
modifications. Twelve hours before preparation, 100 pM oleate
was added to the culture medium. Samples and buffers were
handled on ice or at 4°C through the procedures below. Cells
(~3 x 10° OR6 or Oc cells transfected with JFHI or mutant RNA)
were pelleted by centrifugation at 3000 rpm for 5 min at 4°C.
The pellet was resuspended in 1.2 ml hypotonic buffer (50 mM
HEPES, 1 mM EDTA, 2 mM MgCl,, and Complete Protease
Inhibitor Cocktail, pH 7.4) and incubated for 10 min. The sus-
pension was homogenized with 30 strokes of a glass Dounce ho-
mogenizer using a tight-fitting pestle, followed by addition of
120 pl 10x sucrose buffer [0.2 M HEPES, 1.2 M potassium ace-
tate, 40 mM Mg(0Ac)y, and 50 mM DTT, pH 7.4]. The nuclei
were removed by centrifugation at 2,000 rpm for 10 min at 4°C.
The supernatant was collected and centrifuged at 16,000 g for
10 min at 4°C. The supernatant (S16, 1.25 ml) was mixed with
1.25 ml 1.04 M sucrose in isotonic buffer (50 mM HEPES, 100 mM
KCl, 2 mM MgCly, and Complete Protease Inhibitor Cocktail).
The solution was set at the bottom of 5 ml 5PA ultracentrifuge
tubes, and 2.5 ml isotonic buffer was loaded onto the sucrose
mixture. The gradient was centrifuged at 100,000 gin an S52ST
rotor for 45 min at 4°C. After centrifugation, the LD fraction on
the top of the gradient solution was collected as the first LD frac-
tion (LD1). After 0.1 ml of the fraction was removed for analysis,
the volume of the LD1 fraction was then adjusted to 1.25 ml with
isotonic buffer and the fraction was mixed with 1.25 ml isotonic
buffer containing 1.04 M sucrose. The fraction was set at the bottom
of the ultracentrifuge tube and centrifuged again at 100,000 gas
described above. The LD fraction on the top of the gradient solu-
tion was collected as the second LD fraction (LD2).

Titration of HCV infection

Culture supernatant of RNA-transfected cells was filtrated
(0.45 pm pore filter) and assayed for infectivity titer by the end-
point dilution method. Before 16 h moculauon, Oc cells were
seeded into 96-well plates at a density of 8 x 10%/well. Samples
were serially diluted 10fold in complete growth medium, and
20 pl (when necessary, 100 pl) was inoculated into Oc cells in each
well in duplicate. After three days of incubation, the cells were

Hepatitis C virus NS4B targets lipid droplets 883
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immunostained by anti-Core antibody (CP11). Positive foci were
counted, and the infectivity titer was calculated from the average
number of foci counted in the last and second-to-last wells of the
dilution series that still contained positive foci. The virus titer was
expressed as focus-forming units per milliliter of supernatant.

RESULTS

The intrinsic localization of NS4B to LDs

To clarify whether NS4B associated with LDs by itself
and the mechanisms of LD targeting by NS4B, we per-
formed fluorescent imaging using confocal microscopy
(Fig. 1 and supplementary Fig. I). NS4B was fused with
mCherry or EGFP, and subcellular localization of the fu-
sion proteins was observed simultaneously with that of LDs
in Oc cells. LDs were visualized by Bodipy 493/503. We
confirmed that the native forms of mCherry or EGFP,
found in both cytosol and the nucleus, showed no colo-
calization with LDs (supplementary Fig. I-A). When the
full-length NS4B was fused with the color proteins
(Cherry-4B1-261 and EGFP-4B1-262), a major portion of
NS4B showed a membranous, reticular pattern of localiza-
tion in both cases, suggesting the localization to ER. Upon
coexpression with an ER marker construct pDsRed2-ER
(DsRed-ER), which contained the ER-targeting sequence

A
Cherry-4B1-261

Merge

Bodipy

B ) Cherry-ADRP
Cherry-ADRP+Bodipy ~ EGFP-ADRP +EGFP-ADRP

c Anti-FLAG + Bodipy Antibody
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Cherry-4B1-261
+EGFP-ADRP

+ Bodipy

of calreticulin and the ER retention signal KDEL, localiza-
tion of NS4B was consistent with that of the ER marker
(supplementary Fig. I-A). This suggested that the full-
length NS4B resided in ER membrane as previously re-
ported (28, 39). However, we found a small level of
ring-shaped localization of NS4B surrounding the green
circular fluorescence of Bodipy, which may correspond to
the margin of LDs (Fig. 1A and supplementary Fig. I-B).
This ring-shape localization pattern merged with that ob-
tained with anti-ADRP antibody (data not shown), sug-
gesting that NS4B localized to the surface of LDs (LD
membrane itself or ER membranes associated with LDs).
To confirm the colocalization of NS4B with ADRP, we
made fusion constructs of ADRP with color fluorescent
proteins and coexpressed them with NS4B (Fig. 1B). The
fusion constructs of ADRP (Cherry-ADRP and EGFP-
ADRP) showed clear ring-shape localization, and the im-
ages of Cherry-ADRP and EGFP-ADRP were completely
merged, indicating their localization to the LD membranes
(Fig. 1B). When Cherry-4B1-261 was coexpressed with
EGFP-ADRP, a portion of Cherry-4B1-261 showed ring-
shape localization that was consistent with that of EGFP-
ADRP, suggesting colocalization of the fusion proteins
(Fig. 1B and supplementary Fig. I-C). Thus, a portion of
expressed NS4B was thought to localize on the surface of
LDs. To represent the degree of LD targeting for each

Inset

Fig. 1. Full-length NS4B localizes to LDs. (A) Lo-
calization of Cherry4B1-261. Oc cells were trans-
fected with Cherry-4B1-261 for 24 h followed by
staining with Bodipy493/503. (A, inset) magnified
image. Scale bars, 10 pm. (B) Colocalization of
Cherry-4B1-262 with ADRP. From left, Cherry-
ADRP, EGFP-ADRP, Cherry-ADRP with EGFP-ADRP
(cotransfection), and Cherry-4B1-261 with EGFP-
ADRP (cotransfection) was transfected into Oc cells.
Scale bars, 10 pm. (C) Localization of NS4B, NS5A,
and Core protein. Oc cells were transfected with
pcDNA-4B1-261-FLAG (left), pcDNA-5A-myc (right,
top), or pcDNA-CORE (right, bottom) for 24 h. Af-
ter fixation, the antigens were visualized with ant-
FLAG (NS4B), anti-Myc (NS5A), or anti-Core
antibodies and Alexa-Fluor-dye-labeled secondary
antibodies. Scale bars, 10 pm. Inset, magnified
image.
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construct, we categorized the NS4B-expressing cells (for at
least 50 transfectants) into the following four categories:
exclusive or dominant localization of the protein to LDs in
the observed section (categoryI); apparent (but not domi-
nant) localization to LDs (category II); slight localization
to LDs (with 1-5 rings surrounding LDs seen in the sec-
tion, category III); and no localization to LDs (category
IV). For Cherry-4B1-261 transfectant, about 4 and 15% of
the cells were classified into categories I and II, respec-
tively (the results of the count are described in Table 1).
Thus, NS4B colocalized with LDs in about 20% of cells.

We next expressed full-length NS4B fused with an
epitope tag FLAG (amino acid sequence, DYKDDDDK)
(pcDNA4B1-261-FLAG) and detected it using an anti-FLAG
antibody (this is because we could not obtain antibodies
that detected NS4B in HCV-O via immunofluorescence). In
most cases, the stain showed differently sized dots, but no
clear reticular pattern was obtained. However, we also
found that, in some cells, the small dots of NS4B sur-
rounded LDs, suggesting LD localization of FLAG-
tagged NS4B (Fig. 1C). Thus, NS4B localizes to LDs by
itself. A similar pattern of LD localization was observed
for HCV NSbHA [tagged with myc (EQKLISEEDL) at the
C terminus] and Core, which are known to associate with
the LD surface (Fig. 1C). We also found that NS5AA1-30,
which lacks the N-terminal amphipathic a-helix (amino
acids 1-30), did not localize to LDs (data not shown).
We conclude that NS4B has an intrinsic activity to target
the surface of LDs.

Subcellular distribution of NS4B in ORG6 cells

We investigated whether intact NS4B targets LDs in the
presence of other HCV proteins. We could not obtain an-
tibodies applicable to immunofluorescent study for HCGV-O;
therefore, we adopted a biochemical approach. Subcel-
lular fractionation of OR6 HCV-RNA-replicating cells was
performed and distribution of HCV antigens was exam-
ined by immunoblotting. In OR6 cells, genome-length
RNA of HCV-O (fused with Renilla luciferase gene for

monitoring of HCV genome replication) was stably repli-
cated; hence, intact functional HCV antigens were ex-
pressed in the cells. Distributions of cellular and HCV
antigens in fractions obtained from OR6 cells by discon-
tinuous sucrose density gradient (38) are shown in Fig. 2
(left). ADRP was detected most abundantly in the top
fraction (fraction 10) followed by fraction 9, suggesting that
LDs were enriched in fraction 10 and partly in fraction 9.
Calnexin, a marker protein of ER, was found mostly con-
centrated in fraction 2, showing that a major portion of
ER was fractionated into fraction 2. A small portion of
calnexin was also enriched in fraction 9 (and 10), sug-
gesting that this fraction contained ER membranes asso-
ciated with LDs. HCV antigens (Core, NS3, NS4B, NS5A,
and NS5B) were detected most abundantly in fraction 2,
suggesting that these HCV antigens were associated with
ER membranes. However, a small portion of HCV anti-
gens, especially Core, NS4B and NS5A, were clearly de-
tected in fractions 10 and 9. This suggested that a
substantial amount of HCV antigens, including NS4B,
were present in LD-associated ER membranes or in the
LD membrane itself in ORG6 cells.

We also prepared LDs from ORG6 cells using sucrose
density gradient fractionation (by two rounds of discon-
tinuous sucrose gradient ultracentrifugation) as previously
described (4) (Fig. 2, right). LD1 was a crude LD prepara- -
tion after the first ultracentrifugation, and LD2 was the
final LD preparation from the second ultracentrifugation.
To evaluate the enrichment of antigens to LDs, the amount
of each fraction used for immunoblotting was adjusted to
give approximately equal signal intensities for ADRP. LD1
seemed to contain a small amount of ER proteins, presum-
ably LD-associated, because a small amount of calnexin
was detected in LD1. A small amount of NS4B was detected
in LD1 (and a small amount in LD2 with a long chemilu-
minescence lifetime; data not shown). NS5A was clearly
detected in LD1, and a small amount in LD2 as expected.
However, Core protein was not detected in either LD
preparation, even with longer exposure.

TABLE 1. LD-targeting activity of various NS4B constructs

Category (% Cells)

Construct I 1T I v
Cherry-4B1-261° 37+15 157 11+4 71+9
Cherry-4B1-73" 71+12 29+ 12 0 0
Cherry-4B74-191 0 0 0 100
Cherry-4B192-261° 147 345 22+ 9 30+8
Cherry-4B1-49 0 0 0 100
Cherry-4B26-73 15 45 21 19
Cherry-4B1-25 0 0 0 100
Cherry-4B26-49 0 0 0 100
Cherry-4B50-73 0 2 21 77
Cherry-4B192-239 0 0 2 98
Cherry-4B218-261 0 0 10 90
Cherry-4B192-217 0 0 0 100
Cherry-4B218-239 0 0 0 100
Cherry-4B240-261 0 0 8 92
pcDNA-4B1-261-FLAG 0 3 5 93

The degree of LD targeting for each cell is expressed as category I, I, III, or IV. Each construct was transfected
into Oc cells, and the percentages of cells with each category are shown.
“Results are mean + SD from three independent experiments.
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Fig. 2. Localization of HCV antigens to LDs in ORG6 cells. (Left)
Distribution of cellular and HCV antigens in fractions obtained by
discontinuous sucrose density gradient ultracentrifugation (51, 43,
35, 26, 18, 10, and 2% sucrose from bottom to top). OR6 cells were
fractionated. The 1/100 vol of each fraction (1-10) and 1/1,000
vol of original PNS (Input) were run on 12% SDS-PAGE followed
by immunoblot analysis. (Right) Localization of HCV antigens to
LD preparations. LDs were prepared from OR6 cells. LD1, LD
preparation obtained from first ultracentrifugation; LD2, final LD
preparation obtained from second ultracentrifugation; Sup (S16),
supernatant after 16,000 g centrifugation. Fractions were analyzed
by immunoblotting. The amount of each fraction applied for im-
munoblotting was adjusted to give approximately equal signal in-
tensity for ADRP. The apparent molecular weights of the indicated
proteins were: ADRP, 52 kDa; calnexin, 90 kDa; Core, 21 kDa; NS3,
70 kDa; NS4B, 27 kDa; NS5A, 56/58 kDa; and NS5B, 66 kDa.

NS4B of JFH1 strain targets LDs in RNA-transfected cells

HCV strain JFH1 (subtype 2a) is the first effective repli-
cation/infection system of HCV (33). When the genome-
length JFH1 RNA is transfected into HuH-7 and its
derivative cells, virus replication occurs in cells and infec-
tious virion is released into the culture medium. We trans-
fected JFH1 RNA into Oc cells and prepared and analyzed
the LDs by immunoblotting (supplementary Fig. II). NS3,
NS4B, NS5A, and NS5B proteins were all positive in both
LD1 and LD2. NS4B was apparently enriched in LD1 as
compared with the ratio of calnexin content between Sup
(816) and LD1, but it was much less abundant in LD2 than
in LD1. This distribution profile suggested that NS4B was
localized to LD-associated ER membranes rather than to the
LD membranes themselves. Core protein was not detected
in LD preparations as in those of OR6 cells; instead, it was
precipitated to the bottom of the ultracentrifugation tube.

NS4B has two independent LD-targeting regions in the
N- and C-terminal cytosolic domains

To determine which regions or motifs in NS4B were re-
sponsible for the targeting to LDs, various NS4B constructs
of HCV-O were prepared as fusion proteins with mCherry
(Fig. 3A). The results were similar for mCherry and EGFP
constructs; therefore, we chose mCherry as a tag protein
together with Bodipy 493/503 to stain LDs. We deter-
mined the activity of the N- and C-terminal cytosolic do-
mains and the central membrane domain (Fig. 3B and
Table 1). Crystal structure analysis is not yet possible for
NS4B; therefore, the boundary of the N-terminal and
central membrane domains was not determined. The
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boundary of the central and C-terminal domains has been
determined from the secondary structure prediction as
being between 191 and 192 (27). We tentatively defined the
domains as amino acids 1-73, 74-191, and 192-261, re-
spectively, and expressed them in Oc cells. We found that
the N-terminal domain (Cherry-4B1-73) showed a strong
LD localization. For Cherry-4B1-73, about 70% of the cells
were counted as category I and 30% as II; therefore, in
nearly all of the cells, the N-terminal domain of NS4B
showed LD localization. When the membrane domain
(Cherry-4B74-191) was expressed in cells, many ring-shaped
localizations were seen, but they had no relation with LDs
(Fig. 3B). This ring-shape structure implies that NS4B
activity can alter the membrane structure of ER, forming a
“membranous web” (29).

The C-terminal domain (Cherry-4B192-261) also showed
LD localization, but to a lesser extent than that of the
N-terminal region: ~10% of the cells were category I, and
30% were category II. To identify the detailed LD-binding
region, each terminal region was further divided into three,
and their localization or that of the region spanning the two
parts (two thirds of the terminal domain) was determined
(Fig. 3C, D and Table 1). For the N-terminal region, Cherry-
4B26-73 showed significant LD targeting. Within the amino
acid residues 26-73, Cherry-4B26-49 showed no activity,
whereas Cherry-4B50-73 was slightly active. Although the
degree of localization was much lower than that of Cherry-
4B1-73, the N-terminal site for LD localization was identi-
fied in the C-terminal half (or one third) of the N-terminal
domain (Table 1). Regarding the C-terminal region, Cher-
ry-4B218-261 and Cherry-4B240-261 were slightly active,
suggesting that the C-terminal site is in the C-terminal half
(or one third) of the C-terminal domain, although the re-
gion had little activity by itself (Table 1). Thus, NS4B had
two independent regions for targeting LDs.

Hydrophobic amino acid residues in amphipathic
a-helices in NS4B are critical for LD targeting

For both the N- and C-terminal sites, an amphipathic
a-helix has been identified: amino acids 40-69 for the
N-terminal region, and 229-253 for the C-terminal region.
Both helices are thought to mediate membrane association
of NS4B (40, 41). Amphipathic helices are also known to
mediate LD association (19-23); therefore, we hypothesized
that the amphipathic helices, especially the hydropho-
bic amino acids within them, were important for LD tar-
geting of NS4B. From helical wheel projection analysis
(http://rzlab.ucr.edu/scripts/wheel/wheel.cgi, provided
by D. Armstrong et al.), we noticed that 10 hydrophobic
residues (43W, 46L, 50W, 57F, 611, and 64L for the N-terminal
amphipathic helix; 2421, 246L, 249L, and 2531 for the
C-terminal amphipathic helix) were present on the hydro-
phobic faces of the helices (Fig. 4). To establish whether
these residues were involved in LD targeting, we made
various alanine substitutions for the residues. The influence
of mutations was evaluated by reduction of LD localization
as compared with the mother constructs (Fig. 4).

When all of the six residues in the N-terminal amphipathic
helix were substituted by alanine (Cherry4B1-73mtl), the
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Fig. 3. Two independent target sites for LDs are present in NS4B. (A) Schematic representation of the
intact and mutant NS4B. NS4B proteins were N-terminally tagged with mCherry protein. Numbers indicate
the amino acid position in NS4B, and mt denotes the alanine substitution construct. (B) Localization of the
N-terminal, central, and C-terminal domains of NS4B. Oc cells were transfected with Cherry-4B1-73, Cherry-
4B74-191, or Cherry-4B192-261 for 24 h, and then fixed and stained with Bodipy 493/503. (C, D) Localiza-
tion of the subdivided N- and C-terminal domains of NS4B. (B-D) Scale bars, 10 pm.
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Fig. 4. Hydrophobic amino acid residues in am-
phipathic a-helices are critical for targeting LDs.
(Top) Helical wheel projection analysis (http://
rzlab.ucr.edu/scripts/wheel/wheel.cgi) for amphip-
athic a-helices in the N-terminal (left) and C-termi-
nal (right) domains. Hydrophobic residues (W, E, Y,
L, I) are shown as gray circles. The ellipse shows a
putative hydrophobic face. (Bottom) Inhibition of
LD-targeting activity by alanine substitutions for the
hydrophobic residues. Localization to LDs was deter-
mined for each mutant, and the degree of LD target-
ing is presented by the percentages of cells classified
into categories I-IV. Category I, expressed protein

Degrs(zg:t?égr;a;getmg localized to LDs exclusively or dominantly; category

i H m ow II, expressed protein localized to LDs apparently but

(% cells) not dominantly (at least six ring-shape localizations

Cherry-4B1-73mt1 (W43A, L46A, W50A, F57A, I61A, L64A) 0 ¢ [1] 100 surrounding LDs are seen in the section); category

Cherry-4B1-73mt2 (W43A, L46A, W50A) 0 24 25 &1 111, expressed protein slightly localized to LDs (1-5

Cherry-4B1-73mt3 (F57A, 161A, L64A) 27 61 1M 2 ring-shape localizations surrounding LDs are seen in

Cherry-4B1-73mtd (W43A) 51 49 0 0 the section); category IV, expressed protein did not

Cherry-481-73mt5 (L46A) 61 39 0 0 localize to LDs.

Cherry-4B1-73mt6 (W50A) 68 30 2 1]
Cherry-4B192-26tmt1 (12424, L246A, L2494, I1253A) 0 1] 2 93
Cherry-481-261mt1 (W43A, LA6A, W50A, F57A, 161A, L64A) O ¢ 5 95

LD-targeting activity of Cherry4B1-73 completely disap-
peared. As a result of a six-residue interval between 50W and
57F, the hydrophobic residues could be segregated into two
clusters of three hydrophobic residues each. When the three
residues of the cluster were substituted simultaneously, the
influence on the LD-targeting activity was stronger by mutat-
ing the upstream cluster (Cherry-4B1-73mt2, containing
W43A, L46A, and W50A) than the downstream cluster
(Cherry-4B1-73mt3, containing F57A, 161A, and L64A)
(Fig. 4). The single residue substitution in the upstream
cluster, W43A, L46A, or W504, did not significantly affect
the LD-targeting activity of Cherry-4B1-73 (Cherry-4B1-
73mt4, mt5, and mt6). The results indicated that the hydro-
phobic residues in the amphipathic helix were required for
the LD-targeting activity in the N-terminal domain of NS4B,
in which the residues in the upstream cluster (43W, 46L, and
50W) had a relatively stronger effect in a synergistic manner.

Regarding the C-terminal domain of NS4B, we made
alanine substitutions for all four residues simultaneously
(Cherry-4B192-261mtl, containing 1242A, 1.246A, 1.249A,
and 1253A), because the activity of the mother Cherry-
4B192-261 was relatively low (Table 1). This mutant showed
no activity for LD targeting. Although the degree of contri-
bution from each residue was not clear, these hydrophobic
amino acids were considered to be critical for the LD-target-
ing activity of the C-terminal domain. Similarly, we made six
alanine substitutions simultaneously (W43A, L46A, W50A,
F57A, 161A, and L64A) in a full-length NS4B construct
(Cherry-4B1-261mtl), because of the relatively low target-
ing activity of the mother construct Cherry-4B1-261. This
alanine mutant showed no apparent activity for LD target-
ing, indicating that the hydrophobic residues were critical
for LD targeting of full-length NS4B.

When the expression of cherry fusion proteins was
checked by immunoblotting, each construct showed its

888 Journal of Lipid Research Volume 54, 2013

predicted molecular weight, although differences in ex-
pression level were seen among the different constructs
(supplementary Fig. III). Cherry-4B1-73 and its mutants
showed dual bands by unknown mechanisms; however,
this seemed to be unrelated to the degree of LD-targeting
for each protein. It should be noted that the 10 amino acid
residues described here (43W, 46L, 50W, 57F, 611, 64L,
2421, 246L, 249L, and 253I) were highly conserved among
the wide variety of subtypes of HCV, supporting their criti-
cal role in the virus life cycle (supplementary Fig. IV).

JFH1 mutants harboring alanine substitutions abolishing
LD-targeting activity of NS4B are defective for
replication

To clarify the importance of LD targeting of NS4B for
replication of HCV, we examined JFHI1 mutants that con-
tained alanine substitutions of hydrophobic residues critical
for LD targeting in the NS4B region. The 10 hydrophobic
residues, 43W, 46V (L in strain O), 50W, 57F, 611, 64L, 2421,
2461, 2491, and 2531, were divided into three clusters as
described above, and mutants were created for each cluster
of three or four simultaneous alanine substitutions: 4Bmt1,
W43A, V46A, and W504; 4Bmt2, F57A, I61A, and L64A;
and 4Bmt3, 1242A, 1.246A, 1.249A, and 1253A. When the
wild-type and mutant RNAs were transfected into Oc cells,
wild-type JFH1 released an increasing number of infec-
tious virions (Fig. 5A), whereas the cluster mutants (4Bmtl,
4Bmt2, and 4Bmt3) produced no detectable infectious viri-
ons. For all these mutants, no HCV antigens were detected
by immunoblotting in transfected cells (Core, NS4B, and
NSHA were tested; data not shown). The cluster mutants
were defective for virus replication. We then concentrated
on the first N-terminal cluster and created single alanine
substitution mutants for the three hydrophobic residues,
W43A, V46A, and W5H0A, because the cluster was considered
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Fig. 5. JFHI mutants harboring single alanine substitutions for hydrophobic residues of NS4B are defective for replication. (A) Effect on
virus replication of alanine substitutions in NS4B region of JFH1. (Top) Titration of infectious virions released from transfectants of JFH1
or mutant RNAs. Culture supernatant of each transfectant was assayed for infectivity at the indicated days post transfection (dpt). FFU,
focus forming unit. Mean values from three or four independent experiments are shown; error bars denote SD. (Bottom) Expression of
NS4B in the transfectants of JFH1 or mutant RNAs. (B) Localization of HCV antigens and the changes caused by W43A mutation. (Top)
Change in localization of NS4AB (NS4B and/or NS4A). Transfectants with JFH1 or W43A RNA were stained with anti-NS4AB antibody,
followed by staining with Bodipy 493/503. Scale bars, 10 pm. (Bottom) Comparison of LD association for HCV antigens between W43A-
and JFH1-RNA-transfected cells. The percentages of positive cells for LD association of each antigen are shown. When association was seen
for at least six LDs in a section, the transfectant was counted as positive. Mean values from three independent experiments are shown; error
bars denote SD. (C) Localization of NS4B to LD preparations obtained from W43A-RNA-transfected cells. LD fractions were prepared and

analyzed as in Fig. 2, right.

to be most effective for LD targeting of NS4B as described
above. When RNAs were transfected into Oc cells, the mutants
released different numbers of infectious virions (Fig. 5A).
As compared with wild-type, W43A released only 1/300 to
1/1,000 of infectious virions, and V46A released comparable
amounts of virions. W50A released no detectable infectious
virions. Interestingly, W43A mutant, as well as V46A, expressed
comparable amounts of HCV antigens as did wild-type, as
confirmed by immunoblotting (Fig. 5A). In contrast, expres-
sion of HCV antigens was negligible for W50A (only faint
bands were seen with longer exposure; data not shown). Al-
though the W50A mutant was of interest to clarify the mech-
anisms of the defect, further analysis was not performed.
We then analyzed by confocal microscopy LD targeting
of NS4B for W43A mutant, comparing it with that of the
wild-type (Fig. 5B and supplementary Fig. V). We could
not obtain antibodies for immunofluorescent detection of
JFHI1 NS4B; therefore, we used anti-NS4AB polyclonal an-
tibody, which reacted with both NS4A and NS4B proteins.
Distributions of NS4B (and/or 4A) and other antigens
were observed by confocal microscopy for transfectants of
wild-type and W43A (Fig. 5B and supplementary Fig. V).

For JFH1, NS4B (and/or 4A) showed a reticular staining
pattern, but a considerable amount of stain was concen-
trated around LDs and some showed broken (incomplete)
ring-shape staining surrounding the LDs. In contrast, for
W43A, NS4B (and/or 4A) showed a reticular pattern or
small bubble-shape staining, but the stain had no relation
to the LDs. Core protein showed clear ring-shape staining
at the margins of the LDs in both wild-type (supplemen-
tary Fig. V) and W43A. However, for the latter, there was a
slight increase in the percentage of transfectants without
ring-shape staining of Core (but with reticular pattern alone).
NS5A showed the staining patterns seen for both the Core
and NS4AB. For both wild-type (supplementary Fig. V) and
W43A, we observed clear or broken ring-shape staining sur-
rounding the LDs, and the stain concentrated around LDs.
We also tried imaging with anti-NS3 and anti-NS5B anti-
bodies, which were used for immunoblotting of JFHI1 anti-
gens; however, the results of staining were not informative.
The percentages of transfectants positive for LD association
of antigens were compared for wild-type and W43A (Fig. 5B,
bottom). In W43A, LD association of NS4B (and/or 4A) was
markedly decreased as compared with wild-type, whereas

Hepatitis C virus NS4B targets lipid droplets 889
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that of Core and NS5A was mildly decreased. For V46A
mutant, percentages of positive transfectants were 97, 28,
and 79%, for Core, NS4AB, and NS5HA, respectively.
Finally, we purified LD fractions from W43A transfectant
and analyzed for HCV antigens by immunoblotting (Fig. 5C
and supplementary Fig. VI). In contrast to LD fractions from
wild-type (supplementary Fig. II), calnexin content in LDI
and LD2 was comparable, suggesting that the W43A muta-
tion in NS4B affects membrane micro-architecture around
LDs. This suggestion was supported by drastic changes in dis-
tribution of NS$4B (and/or 4A) around LDs, where it seemed
as if the distribution pattern of the ER membranes them-
selves was altered by the mutation of NS4B (Fig. 5B). In both
LD1 and LD2, NS4B was not detected by immunoblotting,
suggesting that NS4B harboring the W43A mutation could
not interact with LDs (Fig. 5C). The other HCV antigens, NS3,
NS5A, and NS5B, were detected in both LD1 and LD2 (sup-
plementary Fig. VI). Also in W43A, the Core protein was not
detected in LD fractions but in the ultracentrifugation pellet.

DISCUSSION

In the present study, we demonstrated that HCV NS4B
has the ability to target LDs. In the imaging analysis using
Cherry constructs, some expressed NS4B showed ring-
shape structures at the margins of LDs, suggesting that
NS4B was present near to LD membranes. This was con-
firmed by the colocalization results of NS4B with ADRP in
ring-shape structures. Biochemical approaches also showed
LD targeting of NS4B. It was important to establish whether
LD targeting of intact NS4B protein occurred in the pres-
ence of other HCV proteins, because the HCV proteins,
including NS4B, physically and functionally interact with
each other during virus replication. To clarify this, we used
ORG6 cells in which genome-length HCV-O RNA was stably
replicating, hence, functional HCV proteins were present.
We found that NS4B existed in the crude LD fraction
(LD1 in Fig. 2, right), suggesting that NS4B was localized
to the membranes associated with LDs. Analysis of LD frac-
tions from JFHI1-RNA-transfected cells also suggested that
NS4B localized to such LD-associated ER membranes
rather than on the LD surface membranes themselves
(supplementary Fig. II).

In cellular LD-targeting proteins, the targeting mecha-
nism is thought to be complex and multifactorial (1).
However, two major required features of amino acid
sequence have been proposed: one is the amphipathic
a-helix (19-23), and the other is a rather undefined hydro-
phobic region (24-26). Some LD-targeting proteins, such
as caveolin-1 and associated with lipid droplet protein 1
(ALDI) (24, 42), showed dual localization to LDs and ER in
relation with cellular lipid dynamics. One simple explanation
may be that the LD-targeting sequences also have ER-
targeting activity. LD biogenesis is believed to be initiated
from the accumulation of lipids between the two mem-
brane leaflets of the ER (1-3); therefore, another explana-
tion is that proteins initially target the ER membranes and
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are then assorted on the emerging LD membranes by lat-
eral diffusion with the aid of additional, yet undefined
mechanisms. The latter targeting model has also been pro-
posed for the HCV Core, in which the truncated form of
the Core protein targets LDs more efficiently (22). How-
ever, this LD-assorting mechanism is unlikely for NS4B,
because NS4B has at least four transmembrane helices by
which the protein is integrated into the ER bilayer mem-
brane (43). It should be noted that LDs are surrounded by
lipid monolayers. Taking together the proposed sorting
mechanisms of other LD-targeting proteins with the result
that LD-targeting sites were present in each cytosolic do-
main, a likely model is that NS4B is present in the ER and
that both cytosolic terminal domains interact simultane-
ously with the LD surface membrane through the hydro-
phobic residues in amphipathic helices; NS4B tethers or
catches the emerging LDs on or very near to the ER (Fig. 6).
The results from biochemical analysis of LD preparations,
in which NS4B seemed to be present in LD-associated
membranes rather than on the LD surface membranes
themselves, support this model. To clarify whether NS4B
and ADRP were present in the identical membrane struc-
ture, we also performed fluorescence recovery after photo-
bleaching (FRAP) analysis at the site of colocalization of
Cherry-4B1-261 and EGFP-ADRP. Unfortunately, defini-
tive data have not been obtained, because of the time reso-
lution constraints of our equipment. We think that further
investigation is needed to prove our hypothesis.

Our imaging study also revealed that hydrophobic residues
in amphipathic helices [43W, 46L (Vin JFH1), 50W, 57F, 611,
and 64L in the N-terminal domain; 242V, 246L, 249L, and
2531 in the C-terminal domain] were important for LD tar-
geting of NS4B. Mutational study of these residues in JFH1
replication/infection system revealed their role in LD tar-
geting by NS4B and the significance of LD targeting in repli-
cation of infectious virions. The cluster mutants (three or
four residues simultaneously mutated to alanine) were defec-
tive in virus replication. The amphipathic helices are mult-
functional; for example, they are involved in oligomerization
of NS4B (31, 44), formation of membranous web (31, 44)
and replication complex (31, 45), and membrane association
(40, 41). Therefore, multiple inhibitory mechanisms may
be acting in the cluster mutants to cause severe defects.

Examination of single alanine substitution mutants fo-
cused on the residues in the first cluster (W43, V46, and W50)
and clarified their role in virus replication. The results from
W43A and W50A mutants indicated that both tryptophan
residues are critical for the production of infectious virions.
In contrast to W43A, the W50A mutant severely impaired the
expression of HCV antigens. This might have resulted from a
severe defect in RNA replication, or the residue 50W might
be involved in the synthesis or processing of HCV polypro-
teins or in protein stability, in addition to known functions
in NS4B. The defective mutant W43A was key to demon-
strating the relationship between the hydrophobic residues
and LD targeting of NS4B and the significance of LD target-
ing in virus replication. As shown in Fig. 5, we could not
detect LD association of W43A NS4B, indicating that dis-
ruption of LD association of NS4B resulted in reduced
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Fig. 6. Schematic representation of the hypothetical role of
NS4B. NS4B tethers LDs on ER through the hydrophobic residues
in the amphipathic helices (AH). N and C indicate the N- and C-
terminal of N54B, respectively. TM, transmembrane helix.

infectious virion release. This conclusion was supported by
the results for V46A mutant, in which LD association of
NS4B was apparently not affected and infectious virion re-
lease was comparable to that of wild-type JFH1. The residue
46V might not be important for LD targeting in strain JFH1.

In contrast to the JFHI system, the impact of W43A muta-
tion was unclear from the overexpression results using a trun-
cated form of NS4B (Fig. 4). According to our model
(Fig. 6), NS4B mediates association of LDs with ER mem-
branes. When LDs move away from the site of association, a
large force may act to disrupt the interaction between NS4B
and LD membranes, and the residue 43W may be important
to maintain the interaction as it is highly hydrophobic. The
interactions of each of the hydrophobic residues involved
in LD targeting depend on the adopted conformations of
NS4B and those of molecules interacting with NS4B (HCV
proteins, cellular proteins, or lipids); the changes in the
mutual positioning of these molecules can induce steric hin-
drance. The 43W residue might be critical in such microen-
vironments. In contrast, the truncated form of NS4B (amino
acids 1-73) may target LDs directly in a less regulated man-
ner. This interaction may not be related to ER membranes
and, hence, may not be affected by LD movements. The 43W
residue influence is less than that of the intact NS4B.

We used an anti-NS4AB antibody; therefore, it remains
to be resolved which antigens were observed in our imag-
ing study (Fig. 5B and supplementary Fig. V). NS4A is a
small protein consisting of 54 amino acids and is closely
associated with NS3 to form NS3-4A complex. NS3-4A
complex is thought to associate with ER membranes
through the N-terminal hydrophobic a-helix of NS4A as a
membrane anchor (46). Thus, it is unlikely that the W43A
mutation of NS4B directly elicits solely the loss of associa-
tion between NS3—4A and LDs as seen in Fig. 5B. At pres-
ent, it is also not known whether the NS3—4A complex has
an activity by itself to target LDs, although NS3 harbors an
amphipathic helix o, that mediates membrane association
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(46). The most straightforward interpretation is that both
NS4B and NS4A (and NS3) are present on ER membranes
close to LDs, via the function of NS4B, and that W43A mu-
tation causes loss of association with (or proximity to) LDs
of both these proteins (but mostly NS4B).

The reason why LD targeting by NS4B is critical for virus
replication is of interest. The microenvironment of LDs and
ER membranes is thought to initiate HCV virion assembly, in
which the nascent genome meets and associates with the
Core protein to form nucleocapsids (10). Upon or after
capsid formation, some particles may acquire an envelope
(47), probably by utilizing ER membranes containing enve-
lope proteins. Simultaneously, the virions might associate (or
be coated) with components resembling VLDL, such as trig-
lycerides, probably supplied from LDs, and apolipoproteins
to become lipoviroparticles. Although the process of lipovi-
roparticle formation remains unclear, NS4B may function to
establish such a microenvironment. NS4B can undergo a ma-
jor conformational change, in which the N-terminal domain
translocates to the Iuminal side of the ER (43), suggesting
that the LD-targeting domain is masked by this event. The
translocation was reduced in the presence of NSHA (48), sug-
gesting a functional switch for NS4B. NS4B is indeed multi-
functional because of its amphipathic helices, and in
addition, it is thought to interact with other NS proteins
(49), to hydrolyze GTP (50), and to modulate lipid metabo-
lism (51). It is, therefore, of particular interest how, when,
and where these activities have emerged and been regulated.
A simple explanation may be that each activity simply
emerges depending on the position or location of the NS4B
molecule and what exists around it. The amphipathic helices
of NS4B may function as ER anchors, as long as LDs are not
present near the EREl
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