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Abstract

Serine palmitoyltransferase (SPT) is a first-step enzyme in the sphingolipid biosynthetic pathway. Myriocin is an inhibitor of SPT and
suppresses replication of the hepatitis C virus (HCV) replicon. However, it is still unknown whether this SPT inhibitor suppresses HCV
replication in vivo. We investigated the anti-HCV effect of myriocin against intact HCV using chimeric mice with humanized liver infect-
ed with HCV genotype 1a or 1b. We administered myriocin into HCV infected chimeric mice and succeeded in reducing the HCV RNA
levels in serum and liver to 1/10–1/100 of the levels prior to the 8 day treatment. Furthermore, combined treatment with pegylated inter-
feron reduced the HCV RNA levels to less than 1/1000 of the control levels. We strongly suggest that suppression of SPT reduces HCV
replication, and therefore that the SPT inhibitor is potentially a novel drug in the treatment of HCV infection.
� 2006 Elsevier Inc. All rights reserved.
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Hepatitis C virus (HCV) infection usually causes chronic
hepatitis and often leads to cirrhosis of the liver or hepato-
cellular carcinoma [1,2]. The number of carriers now
amounts to approximately 3% (�170 million) of the popu-
lation worldwide. The most effective treatment against
HCV infection is a combination of pegylated interferon
(PEG-IFN) and ribavirin [3,4]. However, many people can-
not tolerate the serious side effects and thus the number of
patients able to receive the therapy is limited. The develop-
ment of novel drugs to treat HCV with greater safety and
better efficacy is therefore urgently required.

HCV is a single-stranded RNA virus that belongs to the
Flaviviridae family [5]. The RNA genome produces at least
10 viral proteins, which include structural and non-struc-
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tural (NS) proteins. The former are involved in the forma-
tion of the HCV particle. The latter play a key role in HCV
genome replication [6]. It is generally accepted that a com-
plex of NS proteins is associated with the lipid raft on the
Golgi and endoplasmic reticulum membranes, where HCV
replication occurs [7,8]. Thus, disruption of assembly of the
lipid raft may lead to suppression of HCV replication.

Myriocin (ISP-1) is a specific inhibitor of serine palmito-
yltransferase (SPT), a first-step enzyme in the sphingolipid
biosynthetic pathway (Fig. 1A; [9,10]). Myriocin inhibits
SPT activity due to its structural similarity to sphingosine
(Fig. 1B), resulting in decreased intercellular sphingomye-
lin and its intermediates, dihydrosphingosine, sphingosine,
ceramide, and sphingosine-1-phosphate (Fig. 1A). Inhibi-
tion of SPT by myriocin is thought to eventually lead to
disruption of lipid raft assembly, as sphingomyelin is one
of the major integral components of its assembly [11].
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Fig. 1. Sphingolipid biosynthetic pathway. (A) Biosynthesis pathway of
sphingolipid. (B) Structure of myriocin and sphingosine.
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Previously, we isolated the compound NA255, which
suppresses replication of the HCV subgenomic replicon
[12]. NA255 is structurally similar to myriocin and inhibits
the enzymatic activity of SPT, resulting in suppression of
replication without affecting the enzyme activities of
HCV NS3 (protease and helicase) or NS5B (RNA-depen-
dent RNA polymerase). Thus, replication of the HCV sub-
genomic replicon was suppressed by NA255 in response to
the decrease in amount of sphingolipid, ceramide, and
sphingomyelin. These findings suggest that NA255 disrupts
assembly of the lipid raft associated with HCV NS pro-
teins. In the present study, we performed comparative
and concomitant trials of one SPT inhibitor, myriocin,
and PEG-IFN in chimeric mice with humanized liver (chi-
meric mice) infected with intact HCV. The results demon-
strate for the first time that suppression of SPT inhibits
replication of intact HCV in vivo.

Materials and methods

Inhibition assay of replication in HCV replicon cells by myriocin.

Myriocin (Sigma, St. Louis, MO, USA) was added in the growth medium
of HCV subgenomic replicon cells FLR3-1 (genotype 1b, Con-1; [12]) at a
final concentration of 0.2, 1.0, 3.9, 15.6 or 62.5 nM. After 72 h incubation,
we performed luciferase assays using the Bright-Glo luciferase assay kit
(Promega, Madison, WI, USA).

Measurement of cell viability using the Tetra Color One (WST-8)

assay. Myriocin was added to FLR3-1 cells as described above. After 72 h
incubation, cell viability was measured using the Tetra Color One kit
(Seikagakukougyo, Tokyo, Japan) according to the manufacturer’s
instructions.

Immunoblotting analysis. Cells were harvested and lysed in lysis buffer
(PBS containing 0.5% Triton X-100 and 0.5 mM PMSF), and then 5 lg of
protein separated by 12% SDS–PAGE and electro-blotted onto a nitro-
cellulose membrane (Shleicher & Schuell, Dassel, Germany). A rabbit
polyclonal anti-NS3 antibody [12] and anti-actin (20–33) antibody (Sigma,
St. Louis, MO, USA) were used as the primary antibodies. The proteins
were then detected by an anti-rabbit antibody HRP-linked IgG (Cell
Signaling Technology, Beverly, MA, USA).

Immunofluorescent staining of HCV replicon cells. After treatment of
250 nM myriocin for 72 h, FLR3-1 cells were probed with a primary
antibody, an anti-NS3 polyclonal antibody, after blocking with TNB
blocking buffer (Perkin-Elmer, Wellesley, MA, USA). Next, an anti-rabbit
IgG-Alexa-488 conjugate (Invitrogen, Carlsbad, CA, USA) was applied as
the secondary antibody.

TLC analysis. Cells were incubated for 2 h with [14C] serine (0.5 lCi/
ml) in Opti-MEM (Invitrogen). After the cells were lysed with 0.1% SDS,
and total lipids were extracted with chloroform/methanol (1:2 v/v). The
extracts were spotted onto Silica Gel 60 thin-layer chromatography (TLC)
plates (Merck, Darmstadt, Germany) and chromatographed with methyl
acetate/1-propanol/chloroform/methanol/0.25% KCl (25:25:25:10:9, v/v).
Radioactive spots were detected by BAS 2000 (Fuji Film, Kanagawa,
Japan).

Complementation of sphingolipid intermediates. FLR3-1 cells were
incubated with 1 or 2.5 lM of sphingolipid intermediates (dihydrosp-
hingosine, sphingosine, or sphingosine-1-phosphate) and sequentially
diluted myriocin then added. After 72 h, the IC50 of each combination was
measured by the luciferase assay.

Infection of HCV genotype 1a and 1b in chimeric mice. Chimeric mice
were purchased from PhenixBio Co., Ltd. (Hiroshima, Japan). The mice
were generated by transplanting human primary hepatocytes into SCID
mice carrying the urokinase plasminogen activator transgene controlled by
an albumin promoter (Alb-uPA) [13–15]. Overexpression of this transgene
induces a profoundly hypofibrinogenemic state and accelerated hepatocyte
death. HCG9 (genotype 1a) and HCR6 (genotype 1b, Accession No:
AY045702), originally from patient serum, were intravenously injected at
106 copies/mouse at about 40 days after transplantation of human hepa-
tocytes. After 4 weeks, the HCV 1a and 1b RNA levels had reached �108

copies/ml and �107 copies/ml, respectively, in the mice serum.
Administration of myriocin and/or PEG-IFN into chimeric mice infected

with HCV 1b. Injections of myriocin or PEG-IFN (Chugai, Tokyo, Japan)
or both were administered to HCV genotype 1b (HCR6) infected mice and
blood then collected according to the protocol in Table 2.

Quantification of HCV RNA by real-time PCR. Total RNA was
purified from 1 ll of serum or 50 lg of liver tissue from chimeric mice
using the AGPC method. HCV RNA was quantified by real-time PCR as
previously reported [16].

Measurement of human albumin in the serum. Human albumin con-
centration was measured in 2 ll of serum using the Alb-II kit (Eiken
Chemical, Tokyo, Japan) according to the manufacturer’s instructions.

Detection of core protein in live tissue. We used chimeric mice with a
high RNA levels of HCV genotype 1a (HCG9) in the serum to easily
detect HCV RNA and core protein in liver tissue. We administered 2 mg/
kg myriocin daily for 6 days to a chimeric 1a-4 mouse and extirpated the
liver. For comparison, the livers of non-treated (1a-1), non-infected (1a-2),
and PEG-IFN treated (1a-3) mice were also extirpated. The liver tissues
were homogenized in RIPA buffer and 100 lg of total protein was used for
the detection of core protein using the Ortho HCV core protein ELISA kit
(Eiken Chemical).

Immunofluorescent and histological staining of chimeric mouse liver

tissue. Liver sections from 1a-1 and 1a-4 mice were probed by biotinylated
anti-HCV core protein monoclonal antibody, and human hepatocyte
monoclonal antibody (Dako, Glostrup, Denmark) as the primary anti-
bodies, followed by streptavidin-Alexa-488 (Invitrogen) and anti-mouse-
IgG-Alexa-546 (Invitrogen). The nuclei were stained using DAPI. Bio-
tinylated normal mouse IgG (Ancell, Bayport, MN, USA) was used as the
negative control. For histological analysis, liver sections from 1a-1 and 1a-
4 mice were stained by hematoxylin-eosin (H&E staining).
Results

Anti-HCV effect of the SPT inhibitor, myriocin

We examined the anti-HCV effect and cell toxicity of
myriocin in the HCV subgenomic replicon cells FLR3-1.
Luciferase activity was greatly decreased by myriocin in a
dose-dependent manner without affecting cell viability
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Fig. 2. Anti-HCV effect of myriocin in HCV replicon cells. (A) Luciferase activity and cell viability of FLR3-1 replicon cells in the presence of myriocin.
Experiments were conducted independently at least three times. (B) Detection of NS3 protein by immnoblotting analysis. (C) Detection of NS3 protein by
immunofluorescent staining in FLR3-1 cells. HCV NS3 protein and nucleus are shown in green and red, respectively. Scale bar: 20 lm. (D) De novo
sphingolipid biosynthesis in the presence of myriocin was monitored by TLC. Cer, ceramide; PS, phosphatidylserine; PE, phosphatidylethanolamine; and
SM, sphingomyelin.

Table 1
IC50 values of myriocin in the presence of sphingolipids

Supplement (lM) IC50 of myriocin (nM)

Absence 0 5.8
Dihydrosphingosine 1.0 77.7

2.5 >1000

Sphingosine 1.0 22.4
2.5 >1000

Sphingosine-1-phosphate 1.0 14.7
2.5 >1000

IC50 values of myriocin measured in the presence of 1, and 2.5 lM
dihydrosphingosine, sphingosine or sphingosine-1-phosphate, show sup-
pression of HCV replicon replication by myriocin.
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(Fig. 2A) or cell growth (data not shown). The maximum
inhibition rate was about 80% in the presence of over
62.5 nM myriocin (Fig. 2A), while the 50% inhibitory con-
centration (IC50) was about 5.8 nM (Table 1). Reduction of
NS3 protein, which plays a key role in HCV replication,
was also observed by immunoblotting analysis and staining
(Figs. 2B and C), suggesting that myriocin has a potent
anti-HCV effect.

Relationship between sphingolipid metabolites and HCV

replication

To examine the relationship between sphingolipid
metabolites and HCV replication, we monitored de novo
sphingolipid biosynthesis by FLR3-1 cells in the presence
of myriocin. The production of both ceramide and sphin-
gomyelin was inhibited in a dose-dependent manner,
whereas production of the phosphatidylethanolamine
and phosphatidylserine, metabolites of sphingosine, was
unaffected (Fig. 2D). To confirm whether suppression
of HCV subgenomic replicon replication was caused by
sphingolipid depletion, we examined the anti-HCV effect
of myriocin in the presence of three sphingolipids, dihyd-
rosphingosine, sphingosine, and sphingosine-1-phosphate,
which are intermediates in the sphingolipid biosynthesis
pathway (Fig. 1A). Replication of the HCV replicon
was recovered by complementation of the intermediate
molecules of sphingolipid biosynthesis (Table 1). These
results indicate that suppression of replication by
myriocin was due to a reduction in sphingolipid
biosynthesis.

Anti-HCV effects of myriocin and PEG-IFN in chimeric
mice infected with HCV

The inhibitory ability of myriocin was investigated
using chimeric mice infected with HCR6 (genotype 1b).
We administered myriocin or PEG-IFN via intraperitone-
al or subcutaneous injection, as shown in Table 2. In the
myriocin-treated group, the HCV RNA levels were
reduced in the serum from 3 · 106–1 · 107 copies/ml to
6 · 105–1 · 104 copies/ml over 8 days (an approximately
1/10–1/100 reduction). The same level of reduction was



Table 2
Administration schedule into chimeric mice infected with HCV genotype 1b

Day �1 0 1 2 3 4 5 6 7 8

Collection of blood B B B B
PEG-IFN I I I
Myriocin M M M M M M1/2 M1/2 M1/2

Myriocin + PEG-IFN M/I M M M/I M1/2 M1/2 I

B, I or M indicates that each manipulation was performed as required, and administration of reagents was started from day zero. PEG-IFN was
subcutaneously injected at 30 lg/kg. The amount of myriocin intraperitoneally injected was adjusted according to the body weight of the mice. Doses
began at 1 mg/kg, and at a 10% reduction in body weight, the dose was reduced to 0.5 mg/kg (M1/2). At 20% reduction, administration was discontinued.
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observed in the PEG-IFN-treated group, which was inject-
ed with a 10-fold larger amount of PEG-IFN than that
used in clinical treatment (30 lg/kg body weight). More-
over, combined treatment with myriocin and PEG-IFN
reduced the HCV RNA levels to less than 1/1000 of the
control levels, and in 2 (1b-7 and 1b-9) of 3 mice HCV
RNA was not detected at all on day 8 (Fig. 3A). Concur-
rently, we monitored the concentration of human albumin
(h-Alb) and found slight reductions only in the combined
treatment group (Fig. 3B). These results indicate that myr-
iocin suppressed replication of intact HCV without inter-
fering with h-Alb expressed from humanized liver,
whereas the combination of myriocin and PEG-IFN syn-
ergistically suppressed HCV replication with slight liver
damage.
2

3

4

5

6

7

8

H
C

V
-R

N
A

 le
ve

ls
 in

 s
er

u
m

 (
co

p
ie

s/
m

l)

1b-1 1b-2 1b-3 1b-4 1b-5

PEG-IFN Myriocin

Log10

10

1

0.1

H
u

m
an

-A
lb

 (
m

g
/m

l)

1b-1 1b-2 1b-3 1b-4 1b-5

PEG-IFN Myriocin

A

B

Fig. 3. Anti-HCV effect of myriocin in chimeric mice infected with HCV gen
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Detection of HCV RNA and core protein in the liver of

chimeric mice

To clarify whether HCV was reduced by myriocin from
the humanized liver, we examined the livers of the chime-
ric mice infected with another HCV genotype, 1a (HCG9).
The RNA level of HCV 1a in serum reached approximate-
ly 1 · 108 copies/ml, which is 10-fold higher than that of
HCV 1b (HCR6). Thus, we speculated that HCV core
protein in hepatocytes would be easily detected by immu-
nofluorescent staining. The liver of a 1a-4 mouse was
extirpated after daily administration of 2 mg/kg of myrio-
cin for 6 days. Following treatment, the HCV RNA level
in the serum of the 1a-4 mouse fell to 1 · 105 copies/ml
(Fig. 4A). The amount of HCV 1a RNA and core protein
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staining, the liver of 1a-1 was also stained with biotinylated normal mouse
IgG. (C) H&E staining of liver tissue from chimeric mice 1a-1 and 1a-4.
Primary human hepatocytes were observed in these mice and these
hepatocytes displayed no significant morphological changes.
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in the liver was quantified and had also reduced, as well as
that in serum (Fig. 4A). Immunofluorescent staining
revealed that the core protein of the non-treated mouse,
1a-1, which had 1 · 108 copies/ml serum (Fig. 4A),
expressed a human hepatocyte moiety, whereas the core
protein of the 1a-4 mouse disappeared (Fig. 4B). These
results indicate that myriocin causes a decrease not only
in HCV genotype 1b but also in genotype 1a, and elimi-
nates HCV from the liver.

H&E staining of chimeric mouse liver

We performed histological analysis of the livers from
non-treated (1a-1) and myriocin-treated (1a-4) mice
(Fig. 4C). No significant morphological differences were
observed between the tissues of the 1a-1 and 1a-4 mice.
Thus, myriocin did not induce hepatocyte damage in chi-
meric mice to any biologically significant degree.

Discussion

In the present study, the SPT inhibitor myriocin was
shown to inhibit replication of intact HCV in vivo. We ini-
tially investigated the fundamental inhibitory effects and
mechanisms of myriocin against replication of the HCV
replicon and found that inhibition of HCV replicon repli-
cation is compatible with a decrease in ceramide and sphin-
gomyelin in the cells. The inhibitory effect of myriocin on
replication of the HCV replicon differed slightly from that
on de novo biosynthesis of ceramide and sphingomyelin. It
has been previously reported that the membranous web
formed in HCV replicon cells is the site of viral RNA syn-
thesis and is not observed in naive HuH-7 cells [17]. Fur-
thermore, HCV replication is known to occur on the
lipid raft assembly [7]. The lipid raft associated with
HCV replicase exists as an aberrant structure that forms
a membranous web, and thus the lipid raft formed by
HCV differs from the one in healthy cells. Therefore, we
speculate that the above difference indicates that the lipid
raft associated with HCV replicase is sensitively disrupted
by myriocin.

Furthermore, HCV replication inhibition was comple-
mented in the presence of the sphingomyelin biosynthetic
intermediates dihydrosphingosine, sphingosine, and sphin-
gosine-1-phosphate. These results indicate that depletion of
sphingolipids induces disruption of the lipid raft assembly,
resulting in suppression of replication of the HCV replicon.
Disruption of the lipid raft assembly would lead to failure
of HCV replicase to associate with the raft, and thus inter-
rupt genome replication. This result is consistent with a
previous study [12]. In order to demonstrate whether inhi-
bition of SPT can be linked to anti-HCV therapy in vivo,
we used a chimeric mouse model.

Recently, Mercer et al. developed a chimeric mouse con-
taining human hepatocytes in which infection and replica-
tion of intact HCV occurs [14]. We examined the anti-HCV
effect of myriocin in chimeric mice infected with HCV
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genotypes 1a and 1b, and succeeded in the effective elimina-
tion of both HCV genotypes in their serum. Myriocin did
not induce significant liver damage or interfere with the
amount of human albumin in the chimeric mice or the
ALT levels in Balb/c mice (data not shown), and thus the
reduction in HCV RNA levels by myriocin is not due to
induction of human hepatocyte damage. In the analysis
of liver tissue infected with HCV genotype 1a, both HCV
RNA and core protein levels were reduced by myriocin
more effectively than by PEG-IFN. Thus, myriocin appears
to be able to directly suppress replication of intact HCV in
human hepatocytes, regardless of the HCV genotype. This
is the first report of an SPT inhibitor suppressing intact
HCV replication in vivo. Furthermore, combined treat-
ment was more effective than myriocin or PEG-IFN alone,
with HCV RNA levels reduced to less than 1/1000 of the
controls, suggesting that myriocin with PEG-IFN coopera-
tively and synergistically inhibits the replication and prolif-
eration of HCV.

Cholesterol is another major component of the lipid raft
assembly, in addition to the sphingolipids [11]. The choles-
terol biosynthetic pathway has also been a target for dis-
ruption of lipid raft assembly. However, recent studies
have shown that the protein associated with geranlygerany-
lation, rather than cholesterol, is important for HCV repli-
cation [7,18,19]. Thus, it appears likely that disruption of
lipid raft assembly is effectively caused by inhibition of
sphingolipid biosynthesis rather than inhibition of choles-
terol biosynthesis.

Myriocin is a known immunosuppressant [9], and
mainly inhibits generation of cytotoxic T lymphocytes
and T-cell dependent antibody production via inhibition
of SPT activity in vivo. In chimeric mice deficient in both
T and B cells (SCID), the immunosuppressant effect of
myriocin does not cause a reduction in HCV replication
but simply causes disruption of sphingolipid biosynthesis.
In addition, the inhibitory mechanism in vivo, as in vitro
analysis has shown, is likely to be disrupted by myriocin
of the lipid raft assembly. Whether the sphingolipid level
in liver in vivo is disrupted is currently unknown and
the focus of future study. We continually monitored
HCV for 14 days after the administration regimen and
detected the same level of HCV as before the administra-
tion among all groups. Thus, to eliminate HCV complete-
ly, it will be necessary to adjust the dosage of myriocin
and PEG-IFN and further extend the duration of
administration.

In conclusion, we elucidated the mechanism of myriocin
inhibition of HCV replication in vitro and determined that
myriocin inhibits HCV replication in a chimeric mouse
model with humanized liver. Although the toxicity of myr-
iocin renders it unsuitable for use as an anti-HCV drug in
human patients, our results suggest that SPT may be an
effective target of drugs designed to inhibit HCV replica-
tion, and that SPT inhibitors such as myriocin are good
candidates on which to base the development of new
anti-HCV drugs.
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