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Review

Hepatitis C virus utilizes lipid droplet for production of infectious virus

By Kazuya OGAWA,�1 Takayuki HISHIKI,�1 Yuko SHIMIZU,�1 Kenji FUNAMI,�1 Kazuo SUGIYAMA,�2

Yusuke MIYANARI�3 and Kunitada SHIMOTOHNO�1,�4;†

(Communicated by Takao SEKIYA, M.J.A.)

Abstract: Hepatitis C virus (HCV) establishes a persistent infection and causes chronic

hepatitis. Chronic hepatitis patients often develop hepatic cirrhosis and progress to liver cancer.
The development of this pathological condition is linked to the persistent infection of the virus. In

other words, viral replication/multiplication may contribute to disease pathology. Accumulating

clinical studies suggest that HCV infection alters lipid metabolism, and thus causes fatty liver. It
has been reported that this abnormal metabolism exacerbates hepatic diseases. Recently, we re-

vealed that lipid droplets play a key role in HCV replication. Understanding the molecular mecha-

nism of HCV replication will help elucidate the pathogenic mechanism and develop preventive
measures that inhibit disease manifestation by blocking persistent infection. In this review, we out-

line recent �ndings on the function of lipid droplets in the HCV replication cycle and describe the

relationship between the development of liver diseases and virus replication.
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Introduction

Patients infected with hepatitis C virus (HCV)
develop acute hepatitis. While 20% of acute hepatitis

patients eliminate the virus and recover from the in-
fection, the remaining infectants maintain subclinical

state or develop chronic hepatitis as a result of per-

sistent infection. About one-fourth of chronic hepati-
tis patients progress to hepatic cirrhosis, and half of

hepatic cirrhosis patients develop hepatocellular car-

cinoma (HCC). Many patients with hepatic cirrhosis
caused by HCV infection die from the exacerbation

of the disease and from HCC. An estimated 15{20%

of HCV-infected patients succumb to these hepatic
diseases.

Interferon and ribavirin combination therapy is

an e�ective treatment for chronic hepatitis C. Ap-

proximately half of patients who complete this ther-

apy eliminate the virus and, therefore, will not de-
velop hepatic disorders thereafter. Generally, it is

thought to be dif�cult to eliminate persistently or
latently infected viruses from host. However, in case

of HCV, interferon and ribavirin combination ther-

apy can eliminate HCV in half of infected patients,
suggesting that HCV infection is more curable with

anti-HCV drugs as compared to other persistently

infecting viruses. Because persistent virus replication
is one of the causes of chronic diseases, a better

understanding of the mechanisms of HCV replica-

tion, and modi�cation of host cell proliferation by
viral infection, will help elucidate the molecular

pathogenic mechanism of the disease.

HCV genome and viral proteins

HCV is classi�ed in the Hepacivirus genus of the

Flaviviridae family. Viruses of the Flaviviridae family
have the positive-sense, single-strand RNA genome

that is packaged into an enveloped viral particle.1)

All the viral proteins are encoded in the largest read-
ing frame in the genome. Translation from the open

reading frame of the HCV genome starts by the
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mechanism using internal ribosome entry site (IRES)

to produce a precursor poly-protein for viral pro-

teins.2) The precursor poly-protein is subsequently
cleaved by a cellular signal peptidase and viral pepti-

dases to produce about 10 di�erent viral proteins.3),4)

Some proteins receive further modi�cation such as
glycosylation or phosphorylation to become function-

ally matured forms. From the N-terminus of the

reading frame, Core, envelope1 (E1), envelope2 (E2),
p7, non-structural 2 (NS2), NS3, NS4A, NS4B, NS5A

and NS5B are produced in this order (Fig. 1). Viral

proteins are divided into two categories: structural
proteins and non-structural (NS) proteins. The struc-

tural proteins compose the virus particle, while the NS

proteins function only inside the infected cell and are
not packaged in the virion. The HCV structural pro-

teins include the Core, envelope-1 (E1), and -2 (E2)

proteins. The remaining NS proteins have unique
functions. One important function of the NS proteins

is to construct a stage for viral-genome replication

and mRNA synthesis by forming a viral replication
complex. This replication complex is a specialized

structure protected by a cellular membrane that is

induced and built by the virus infection. In addition,
another type of NS protein complex is thought to

contribute to virus particle assembly.

HCV replicates in the cytoplasm of infected cells
(Fig. 2). Current models propose that the virus in-

fects a cell by binding to a cell surface receptor, after

which the virus particle is endocytosed into the cyto-
plasm by clathrin-mediated endocytosis. To date,

several candidate proteins including virus receptor(s)

have been identi�ed as host factors involved in this

process. It seems that the LDL receptor and the
scavenger receptor class B type I function in the ini-

tial stage of HCV infection, after which the HCV

particles interact with the tetraspanin CD81 and the
tight-junction protein cluadin-1 to establish clathrin

dependent internalization.5)–12) However, the func-

tion of these proteins|from the moment the virus
and target cell make contact until infection is estab-

lished|is not fully understood.

The viral genome replicates in a peculiar

membranous structure that is sensitive to

detergent around the endoplasmic

reticulum13)–16)

For most RNA viruses, the viral genome repli-

cates in the environment associating with membrane

components of the host cell. It is expected that HCV
genome replication also undergoes a process similar

to other RNA viruses. While developing the in vitro

infection and replication system of HCV, the HCV
subgenome replicon, which lacks the coding region

for structural proteins but carries a drug-resistant

marker, is established.17) Since this replicon can rep-
licate autonomously, cell lines bearing the sub-

genome replicon can be selected by selectable marker

for neomycin. Electron microscopic observation re-
vealed that such cells have an unusual membrane

structure and that part of the endoplasmic reticulum
(ER) membrane is notably deformed.13) This mem-

branous structure has a complicated shape as well as

a botryoidal structure in some cases and is also seen
in liver specimen from a HCV infected individual.

Fig. 1. Structure of the HCV genome and the proteins pro-
duced by the genome. The HCV genome (upper panel) con-
sists of a positive-sense RNA strand comprising about
10,000 nucleotides. Virus proteins are �rst produced as a
precursor protein encoded in the largest open reading frame
that comprises about 90% of the entire genome, then pro-
cessed by cellular signal protease(s) followed by two virus
proteases which are encoded by NS2-NS3, and NS3, respec-
tively. 50 one-thirds of the open reading frame encodes pro-
teins for virus particle and the rest encodes non-structural
virus proteins that function in virus-infected cells (lower
panel).

Fig. 2. HCV replication cycle. Since the detailed molecular
mechanism of HCV infection/multiplication is yet to be
clari�ed, this �gure is drawn as a general view of replication
of viruses in Flaviviridae, in which HCV is classi�ed. In cells
being established virus entry, most of the events for virus
replication are conducted in cytoplasm.
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This structure is called ‘‘a membranous web’’ and

is unique to HCV genome bearing cells. Under
the labeling condition of de novo synthesized RNA,

viral-RNA synthesis could be shown to occur around

this membranous web.15) Biochemical analysis of
HCV genome-bearing cells was carried out by treat-

ing with digitonin, which partially destroys plasma

membrane of cells and thus makes cells accessible by
exogenous nucleases or proteases present in cer-

tain bu�er. Through this work the following results

were obtained:14) (1) Surfactants including NP-40
destroyed the replication function of the membra-

nous web; (2) Micrococcal nuclease treatment, under

a condition that digests ribosomal RNA completely,
did not destroy HCV RNA. However, HCV RNA

was immediately destroyed when nuclease treatment

was performed in the presence of NP-40, suggesting
that viral RNA is protected by membrane compo-

nents; (3) When digitonin-treated cells were treated

with protease K, most viral proteins were hydro-

lyzed, but about one-tenth or less of the viral pro-
teins remained without being degraded. However,

when the protease digestion was performed in the

presence of NP-40, the HCV proteins were no longer
resistant to protease digestion. This observation indi-

cates that a small portion of the viral proteins is also

protected by membrane structures; (4) When digito-
nin-treated cells were digested with a protease with-

out surfactants, viral RNA synthesis was not a�ected

even when most viral proteins had disappeared.
These results suggest that HCV RNA (both positive

and negative strands) is synthesized in a membrane-

protected complex where only a small portion of the
total HCV proteins in cells is present (Fig. 3).14) Fur-

thermore, the analyses indicate the presence of a pro-

tease-sensitive viral protein complex that is not pro-
tected by the membranous component in the outer

side of the replication complex. It is presumed that

Fig. 3. Altered membranous structure observed in HCV genome replicating cells, in which synthesis of the positive as well as
the negative HCV genome is conducted. (A) Electron micrographs of the generation of complex membranous structures
(called membranous web) around the ER in HCV genome-replicating cells. The web structure is highlighted by the red circle.
(The web image was from Gosert, R et al. (2003) J. Virol. 77, 5487 with permission). (B) Diagram of the distribution of NPC
(non-structural proteins complex) and RC (replication complex) around the ER membrane. HCV-genome replicating cells
treated with digitonin, a detergent that permeabilizes the plasma membrane but does not a�ect other membranes (e.g., ER-
lumen and nuclear membrane)|were analyzed for virus proteins as well as HCV RNA synthesizing activity after incubation
of exogenously added protease K. The majority of NS proteins were found to be sensitive to the hydrolysis; only a small por-
tion of NS proteins were found to be resistant to the digestion because of the membrane’s protection. Further, the NS protein
complex protected by membranous fraction is fully active to synthesize HCV RNA. From this result the NS protein complex
exposed to outside of cytoplasm (NPC) and the NS protein complex surrounded with membrane structure (RC) are distin-
guished and found to have di�erent functions (see text for details).
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the protease-sensitive complex is directly exposed to

the cytoplasm without the protection of the membra-
nous component. Hereinafter, the complex involving

viral-genome replication is referred to as the ‘‘replica-

tion complex’’ (RC). The complexes consist of HCV
RNA and about 10% of the total viral NS proteins

in the host cell (data not shown). The other complex

that is retained on the membrane structure but
directly exposed to the cytoplasmic environment is

referred to as the ‘‘non-structural protein com-

plex’’ (NPC). The function of the NPC is not fully
understood. Although detailed analyses are still in

progress, it is presumed that NPC plays a role in the

assembly process of virus particles (see below). A
previous study has reported that one of these viral

proteins, NS4B, is capable of changing the mem-
brane structure by acting on the ER membrane.13)

Cytoplasmic lipid droplets play a key role in

the production of infectious HCV particles18)

As mentioned earlier, most HCV proteins local-

ize around the ER membrane in cells that autono-

mously replicate the HCV genome. In addition, it
has been shown that the Core, a structural HCV pro-

tein, associates with lipid droplets when it is singu-

larly expressed.19) It has also been shown that a small
portion of NS5A localizes to lipid droplets when

NS5A is singularly expressed.20) What is the relation-

ship between the intracellular location of viral pro-
teins, particularly the association of Core and NS5A

with the lipid droplet, and viral replication? To un-

derstand this phenomenon, we also analyzed the role
of Core association with the lipid droplet in virus re-

production using a cell-culture system that produces

an infectious virus.18)

When infectious clone JFH1 of HCV genomic

RNA is introduced into HuH7 cells (a human liver

cancer-derived cell line), genome replication begins
and virus particles are produced.21) Analysis of the

buoyant density of virus particles determined by a

sucrose density-gradient centrifugation method indi-
cates the presence of two types of HCV. Most viral

particles were detected in a fraction of 1.15 g/ml den-

sity, but these particles were not infectious to HuH7
cells. On the other hand, a small amount of infectious

virus particles was detected in a 1.12 g/ml density

fraction (Fig. 4). In the HCV-replicating cells, the
core protein was found to localize around lipid drop-

lets similar to a previous report that identi�ed it via
an experiment on the solitary expression of Core pro-

teins in cells.19) In addition, many of the NS proteins

(NS3{NS5B) were co-localized to the ER as previ-
ously reported. However, detailed examination re-

vealed that the NS proteins localized around the lipid

droplets as well as ER.18) HCV RNA could also be
detected around the lipid droplets. The fraction con-

taining lipid droplets, partially puri�ed by �oating

centrifugation method, was capable of supporting
HCV RNA synthesis. Furthermore, the surrounding

environment of the lipid droplets in HCV replicating

cells is rich in membrane-like structure (see below).
This accumulation of membranous structures around

the lipid droplet is unique to the infected cells and is
not observed in uninfected control cells.

Core proteins promote the localization of NS

proteins to lipid droplets18)

In cells bearing the defective HCV genome not

expressing the core protein, the NS proteins were

mainly localized on the ER and were not seen around
the lipid droplet. However, in cells producing the in-

fectious virus, the NS proteins were localized to both

lipid droplets and the ER membrane. The Core and
other structural proteins (E2), co-localized to lipid

droplets. It is worth noting that the Core promotes

the localization of the NS proteins to lipid droplets.
This was found using the defective HCV genome

Fig. 4. Characteristics and infectivity of virus particles pro-
duced into the culture supernatant. The characteristics of
virus particles released from HCV(JFH1wild)-replicating
cells (left) or cells replicating a mutated virus, JFH1AAA999,
encoding proteins that cannot associate with lipid droplets
(right) were analyzed by the sucrose density gradient centri-
fugation method. Dotted, red, and blue lines indicate the
amount of virus particles measured by the amount of viral
core protein, infectivity and viral RNA, respectively. Buoy-
ant density of sucrose is indicated.
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that does not express the Core. When this mutant

genome was expressed, NS5A localized to the ER
but not to the lipid droplet. However, when the

Core was provided exogenously into the cells, both

NS5A and the Core were co-localized to the lipid
droplets. Association of other HCV NS proteins with

the lipid droplets was also observed by Core depen-

dent manner. This suggests that the Core recruits
NS proteins to the lipid droplets, although the mech-

anism for this association in the presence of Core is

unclear.

HCV proteins are arranged in order

around lipid droplets in laminae

according to protein type

When HCV Core-dependent association of viral

NS proteins to the lipid droplets was examined by

confocal light and electron microscopy, the Core
was shown to be directly localized on the surface of

the lipid droplets. However, NS5A was mainly ob-

served in the membranous structure that surrounds
the Core-coated lipid droplets.18) This membrane

structure is not of the lipid droplet. More speci�cally,

the Core could be seen as a lamina surrounding the
lipid droplet, and the membranous components that

are rich in NS proteins surrounded the Core-coated

lipid droplets. While examining intracellular localiza-

tion and behavior of the Core-coated lipid droplets,
majority of Core coated-lipid droplets were found to

reside near the ER around the nuclear membrane

(data not shown).

Abnormal membrane structures are enriched

around lipid droplets in HCV-producing cells

Regarding generation of lipid droplet, several

mechanisms have been proposed.22),23) One mecha-

nism is that ER accumulates neutral fat, mainly tri-
glycerides and cholesterol ester, in the space of the

membrane bilayer. Increasing the lipid contents in-

creases the mass of the body and the lipid droplet
covered with ER-derived membrane buds from the

ER.22) The membrane structure of the lipid droplet

is, thus, monolayer. Lipid droplet-speci�c proteins
(such as TAP: TIP47, ADRP and Perilipin) associ-

ate with the monolayer membrane of the lipid drop-

let. This typical structure of the lipid droplet can be
seen in human liver cancer-derived cell line, HuH7

(Fig. 5). However, in HuH7 cells where the infectious

HCV genome could replicate and produce virus par-
ticles, a part of surface of the lipid droplets were

often seen to be covered with several layers of mem-

brane (Fig. 5). Moreover, complicated membrane
structures accumulated around the lipid droplets. Al-

though the origin of these membrane structures is

unknown, it is assumed that they are derived from
ER membranes because the Core-coated lipid drop-

lets are frequently observed around the ER. The ER

membranes are also rich in NPC and RC of HCV as
shown in the graphic of Fig. 6(A).

Functional analysis of lipid droplets in virus

production using the mutated viral genomes

How does the association of viral proteins

around the lipid droplets a�ect virus production?
Previously, the domain of the Core to interact with

the lipid droplet is disclosed.24),25) Mutations of two

proline residues to alanine in that region of Core,
CorePP/AA, no longer associate with the lipid drop-

let.25) When the mutated viral genome that produces

CorePP/AA is introduced into cells, the Core as well
as HCV NS proteins no longer localize around the

lipid droplets.18) This result indicates that the Core,

which is able to associate with the lipid droplet, func-
tions to recruit other viral proteins to the lipid drop-

lets. The cells expressing this mutant genome do not

produce virus particles in the culture medium. Under

Fig. 5. Membranous structures are frequently observed
around the lipid droplets in JFH1-bearing cells. Electron mi-
crographs of the lipid droplets and the surrounding area are
shown. These show di�erent images of lipid droplets in cells;
a to c, lipid droplets in control HuH-7 cells, and d to f, those
in JFH1 bearing HuH7 cells. Arrows indicate enriched mem-
brane structure around the lipid droplet. Arrowhead shows
rough ER membrane-like structure attached to the lipid
droplet (The data was from Miyanari et al. (2007) Nat.
Cell Biol. 9, 1089{1097).

221Importance of lipid droplet for HCV proliferationNo. 7]



these conditions, virus production may be inhibited

due to lack of association of viral proteins with the
lipid droplet that is probably a prerequisite for virus

production or virus assembly, or, the mutated Core

itself is no more able to execute morphogenesis of
virus particle.

An experiment was performed to examine

whether or not the association of Core and HCV
non-structural proteins to the lipid droplet is essen-

tial to virus particle formation.18) For this purpose

the HCV genome with mutation in an NS protein
was constructed. NS5A was selected for introducing

the mutation among other non-structural proteins

as NS5A associates with the lipid droplets more fre-

quently than other NS proteins and, thus, is thought
to play a proactive role in lipid droplet association

with other NS proteins. As shown in Fig. 7, NS5A

of HCV-1b genotype is a protein with 466-amino-
acid residues that can be divided into three domains

(domain-I, -II, and -III from the N-terminus). Muta-

tions were introduced into domain-I using alanine-
scanning mutagenesis. NS5A mutants that are not

severely interfered with genome replication, but fail

to associate with lipid droplet were selected among
the mutants. By doing so, NS5A mutant in which

amino acid residue, APK, of 99-101th or, PPT, of

102{104th, was converted to 3 consecutive alanine
residues. When the viral RNA genomes encoding

one of these NS5A mutants were introduced into

cells and virus production to culture medium was
examined, only noninfectious virus particles with

1.15 g/ml buoyant density were produced (Fig. 4).18)

This result con�rmed the importance of the lipid
droplet for production of ‘‘infectious’’ virus particle.

It is likely that infectious virus production requires

aggregation of NPC- and RC-rich structures derived
from the ER membrane around the lipid droplets.

Cells with these structures produced both infectious

and noninfectious particles. However, cells bearing
the viral genome with mutations in NS5A that failed

to associate with the Core-coated lipid droplet pro-

duced virus particles that lacked infectivity. Thus, it
is likely that lipid droplets play a key role in generat-

ing infectious viral particles. Meanwhile, mutants

with deletions or point mutations in domain-III in
the C-terminus of NS5A had no defect in genome

replication but were unable to associate with Core-

coated lipid. Neither infectious nor noninfectious
viral particles were produced from these cells bearing

the genome having these mutations.26)–28)

This observation suggests that NS proteins,
which constitute NPC around the Core-coated lipid

droplet, are involved in the assembly of infectious
virus particles.18),26)–28)

Fig. 6. Model of the association of the Core-coated lipid
droplets with NPC- and RC-rich endoplasmic reticulum.
Association of Core-coated lipid droplets with RC- and
NPC-rich ER in HuH7 cells bearing the infectious HCV ge-
nome, JFH1 (A). Association of Core coated-lipid droplets
with the lipid droplet was not observed in cells bearing the
mutant JFH1, JFH1AAA999, expressing NS5A with mutations
in domain-I (B),18) and in cells bearing the mutant JFH1,
JFH1CL3B encoding NS5A with mutations in domain-III
(C).28) Green circles represent lipid droplets. The small
orange circles around the lipid droplets are the Core. The
largest and the smallest circles with a mosaic represent
NPC and RC, respectively. The color of NPC and RC indi-
cates the noted mutations in NS5A in these complexes. Note
that the NPC- and RC-rich ER lobes with a mutant NS5A
(B and C) do not associate with the core-coated lipid drop-
let. However, as shown in (B) noninfectious virus particles
are released into the culture medium, while NPC and RC
with mutations in domain-III of NS5A do not produce virus
particles, indicating the lack of virus assembly with this
mutant. For NPC and RC localization, see the graphic in
Fig. 3.

Fig. 7. Structure of the HCV NS5A protein and mutant
NS5A used for the analysis described in this paper.18),28)

D-1- D-3 indicates domain-I - domain-III.
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Function of lipid droplets in the production of

infectious particles

As mentioned earlier, lipid droplet plays an im-

portant role in the production of infectious HCV par-
ticles. For this role, one could think the following

possibilities: (1) the lipid droplet generates an aggre-

gate together with NPC and RC for the production
of infectious virus particles, (2) it provides a factor

required for infectivity to the virus particles, and (3)

it incorporates virus particle into a vesicle transport
system of lipid or lipid related materials to export in-

fectious virus outside the cells. The lipid droplets and

their surrounding environment including NPC may
be utilized for particle formation because virus-like

particles are observed around the lipid droplets by
electron microscopy.18) However, as shown in the

model (Fig. 6), non-infectious virus particles can be

produced even when the HCV NS proteins are not
aggregated with lipid droplets. Therefore, lipid drop-

lets seem to be non-essential organelles involved in

the assembly of viral particle. Regarding the second
possibility, the buoyant density of infectious virus

particles was lower than those of noninfectious virus

particles by 0.03 g/ml. This suggests that virus parti-
cles produced around the Core-coated lipid droplets

have a composition of viral protein and nucleic acid

di�erent from that of non-infectious particles which
are produced from environment other than that pro-

duced with association of the Core-coated lipid drop-

let, to give rise to virus with lighter density. Or,
viruses produced from the lipid droplet-associated

environment are composed of, or have associated

with components with lower density, which is essen-
tial for infectivity. The third proposed role of lipid

droplets attracts attention to a new function of lipid

droplets as a transporting machinery of virus em-
bedded vesicle. It has been known that the LD is

surrounded by a monolayer of phospholipids and dy-

namically moves through the cytoplasm interacting
with other organelles, including mitochondria, perox-

isomes, endosomes, and the endoplasmic reticulum

(ER).29) It is possible that these interactions facili-
tate the transport of lipids and lipid-associated pro-

teins to other organelles. Thus, it is also possible

that these dynamic movements of the lipid droplet
facilitate transport of virus particles to where secre-

tion of virus can take place.

A model of production of infectious HCV

When HCV in the blood stream of patients is

analyzed by density-gradient centrifugation, virus is

observed as a heterogeneous population with di�er-
ent densities.30) The reasons for this heterogeneity

may include the association of HCV with blood com-

ponents, such as lipoprotein and others, rather than
di�erences in the viral protein or nucleic acid compo-

sition. It has been shown that HCV associates with

lipoproteins including very low-density lipoprotein
(VLDL), low density lipoprotein (LDL), and high-

density lipoprotein (HDL).30) In addition, the possi-

bility that virus particles associate with antibodies
against the virus itself, rheumatoid factor or cryoglo-

bulin has also been reported. However, the signi-
�cance of these associations with blood components

in the HCV replication cycle is still unknown and

many questions remain unanswered. It has been sug-
gested that endocytosis of the Flaviviridae viruses

such as HCV and bovine viral diarrheal virus was

mediated by low density lipoprotein (LDL) receptors
on cultured cells.31) Recently, it has been shown that

the association with VLDL has an important role in

the secretion of virus particles as well as in the acqui-
sition of infectivity.32)–34)

VLDL is a particle that consists of a hydropho-

bic core of neutral lipid surrounded by a monolayer
of amphipathic hospholipids and free cholesterol in

which apolipoproteins reside.35) VLDL synthesis is

mediated by the function of microsomal triglyceride
transfer protein (MTP), which regulates the asso-

ciation of triglyceride with apolipoproteins B-100 to

synthesize VLDL precursor. Cholesterol ester and
additional triglyceride complexed with apolipopro-

teins E are incorporated while the VLDL precursor

is simultaneously transformed to the matured form
of VLDL. In HCV-producing cells, it is possible that

VLDL precursor accumulates in the microenviron-

ment of the lumen of ER where Core-coated lipid
droplets associate with ER membranes rich in RC

and NPC, which may increase the amount of the pre-

cursor VLDL and allow to associate with HCV which
is also budded into ER lumen. It is presumed that

HCV/VLDL complexes are secreted to outside of

the cell via the Golgi pathway. Importance of lipo-
proteins to infectivity of HCV is suggested by the

fact that an inhibitor of MTP suppresses release of
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infectious virus particle.32),33) In cells treated with

MTP, it was observed that despite the suppression
of infectious viruses released into culture medium, in-

tracellular infectious virus particles have a slightly

higher density than those released into culture me-
dium. Another possibility for the result obtained by

MTP inhibitor experiment is that MTP inhibitor

may a�ect production or function of other cellular
factor(s) that associates with HCV or regulates pro-

duction of infectious HCV.

Recently, we found that Apo-E interactd with
HCV NS5A (Hishiki et al., unpublished data). More-

over, Apo-E knockdown cells suppressed the produc-

tion of infectious virus in a culture medium.36) while
Apo-A1 knockdown cells did not (Hishiki et al. un-

published data). Taking this data together with

others, it is suggested that Apo-E as well as Apo-B
are important host factors, at least in part, involved

in endowing infectivity to HCV.

A model of infectious virus particle production
that re�ects our experimental results, which indicate

that the association of Core-coated lipid droplets

with the ER membrane is important for infectious
virus particle production, is shown in Fig. 8. In this

model, we hypothesize that the association of lipid

droplets with the ER membrane increases the pro-
duction ef�ciency of VLDL precursor in micro en-

vironmental space of the lumen. This higher con-
centration of VLDL precursor may facilitate the

association with HCV which is also budded into ER

lumen. But it is unclear whether the formation of
this complex occurs actively or passively. Since

NS5A binds with Apo-B20) as well as Apo-E, it is

possible that the NS proteins promote interaction
of VLDL with HCV. Alternatively, integration of

Apo-E and/or Apo-B to micro-environmental mem-

branous structure where HCV particle buds may
also be likely. In this case Apo-B and/or Apo-E

should be integrated as a membranous component of

HCV membranous structure. Although involvement
of VLDL for infectious HCV production was sug-

gested, it remains to be clari�ed whether or not

VLDL itself associates with HCV before virus release
to culture medium. There is no direct evidence to

show this association in an in vitro experiment.

It has been reported that HCV infection is medi-
ated by various cellular receptors and the LDL recep-

tor (LDLR) is one of them.31),34) VLDL or its deriva-

tive(s) in the VLDL/HCV complex, or Apo-B and -E
in HCV may act as a ligand of LDLR on surface pro-

tein of hepatocyte.

Increase in lipid droplets in HCV-infected cells

It has been shown that the lipid droplet is an

important cellular organelle that produces infectious

HCV.18) Then, how does HCV infection a�ect lipid
droplets in the cell? As described above, the struc-

ture of the membrane monolayer of the lipid droplet

is modi�ed in HCV-replicating cells; multilayered
membrane structure on the surface of the lipid drop-

let are observed often and, moreover, lipid droplets
are surrounded by an excess membranous structure.

Fig. 8. Model of the predicted role of the Core-coated lipid
droplet in the production of infectious HCV. The associa-
tion of the Core-coated lipid droplet with NPC-and RC-
rich ER may enhance the interaction of HCV and VLDL.
VLDL is generated frequently and enhanced in the micro-
environment where lipid droplets associate with the ER.
This increased concentration may increase the frequency of
the association of HCV and VLDL. HCV/VLDL is released
as an infectious particle with a low density, whereas HCV
particles that are not associated with VLDL are secreted
into the culture medium as noninfectious, dense particles.
However, this model does not discriminate the possibility
that noninfectious virus particle also associates with or is
integrated with some lipoprotein like structure.
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In addition, the amount of lipid droplets increases in

HCV-replicating cells.18) Enhanced production of the
lipid droplet seems to be mediated by the expression

of Core, which is suggested by the following ex-

periment. When autonomous HCV replicon lacking
Core production was expressed in HuH7 cells, no en-

hanced expression of lipid droplet was observed by

confocal microscopy analysis of stained cells with
BODIPY 493/503 (Invitrogen), a marker for the

lipid droplet. In contrast, cells expressing the full

HCV replicon showed substantial enhanced produc-
tion of lipid droplet. Enhancement of lipid droplet

production was also observed by ectopic expression

of Core in cells bearing HCV replicon lacking expres-
sion of the Core. Therefore, it was concluded that

HCV infection increases the amount of lipid droplets
and that the Core is required for this increase. The

amount of intercellular lipids depends on a balance

between lipid synthesis, degradation, and lipid trans-
port to the outside of the cell. The Core enhances lipid

synthesis by activating SREBP, a transcription factor

necessary for lipid synthesis, as well as by suppressing
MTP activity slightly. NS5A is also reported to sup-

press MTP activity some extent. These roles of Core

and NS5A are probably signi�cant for balancing in-
tracellular lipid level in HCV infected cells.

Relationship between abnormal cellular

metabolism of lipid in HCV-infected cells and

HCV related hepatic disease

Many questions about the molecular basis be-

tween infection/replication of HCV and the develop-
ment of chronic hepatitis, hepatic cirrhosis, and liver

cancer remain unsolved. It is believed that chronic

hepatitis results from the continuous destruction
and regeneration of hepatic cells. It has been sug-

gested that continuous immuno-mediated destruc-

tion of liver plays a central role in liver pathogenesis
by HCV infection. On the other hand, many HCV-

infected patients can experience complicated dia-

betes due to inhibition of insulin signal transduc-
tion and can also experience abnormal metabolism,

including increased liver lipid content, because of

abnormal lipid accumulation. In addition, these dis-
orders are thought to exacerbate liver diseases.37)–39)

Transgenic mice producing HCV core protein

develop steatosis and subsequent liver cancer.40)

This suggests that abnormal lipid metabolism caused

by the HCV core protein can lead to the develop-
ment of liver cancer at least in mouse model system.

The physiological signi�cance of the mechanism by

which the HCV core protein controls lipid metabo-
lism became clear when lipid droplets were shown to

be essential in the production of infectious virus par-

ticles in infected cells. In other words, HCV requires
activation of lipid metabolism in the host cell to pro-

duce its progeny ef�ciently, which is, at least in part,

a requisite of abnormal metabolism of lipid that may
be linked to subsequent liver diseases in the host.

Conclusions

HCV establishes persistent infection and causes
chronic hepatitis, which causes the development of

hepatic cirrhosis and liver cancer in some patients.

Therefore, it is very important to prevent infection
and disease progression. A better understanding of

the molecular mechanisms of virus replication would

help to establish preventative measures. Recent stud-
ies have uncovered a mechanism of HCV replication

in which lipid droplets are used to produce infectious

virus. This �nding may contribute to uncovering
the link between HCV infection/replication and liver

pathogenesis. A detailed analysis of the mechanism

of HCV replication will further increase our under-
standing of the interaction between the virus and

host cell, to explain disease development.
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