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Formation of a membrane-associated replication complex, composed of viral proteins, replicating RNA, and
altered cellular membranes, is a characteristic feature of plus-strand RNA viruses. Here, we demonstrate the
presence of a specific membrane alteration, designated the membranous web, that contains hepatitis C virus
(HCV) nonstructural proteins, as well as viral plus-strand RNA, in Huh-7 cells harboring autonomously
replicating subgenomic HCV RNAs. Metabolic labeling with 5-bromouridine 5’-triphosphate in the presence of
actinomycin D revealed that the membranous web is the site of viral RNA synthesis and therefore represents

the replication complex of HCV.

Formation of a membrane-associated replication complex
composed of viral proteins, replicating RNA, and altered cel-
lular membranes is a hallmark of all of the plus-strand RNA
viruses investigated thus far (4, 11, 23, 27, 29, 32). This strategy
may offer multiple potential advantages, including (i) compart-
mentalization and local concentration of viral products, (ii)
physical support and organization of the RNA replication com-
plex (20), (iii) tethering of the viral RNA during unwinding,
(iv) provision of lipid constituents important for replication (1,
34), and (v) protection of the viral RNA from double-stranded
RNA-mediated host defenses or RNA interference.

Hepatitis C virus (HCV) contains a plus-strand RNA ge-
nome of approximately 9,600 nucleotides that encodes a
polyprotein precursor of about 3,000 amino acid residues (17,
21). We have recently shown that expression of the HCV
polyprotein in tetracycline-regulated human osteosarcoma cell
lines induces distinct membrane alterations. A prominent al-
teration, designated the membranous web, was found to con-
tain all of the viral structural and nonstructural proteins and
therefore was proposed to represent the HCV replication com-
plex (9). The membranous web could be induced by NS4B
alone and was very similar to the “sponge-like inclusions”
previously observed by electron microscopy (EM) in the livers
of HCV-infected chimpanzees (24).

The recent development of replicon systems for HCV has
allowed, for the first time, the study of efficient and genuine
HCV RNA replication in Huh-7 human hepatoma cells in vitro
(6, 13, 19, 25). The aims of the present study were to locate the
site of HCV RNA replication and to identify the HCV repli-
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cation complex in Huh-7 cells harboring a prototype sub-
genomic HCV replicon.

First, Huh-7-derived clone 9-13, harboring a bicistronic
subgenomic replicon (19), was investigated by immunofluores-
cence microscopy (IF) to determine the subcellular distribu-
tion of the viral nonstructural proteins. Fixation, permeabili-
zation, and immunostaining of cells were performed as
previously described (10). As shown in Fig. 1a, NS3 was found
in the cytoplasm as brightly fluorescing dots and in a reticular
staining pattern. Very similar staining patterns have consis-
tently been observed with monoclonal antibodies (MAbs) di-
rected against NS4A, NS4B, NS5A, and NS5B (data not
shown). By double-labeling IF, HCV nonstructural proteins
were found to colocalize in the dot-like structures (data not
shown). This is consistent with our observations for tetracy-
cline-regulated cell lines expressing the entire HCV polypro-
tein (22) and suggests the formation of a multiprotein complex.

To determine the distribution of viral plus-strand RNA,
fluorescence in situ hybridization (FISH) was performed. A
fluorescein isothiocyanate (FITC)-labeled riboprobe of nega-
tive polarity was prepared by in vitro transcription from Hin-
dIII-restricted plasmid pFKrepneo/R2884G (18) using T7
RNA polymerase (Roche Molecular Biochemicals, Mann-
heim, Germany). Labeling, alkaline hydrolysis, and purifica-
tion of the 6.6-kb riboprobe were performed as previously
described (10). HCV-specific plus-strand RNA was detectable
as bright dots distributed over the cytoplasm, with some accu-
mulation in the perinuclear region (Fig. 1b). The distribution
and size of the dots strongly resembled those of the dots
identified by IF (compare Fig. la and b). As commonly ob-
served with riboprobes, there was some nonspecific labeling of
the nucleoli of 9-13 replicon cells (Fig. 1b) and naive Huh-7
cells (data not shown). However, no label was found in the
cytoplasm of naive Huh-7 cells, proving the specificity of the



FIG. 1. Localization of HCV nonstructural proteins and plus-strand RNA in Huh-7 cells harboring a subgenomic replicon. (a) Huh-7-derived
9-13 replicon cells were examined by IF with HCV NS3-specific MAb 1B6 (33). NS3 was located in dot-like structures and in a reticular staining
pattern. (b) HCV plus-strand RNA was detected by FISH with a directly FITC-labeled riboprobe of negative polarity. HCV plus-strand RNA
accumulated in dot-like structures. Bar, 10 wm. Naive Huh-7 cells stained in parallel showed no specific staining.
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FIG. 2. Membrane alterations in Huh-7 cells harboring a subgenomic replicon. (a) A naive Huh-7 cell displays unaltered organelles. Bar, 1 pm.
(b) Low-power overview showing the membranous web (arrows) in a 9-13 replicon cell. Bar, 1 um. (¢) Higher magnification of the membranous
web (arrows). A second membrane alteration that closely resembles the contiguous vesicles found in HCV-inducible cell lines and that did not

harbor HCV proteins (9) was less abundant in replicon cells (arrowhead). Bar, 500 nm. G, Golgi apparatus; M, mitochondria; N, nucleus.
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with NS5A-specific MAb 11H (7; kindly provided by Jan Albert Hellings, Organon Teknika B.V., Boxtel, The Netherlands). Gold particles
accumulated on a membranous structure (surrounded by arrowheads). In addition, some label was found on the ER (arrows). Bar, 500 nm. (b)
Identically treated naive Huh-7 cells were virtually devoid of gold particles. Bar, 500 nm. (c and d) At higher magnification, 9-13 replicon cells
labeled with NS5A-specific MADb 11H (c) and NS3-specific MADb 1B6 (d). Both antigens are found almost exclusively on the membranous web. Bar,

200 nm.

FISH reaction. In conclusion, both HCV nonstructural pro-
teins and RNA localized to distinct, dot-like structures that are
newly formed in Huh-7 cells harboring autonomously replicat-
ing HCV RNA:s.

To identify the ultrastructural equivalent of the dot-like
structures harboring viral proteins and RNA, we investigated
naive and replicon-harboring Huh-7 cells by EM. For EM, cells
were fixed in 2.5% glutaraldehyde and 2% OsO, and embed-
ded in Poly/Bed 812 (Polysciences, Warrington, Pa.) in accor-

dance with standard protocols. As shown in Fig. 2a, no mem-
brane alterations were found in naive Huh-7 cells. In contrast,
a membranous web composed of small vesicles embedded in a
membrane matrix was found in 9-13 cells (Fig. 2b and c). This
structure was similar to the membranous web previously iden-
tified in U-2 OS human osteosarcoma-derived cell lines induc-
ibly expressing the HCV polyprotein (9). As in these cell lines,
the membranous web was often found closely associated with
the rough endoplasmic reticulum (ER). On the basis of this
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FIG. 4. EM-in situ hybridization of Huh-7 cells harboring a subgenomic HCV replicon. (a) HCV plus-strand RNA in 9-13 replicon cells,
detected with a digoxigenin-labeled riboprobe of negative polarity and a gold-conjugated anti-digoxigenin antibody, is associated with the
membranous web. (b) An adjacent area of the same cell shows no label accumulation above the background. Bar, 200 nm.

observation, together with earlier studies demonstrating the sustains endoglycosidase H-sensitive glycosylation (14), we
colocalization of individually expressed HCV proteins with speculate that the membranous web is derived from mem-
membranes of the ER (7, 12, 28, 33) and recent data indicating branes of the ER.

that HCV RNA replication takes place in a compartment that Immuno-EM was performed to investigate the localization

FIG. 5. Detection of nascent HCV RNA in Huh-7 cells harboring a subgenomic replicon. 9-13 replicon cells were metabolically labeled with
5-bromouridine 5'-triphosphate in the presence of actinomycin D and then subjected to double-labeling confocal laser scanning microscopy. (a)
Detection of NS5A with the polyclonal antiserum WU144 and an FITC-conjugated secondary antibody. (b) Detection of newly synthesized,
bromouridine-labeled viral RNA with a MAb against bromodeoxyuridine and a Texas Red-conjugated secondary antibody. (c) The overlay
demonstrates colocalization (yellow) of NS5A and nascent viral RNA. Each image covers an area of 37 by 37 wm. Negative controls included
identically treated naive Huh-7 cells.
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of HCV nonstructural proteins. For immuno-EM, cells were
fixed and embedded in LRGold (London Resin Co., London,
United Kingdom) at —20°C as previously described (3). Sec-
tions were incubated with MAbs, followed by incubation with
gold-conjugated secondary antibodies (Amersham Pharmacia
Biotech, Piscataway, N.J.) as previously described (2). As
shown at low magnification in Fig. 3a, NS5A-specific label
strongly accumulated on a membranous structure. In addition,
some label was found to be associated with the ER. Simulta-
neously processed naive Huh-7 cells did not show label accu-
mulation above the background (Fig. 3b). Thus, distribution of
NSS5A at the ultrastructural level corresponds very well to the
strong dot-like and weak reticular staining pattern observed by
IF. Higher magnification allowed us to unequivocally define
the structure extensively labeled by MADbs against NS5A and
NS3 as the membranous web (Fig. 3c and d). Identical findings
were obtained with MAbs against NS4A, NS4B, and NS5B
(data not shown). Thus, all HCV nonstructural proteins are
associated with the membranous web in Huh-7 cells harboring
subgenomic HCV replicons. This result is in perfect agreement
with our previous observations using tetracycline-regulated cell
lines (9).

The replicon system also enabled us to localize the genuinely
replicated viral RNA by EM-in situ hybridization. A digoxige-
nin-labeled HCV-specific riboprobe of negative polarity was
prepared that was analogous to the probe used for FISH (see
above). After hybridization, RNA was detected with a gold-
conjugated anti-digoxigenin antibody (Aurion, Wageningen,
The Netherlands). The results shown in Fig. 4a reveal that the
bulk of the HCV-specific plus-strand RNA was associated with
the membranous web. An adjacent area of the same cell
showed only background labeling (Fig. 4b). In conclusion, the
membranous web contains, besides all of the HCV nonstruc-
tural proteins, the autonomously replicated viral RNA.

The observation that all of the viral nonstructural proteins
localized to the membranous web allowed us to select arbi-
trarily one of the viral nonstructural proteins, i.e., NS5A, as a
marker for the membranous web in subsequent IF studies. The
observation that viral proteins and plus-strand RNA localized
to the membranous web validated this membrane alteration as
a candidate HCV replication complex. To conclusively identify
the replication complex, we determined the site of viral RNA-
dependent RNA synthesis by metabolic labeling with 5-bro-
mouridine 5'-triphosphate as previously described (11). By
double-labeling confocal laser scanning microscopy, we deter-
mined the localization of newly synthesized viral RNA in re-
lation to NS5A as a marker of the membranous web. Digital
optical sections were taken with a confocal laser scanning mi-
croscope (model TCS4D; Leica Lasertechnik, Heidelberg,
Germany). NS5A was located with the polyclonal antiserum
WU144 (kindly provided by Charles M. Rice, The Rockefeller
University, New York, N.Y.) and an FITC-conjugated second-
ary antibody (green in Fig. 5a), and bromouridine-labeled
newly synthesized viral RNA was detected with a MAD against
bromodeoxyuridine (Bio Cell Consulting, Reinach, Switzer-
land), followed by a Texas Red-conjugated secondary antibody
(red in Fig. 5b). Both signals clearly colocalized to the same
cytoplasmic dot-like structures (yellow in Fig. 5c). The finding
that NS5A, a marker of the membranous web, colocalizes with
newly synthesized viral RNA demonstrates that the membra-
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nous web represents the site of viral RNA synthesis and, there-
fore, the HCV replication complex.

The similarity of the membranous web identified in the rep-
licon cells to that previously found in tetracycline-regulated
cell lines indicates that expression of HCV proteins is sufficient
to induce formation of the membranous web that accommo-
dates active RNA replication. This is consistent with results
obtained with other plus-strand RNA viruses where single pro-
teins expressed alone or in the context of the entire open
reading frame induced membrane alterations very similar to
membrane changes found during natural infection (10, 30, 31).
In the replicon cells, the membranous web was found less
frequently than the inducible cell lines. Also, additional mem-
brane alterations found in the tetracycline-regulated cell lines,
notably, loose vesicles and contiguous vesicles, were much less
abundant in the replicon cells. This is likely due to the overall
lower protein expression levels in the replicon cells and may
more closely reflect the natural situation in HCV-infected hu-
man and chimpanzee hepatocytes (15, 16). In this context, it is
important to note that intracellular organelles, particularly the
ER and the Golgi complex, remained intact in 9-13 cells. Thus,
characteristic membrane changes described in other virus sys-
tems as cytopathic effects (5, 8) were not observed. This is
consistent with unaltered growth characteristics of these cells
compared to those of naive Huh-7 cells (26).

In our initial ultrastructural studies of Huh-7 cells carrying a
persistently replicating HCV replicon, we did not detect the
membranous web (26). The most likely reasons for this are
differences in the specimen preparation methods that influence
the recognizability of this structure in EM. Moreover, the pre-
vious identification of the membranous web in inducible cell
lines that express high levels of the HCV polyprotein facili-
tated the finding of this structure in cells with a replicon where
expression levels of HCV proteins are lower and formation of
the membranous web is less frequent. Accordingly, we have
very recently also identified the membranous web in Huh-7
cells harboring genomic length HCV replicons (25) (R.G. et
al., unpublished observations).

In conclusion, ultrastructural analyses, combined with met-
abolic labeling of nascent viral RNA, have allowed us to iden-
tify, for the first time, the HCV replication complex in Huh-7
cells harboring autonomously replicating subgenomic HCV
RNAs. Future studies will be aimed at isolating and further
characterizing this complex and at defining the viral and cel-
lular processes involved in formation of the membranous web.
Elucidation of these processes will, in all likelihood, allow the
definition of novel targets for antiviral intervention against
hepatitis C.
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