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Although hepatitis C virus E2 protein can bind to human cells by interacting with a putative viral receptor,
CD81, the interaction alone is not sufficient to establish permissiveness for hepatitis C virus infection. Using
an Epstein-Barr virus-based extrachromosomal replication system, we have screened through a human liver
cDNA library and successfully identified a cDNA capable of supporting hepatitis C virus replication in an
otherwise nonpermissive cell line. This cDNA encodes a protein exhibiting homology to a group of proteins
derived from various evolutionarily distant species, including Oryza sativa submergence-induced protein 2A.
The mRNAs encoding this factor are heterogeneous at the 5� ends and are ubiquitously expressed in multiple
tissues, albeit in a very small amount. The longest mRNA contains an in-frame and upstream initiation codon
and codes for a larger protein. This 5�-extended form of mRNA was detected in hepatocellular carcinoma, but
not in normal liver tissue. Immunofluorescence analysis demonstrated that the hepatic factor was distributed
evenly in cells, but occasionally formed aggregations in the peri- or intranuclear areas. In summary, we have
identified a hepatic factor capable of supporting hepatitis C virus replication in an otherwise nonpermissive
cell line. This factor belongs to a previously uncharacterized protein family. The physiological function of this
protein awaits further study.

Hepatitis C virus (HCV) is a major cause of chronic hepatitis
worldwide (4). Chronic hepatitis C may lead to severe se-
quelae, such as liver cirrhosis and hepatocellular carcinoma
(18, 19). Although scientists have made important progress in
understanding molecular mechanisms for HCV replication,
few data are available regarding essential cellular factors re-
quired for HCV replication (3, 9, 10). It is believed that as an
initial step for viral infection, HCV must bind either directly or
indirectly to a viral receptor in order to anchor on the cell
membrane. Previously, it was proposed that HCV could asso-
ciate with low-density lipoprotein (LDL) in the blood and that
the complexes interacted with LDL receptor before entering
the hepatocytes (1, 13). Recently, it was discovered that HCV
E2 protein interacted specifically with CD81 on the cell mem-
brane, which was suggested to be the HCV receptor (15, 20).
Although several other groups confirmed the specificity of
binding between E2 and CD81, subsequent studies indicated
that the interaction alone did not predict susceptibility of cells
to HCV infection (2, 5, 7, 12, 14). For example, HCV E2
protein was able to bind CD81 that originated from other
species not permissive for HCV infection (2, 12). Structure-
function analysis revealed that HCV binding to hepatocytes
might not entirely depend on CD81 and that CD81 was an
attachment receptor with poor capacity to mediate virus entry
(14). These results lead to the argument that other species-
specific cellular factors or coreceptors are needed for cell entry

and thus replication of HCV. In this study, we have developed
a strategy to search for such a molecule.

MATERIALS AND METHODS

Cell lines, transfection, and establishment of transformants. Human embry-
onic kidney cells constitutively expressing Epstein-Barr virus nuclear antigen-1
(EBNA-1) protein from Epstein-Barr virus (293EBNA cells; Invitrogen, Carls-
bad, Calif.) were maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and 250 �g of G418 per ml. HepG2 cells were main-
tained in minimal essential medium containing 10% fetal bovine serum. Huh-7
cells were maintained in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum. A human liver cDNA library (Clontech Laboratories, Inc.,
Palo Alto, Calif.) was constructed by inserting the cDNAs into a vector, pDR2,
downstream of a Rous sarcoma virus long terminal repeat (LTR) promoter. This
plasmid contains Epstein-Barr virus OriP, a gene for hygromycin B selection, and
an ampicillin resistance gene. The cDNA clones were first grouped into 200 sets
with 100 to 200 cDNA clones per set. Plasmids were then extracted from each set
of clones and transfected into 293EBNA cells by the standard CaPO4 precipi-
tation method. Transformants were selected by addition of 150 �g of hygromycin
B per ml to the culture medium. A total of 200 transformants were established
for the first round of the HCV infection assay.

HCV infection assay and detection of CD81 mRNA. HCV-positive serum
containing 107 copies of HCV RNA per ml, measured by the branched DNA
(bDNA) method (Quantiplex HCV-RNA 2.0 assay; Chiron, Emeryville, Calif.),
was used for the HCV infection assay. The cells in a 60-mm-diameter petri dish
were incubated in medium containing 5 �l of HCV-positive serum for 12 h. The
cells were then incubated in fresh medium without HCV-positive serum, and the
medium was changed every day. To detect HCV RNA, cells were trypsinized and
washed two times with fresh medium by centrifugation. The supernatant of the
second wash (as a contamination control) and the washed cells were collected in
pairs for RNA extraction and reverse transcription (RT)-PCR. The procedures
were described previously (23). The nested primers used were C1 (5�-CGGCA
ACAGGTAAACTCCAC-3�, antisense, nucleotides [nt] 114 to 95), C2 (5�-CCC
TGTGAGGAACTACTGTC-3�, sense, nt �299 to �280), C3 (5�-ACGATCTG
ACCACCGCCCGG-3�, antisense, nt 92 to 73), and C4 (5�-TTCACGCAGAA
AGCGTCTAG-3�, sense, nt �279 to �260). A digoxigenin-labeled probe,
flanking by C3 and C4, was used for the subsequent Southern blot analysis. As a
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control, �-actin mRNAs were detected simultaneously. The primers used were
A1 (5�-CACCAACTGGGACGACATGG-3�, sense, nt 301 to 320); A2 (5�-AG
GATCTTCATGAGGTAGTC-3�, antisense, nt 651 to 632), A3 (5�-TCTGGCA
CCACACCTTCTAC-3�, sense, nt 327 to 346), and A4 (5�-GTCAGGTCCCGG
CCAGCCAG-3�, antisense, nt 630 to 611). The procedure for minus-strand-
specific RT-PCR was also described previously (22, 23). To detect CD81 mRNA,
RT was performed with random primers. The primers used for PCR were
5�-CGAGACGCTTGACTGCTGTG-3� (sense, nt 691 to 710) and 5�-CTCAGT
ACACGGAGCTGTTC-3� (antisense, nt 950 to 931). The PCR product was
verified by nucleotide sequencing with an automatic DNA sequencer (CEQ 2000;
Beckman Instruments, Inc., Fullerton, Calif.).

RACE. The 5� rapid amplification of cDNA ends (RACE) experiment was
performed with a 5�/3� RACE kit (Boehringer Mannheim Biochemica, Mann-
heim, Germany). Total normal liver RNA was used. The primer used for cDNA

synthesis was PsipR (5�-CATGAAGATCCGGATCCAC-3�). After being tailed
with dATP homopolymer by a terminal deoxynucleotidyl transferase, the tailed
cDNA was amplified by PCR with an oligo(dT) anchor primer and P2 (5�-TCC
TCCTTGTCCCTCACATC-3�). Finally, a second step of PCR was performed
with an anchor primer and P4 (5�-GGATCTCATCGTCCAAGTGC-3�). The
details of the experimental procedure and the sequences of oligo(dT) and the
anchor primer were described previously (23). The sequences of clones gener-
ated by RACE (61.31R1 to 61.31R4) and two artificially created deletion mu-
tants (61.31D1 and 61.31D2) were verified and then inserted into the BamHI-
XbaI sites of pDR2 for further transfection. The restriction enzyme sites needed
for plasmid construction were generated by PCR-based site-directed mutagen-
esis (24). Briefly, for insertion of 61.31R1 to 61.31R4 into pDR2, two primers
containing engineered BamHI and XbaI sites and complementary to the 5� and
3� ends of these clones were designed for amplification. The amplified products

FIG. 1. Strategy to clone a cDNA capable of supporting HCV replication in a nonpermissive cell line. (A) HCV infection assay performed with
HepG2 cells (left panel) and 293EBNA cells (right panel). Infection assays were performed every 2 days (d) up to 14 days. The experiments were
repeated three times. A representative result is shown here. In each panel, the bar to the left indicates the predicted position of the PCR product.
As a control, �-actin mRNA was detected simultaneously. P, positive control with HCV-positive serum. (B) Detection of CD81 mRNA by
RT-PCR. (C) Flowchart of the cloning strategy.
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were digested with BamHI and XbaI, gel purified, and inserted into pDR2. For
generation of the deletion mutants, the downstream primer containing the en-
gineered XbaI site was designed to match the desired positions in 61.31R4 so that
the amplified products became truncated at the 3� portion.

Detection of Sip-L and eSip-L mRNA. RT was performed with random prim-
ers. Sip-L mRNA was detected with P2 and P1 (5�-GGTGCTCTACTGGAAG
CTGG-3�). eSip-L mRNA was detected with P4 and P3 (5�-CCGCACTGCGC
GTCATGGTG-3�). A digoxigenin-labeled probe, flanked by P1 and P2, was used
for the subsequent Southern blot analysis. As a control, �-actin mRNA was also
detected simultaneously.

Immunofluorescence analysis. To perform immunofluorescence analysis, the
coding region from clone 61.31 was isolated and inserted in frame with the V5
epitope in pcDNA3.1/V5-His B (Invitrogen, San Diego, Calif.). The plasmid was
transfected into 293EBNA cells. The methods of cell fixation and staining were
described previously (21). The primary antibody used was mouse anti-V5 mono-
clonal antibody (Invitrogen). The secondary antibody used was fluorescein iso-
thiocyanate-conjugated goat anti-mouse antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, Pa.).

Establishment of a stable Huh-7 cell line expressing Sip-L. To establish a
stable Huh-7 cell line expressing a high level of Sip-L protein, pSV2neo, which
encoded a neomycin-resistant marker, and pCMVEBNA, which encoded
EBNA-1 (both from Clontech), were cotransfected into Huh-7 cells. After se-
lection with neomycin, the stable transformant was subsequently transfected with
pDR2–61.31R3 and selected with hygromycin B. The stable transformant ex-
pressing the highest level of Sip-L mRNA (by Northern analysis) was used for
further experimentation.

Nucleotide sequence accession number. The GenBank accession no. for Sip-L
is AF403478.

RESULTS

Experimental strategy. Expression of Epstein-Barr nuclear
antigen-1 (EBNA-1) in cells allows extrachromosomal replica-
tion of plasmids carrying the Epstein-Barr virus replication
origin region (OriP) (8, 11). A cDNA library constructed with
this system theoretically expresses a high level of transcripts in
EBNA-1-expressing cells. Previous reports showed that HCV
could infect HepG2 cells and that the viral RNA could be
detected transiently (16). Additionally, HCV replication in the
culture cells could be enhanced by expression of EBNA-1 (17).
Based on these observations, RT followed by a two-step (nest-
ed) PCR was performed serially after inoculation of HepG2
cells with HCV-positive serum. HCV RNA could be detected
by Southern blotting, and the signal was strongest on the 8th
day after inoculation (Fig. 1A, left panel). The same procedure
was repeated with a human embryonic kidney cell line express-
ing EBNA-1 (293EBNA cells). No HCV RNA signal could be
detected (Fig. 1A, right panel). However, CD81 mRNA was
readily detected in 293EBNA cells (Fig. 1B). To search for the
missing factor, a liver cDNA library equipped with the afore-
mentioned Epstein-Barr virus-based system was first grouped
into 200 sets with 100 to 200 clones per set (Fig. 1C). Two
hundred sets of 293EBNA transformants, each transfected by
one set of mixed cDNA clones, were then established. The
HCV infection assay was performed with all 200 transformants
to look for the positive set. Once the positive set was identified,
the cDNA clones of that set were further subgrouped, and the
assay was repeated until a single cDNA clone was obtained.

Identification of a cDNA clone capable of supporting HCV
replication in 293EBNA cells. Two sets of transformants, sets
61 and 191, containing mixed cDNA clones were first identified
as positive by the HCV infection assay (Fig. 2A, upper panel).
After subgrouping and repeating the assays, two cDNA clones
from set 61 and one cDNA clone from set 191 were tested as
positive by the HCV infection assay (Fig. 2A, lower panel).

Nucleotide sequence analysis revealed that all three clones
were identical. Clone 61.31 and the corresponding transfor-
mant were used for further experiments. In this extrachromo-
somal replication system, the plasmid containing the cDNA
fragment was selected and maintained with hygromycin B. We
then cultured the 61.31 293EBNA cells in medium without
hygromycin B to allow for the loss of the extrachromosomal
plasmid DNA (6). The HCV infection assay was performed
serially 1 to 7 weeks after removal of hygromycin B. Cell
susceptibility to HCV infection was gradually lost, and the cells
became nonpermissive again 3 weeks later (Fig. 2B). To fur-

FIG. 2. Results of molecular screening through a liver cDNA li-
brary. (A) Sets 61 and 191 of mixed cDNA clones were capable of
supporting HCV replication (upper panel). The positive results of the
HCV infection assay for two single cDNA clones (61.31 and 191.9) are
shown (lower panel). C, cell lysate; M, the second aliquot of fresh
medium used to wash the cells; S, HCV-positive serum. (B) Hygromy-
cin B was removed from the medium to allow loss of episomal plasmid
DNA. The HCV infection assay was performed every week (w) up to
7 weeks after removal of hygromycin B.
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FIG. 3. Verification of the permissiveness of 61.31 293EBNA cells to HCV infection and determination of the physiological 5� ends of 61.31
mRNA. (A) HCV-positive serum was used to infect 61.31 293EBNA cells, and HCV RNA was detected every 2 days by RT-nested PCR. The
cytoplasmic fractions and the second aliquots of fresh medium used to wash the cells were both subjected to the COBAS Amplicor HCV-RNA
assay. (B) Minus-strand-specific RT-PCR for detection of HCV-RNA. M, marker; N, 61.31 293EBNA cells assayed on the 8th day after HCV
infection; P1, 50 �l of HCV-positive serum (105 copies/ml); P2, 50 �l of HCV-positive serum (107 copies/ml). The PCR product was verified by
Southern blotting (lower panel). (C) Results of the 5� RACE experiment. Four clones with different 5� ends are shown (61.31R1 to 61.31R4). The
structures of two artificially created deletion mutants are also shown (61.31D1 to 61.31D2). The results of the HCV infection assay for these clones
are indicated to the right. Two potential open reading frames, orf-1 (short) and orf-2 (long), are indicated by shaded bars.

FIG. 4. Comparison of the open reading frame (orf-2) sequence with various homologs derived from different species. Amino acid residues
identical among three or more different species are boxed. Dashes indicate gaps.
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ther verify our results, an HCV infection assay was performed
with 61.31 293EBNA cells, and serial cell extracts were sent for
HCV RNA testing performed by our molecular medicine
team. This team routinely performs HCV RNA testing for
clinical doctors in this medical center by using a standard assay
(COBAS Amplicor HCV-RNA test). Intracellular HCV RNA
was positive on days 6 and 8 after inoculation with HCV-
positive serum (Fig. 3A). Finally, to confirm the presence of
HCV replication in 61.31 293EBNA cells, minus-strand HCV
RNA was detected 8 days after inoculation with HCV-positive
serum (Fig. 3B). The result showed that minus-strand HCV
RNA was indeed present in the infected cells.

Determination of the 5� end of 61.31 mRNA by RACE. Four
different 5� ends of 61.31 mRNA were detected in total normal
liver RNA by the RACE method. These clones were named
61.31R1 to 61.31R4 (Fig. 3C). Further RACE experiments
with a primer located near the 5� end of 61.31R4 failed to
obtain other clones. The 61.31R4 clone contained two open

reading frames, orf-1 (short, upstream) and orf-2 (long, down-
stream). To determine which open reading frame is functional,
all four clones obtained from RACE and two artificially de-
leted mutant clones were transfected into 293EBNA cells to
test for HCV infectivity by the same method, as shown in Fig.
3A. Preservation of orf-2 was found to be required for HCV
infectivity (Fig. 3C).

Clone 61.31 encoded a protein factor exhibiting homology to
Oryza sativa submergence-induced protein 2A. The amino acid
sequence of 61.31R4 orf-2 was compared with existing protein
sequences by a BLAST search (National Center for Biotech-
nology Information [www.ncbi.nlm.nih.gov]). Strikingly, this
protein exhibits homology to several proteins derived from
various genetically distant species, including Oryza sativa sub-
mergence-induced protein 2A (Fig. 4). The amino acid se-
quence of 61.31R4 orf-2, temporarily named “submergence-
induced protein-like factor” (Sip-L), was identical to the
carboxyl portion of two other human clones derived from ovar-

FIG. 5. Detection of Sip-L and eSip-L mRNA by RT-PCR. (A) To mark the positions of primers (P1 to P4), the first nucleotide of the Sip-L
initiation codon was assigned as no. 1. (B) Primers P1 and P2 were used to detect Sip-L mRNA. (C) Primers P3 and P4 were used to detect eSip-L
mRNA. The sequence of P, a P1-to-P2 DNA fragment, was verified, and P was then used as a hybridization control. Co, colon; Ki, kidney; Lu,
lung; Li, liver; St, stomach; Br, brain; Sp, spleen; Mu, skeletal muscle. Two paired liver tumor tissues, including cancerous (LT) and noncancerous
(NT) parts, were also tested. As a control, �-actin mRNA was detected simultaneously for all tissues.
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ian cancer and placenta choriocarcinoma, respectively. These
two sequences, recently deposited in GenBank without formal
publication, have an extension of 63 additional amino acid
residues at the amino terminus compared with Sip-L. Only 1
amino acid difference was found between the two. They were
temporarily named the “amino-terminus-extended form of
Sip-L” (eSip-L).

Tissue distribution of Sip-L mRNA. To determine the tissue
distribution of Sip-L mRNA, Northern analysis was performed
with total RNA obtained from various human organs. This
experiment, however, failed to detect any Sip-L mRNA. Thus,
RT followed by one-step PCR and Southern analysis was per-
formed. Two sets of primers were designed to detect Sip-L and
eSip-L mRNAs (Fig. 5A). The results indicated that Sip-L
mRNA was ubiquitously distributed in all kinds of tissues, but
eSip-L mRNA was found only in skeletal muscle (Fig. 5B and
C). Strikingly, eSip-L mRNA was also detected in two samples
derived from hepatocellular carcinoma.

Subcellular localization of Sip-L protein in 293EBNA cells.
To gather clues for the possible physiological function of Sip-L,
we have examined the subcellular localization of Sip-L by im-
munofluorescence analysis. Sip-L was tagged with a paramyxo-
virus SV5 epitope for detection with anti-V5 antibody. It was
found that this protein is distributed evenly in both cytoplasm
and nucleus in the majority of cells. In 60% of cells, various
numbers and sizes of Sip-L protein aggregations were found in
either the peri- or intranuclear areas (Fig. 6A to F). In a few
cells, the protein was heavily clustered in the nucleus (Fig. 6F).
The cause or nature of these aggregations was unknown.

Infectivity of HCV in Huh-7 cells stably expressing Sip-L.
The presence of Sip-L mRNA was determined in 293EBNA
cells, HepG2 cells, Huh-7 cells, and normal liver tissue by
RT-PCR (Fig. 7A). The amount of Sip-L mRNA in HepG2
cells was relatively smaller than that in normal liver tissue.
Only a trace of Sip-L mRNA was found in Huh-7 cells. No
Sip-L mRNA was detected in 293EBNA cells. An Huh-7 cell

FIG. 6. Immunofluorescence analysis of Sip-L protein. (A to F) Sip-L was tagged with a V5 epitope for immunofluorescence staining in
293EBNA cells.
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line stably expressing a high level of Sip-L mRNA was thus
established (see Materials and Methods). It was found that this
higher-expression line was permissive for HCV infection (Fig.
7B). Furthermore, addition of 5,000 U of alpha interferon
(Schering-Plough Corp., Kenilworth, N.J.) per ml to the me-
dium from the 4th day of the infection assay resulted in a
significant decrease in intracellular HCV RNA on the 7th day.
Similar results were observed in 293EBNA cells.

DISCUSSION

Binding of viruses to receptors on cell membrane is consid-
ered to be the first step for cell entry. However, successful
binding by itself does not ensure cell entry and replication of
the virus. In our pilot study, we washed the cells on the culture
dishes three times daily after inoculation of HCV serum and

trypsinized the cells from the dishes every 2 days. HCV RNA
was not detectable in the third aliquots of medium used to
wash the cells after the 2nd day. However, HCV-RNA was
detectable by one-step RT-PCR in the supernatant after
trypsinization of the cells (if no further wash was performed)
up to the 4th day. We subsequently demonstrated that
293EBNA, HepG2, and Huh-7 cells all expressed CD81,
thereby allowing docking of HCV on the cell membrane. To
achieve a valid infection assay, we further washed the
trypsinized cells two times by centrifugation and used the sec-
ond aliquot of washing medium as a contamination control. By
this method, it was shown that HCV could not replicate in
either Huh-7 or 293EBNA cells, but could replicate in HepG2
cells, albeit transiently. By using a molecular screening strat-
egy, a molecule (Sip-L) was identified that was capable of

FIG. 7. Infectivity of HCV in Huh-7 cells stably expressing a higher level of Sip-L mRNA. (A) Sip-L mRNA was detected by RT-PCR and
Southern blotting in 293EBNA cells, normal liver tissue, HepG2 cells, and Huh-7 cells. As a control, �-actin mRNA was detected simultaneously.
(B) The HCV infection assay was performed with 293EBNA and Huh-7 cells. No HCV RNA can be detected by RT-PCR (arrowhead) in the
nontransfected cells (lanes 1 and 4), whereas HCV RNA can be detected in cells expressing Sip-L (lanes 2 and 5). The signals were significantly
decreased when 5,000 U of alpha interferon per ml was added to the medium from the 4th day of the infection assay (lanes 3 and 6). The second
aliquots of medium used to wash the infected cells were used as contamination controls (lanes 1� to 3� and 4� to 6�).
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supporting HCV replication in 293EBNA cells. This finding
confirms the concept that additional cellular factors are re-
quired for essential viral replication.

Our results, however, did not solve the problem of tissue
tropism in HCV infection. Sip-L mRNA is ubiquitously ex-
pressed in all tissue examined, albeit in a very small amount.
Thus, Sip-L does not account for the tissue tropism of HCV.
Several possibilities can be postulated. For example, Sip-L may
activate another factor that is essential for HCV infection, and
that factor may be expressed only in susceptible cells. Tissue-
specific negative regulatory factors may suppress the effect of
Sip-L, or Sip-L is unevenly expressed in the same tissue (such
as hepatocytes or mononuclear cells), and only a small number
of hepatocytes or mononuclear cells express a sufficient
amount of Sip-L to allow HCV replication. Additionally, since
Sip-L supports HCV replication only transiently, it is possible
that many organs are in fact permissive to transient but silent
HCV replication, while other tissue-specific factors are re-
quired to achieve persistent viral replication. Presumably,
Sip-L is merely one of a number of factors required for essen-
tial HCV replication.

Although it is not known how the Sip-L mRNA level is
regulated, current data indicate that heterogeneities at the 5�
end may be involved. An intriguing fact is that eSip-L mRNA
can be detected in cancerous tissues, including hepatocellular
carcinoma, ovarian cancer, and placenta choriocarcinoma. Pre-
sumably, transcription from farther upstream of this gene to
generate eSip-L mRNA requires factors expressed in cancer-
ous cells. Alternatively, a suppression factor may be produced
in noncancerous cells to inhibit its transcription. It is unclear
why skeletal muscle also expresses eSip-L mRNA.

The physiological function of Sip-L or eSip-L is unknown.
This protein is so evolutionarily conserved even prokaryotes
harbor a homologous protein. The function of this protein,
therefore, should be essential to life. In plants, this protein is
induced during submergence in water, a hypoxic situation,
suggesting its involvement in a novel stress-related pathway. At
the subcellular level, this protein forms aggregations in the
peri- or intranuclear areas, suggesting its association with nu-
cleus-related activities. These clues may help us to design ex-
periments for further studies.

In summary, by using a molecular screening strategy, we
have identified a cellular factor, Sip-L, capable of supporting
HCV replication in an otherwise nonpermissive cell line. This
factor shares extensive amino acid homology with a group of
proteins derived from various evolutionarily distant species.
The molecular mechanism of Sip-L-supported HCV replica-
tion is unknown. The physiological function of this protein
requires further study.
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