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Tandem overexpression of five human factors renders murine hepatocytes 
susceptible to hepatitis C virus 
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Summary. – Development of mouse model of hepatitis C virus (HCV) infection has great significance in 
drug screening and vaccine research. The barriers of interspecies transmission of HCV are increasingly better 
understood. Human factors, namely low-density lipoprotein receptor (hLDLR), CD81 (hCD81), scavenger 
receptor class B type I (hSCARB1), occludin (hOCLN) and claudin 1 (hCLDN1) are all required for render-
ing mouse hepatocytes permissive to HCV. With the aim to humanize mouse hepatocytes we constructed two 
recombinant vectors tandemly expressing the first three and the last two HCV entry factors mentioned above, 
respectively. Cotransfection of mouse hepatocytes with these vectors made them permissive to HCV binding 
and entry. Tandem overexpression of hLDLR, hSCARB1, hCD81, hCLDN1 and hOCLN is a novel approach to 
tailoring mouse hepatocytes to HCV binding and entry which can be further used to establish a mouse model 
of HCV infection as a basis for developing antiviral drugs and vaccines. 
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Introduction

Hepatitis C virus (HCV), which is responsible for 170 mil-
lion chronically infected patients, remains to be a worldwide 
threat (Safioleas and Manti, 2007). About 70% or more patients 
develop liver cirrhosis or carcinoma which comprises the 
main causes of liver transplantation (Hsu et al., 2013; Mensa 
et al., 2013). Even though directly acting antivirals (DAA) 
in combination with pegIFN and ribavirin (RBV) leads to 
about 80% of cured (Rose et al., 2014), treatments targeting 
the early steps of HCV binding or entry processes are only 
supplemental treatments, especially for liver transplantation 

and difficult-to-treat-patients. Binding or entry inhibitors are 
needed to restrain the prevalence of HCV infection.

However, effort to discover HCV binding or entry inhibi-
tors has been hampered by the lack of animal model, which 
is of great use for HCV study or in development of HCV 
vaccine. HCV has strictly confined hosts, such as, humans 
and chimpanzees (Kolykhalov et al., 1997). Although chim-
panzee is an excellent animal model for the development 
of effective drugs and vaccines against HCV, ethical issues, 
limited availability, and high cost severely limit its use as 
a laboratory animal. Human hepatocyte chimeric immuno-
deficient mice have been developed by xenotransplantation, 
but they are vulnerable and the environmental and logistic 
needs are demanding (Ilan et al., 2002; Mercer et al., 2001). 
An alternative strategy is to humanize mouse tissues. In this 
regard, how to render mouse hepatocytes susceptible to HCV 
is the first obstacle that remains to be overcome.

Mouse hepatocyte cells are resistant to HCV entry, but do 
support virion replication, assembly and release (McCaffrey 
et al., 2002). Numerous factors exist on human hepatocyte 
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surface, which determine the tropism of HCV. Of these fac-
tors, several key determinants required for HCV entry have 
been identified, including low-density lipoprotein receptor 
(LDLR) (Agnello et al., 1999), scavenger receptor class B type 
I (SCARB1) (Scarselli, 2002), tetraspanin (CD81) (Pileri et 
al., 1998), tight junction proteins claudin 1 (CLDN1) (Evans 
et al., 2007), and occludin (OCLN) (Ploss et al., 2009). HCV 
entry into the hepatocytes is a multistep, dynamic process 
which involves a temporal and spatial interaction of virion 
with entry factors. Adenoviral or transgenic expression of 
human entry factors permits HCV uptake in mouse hepa-
tocytes. In this study, we attempted to improve humanized 
mouse hepatocytes permissible to serum-derived HCV 
(HCVsd) infection. Five putative HCV entry factors of hu-
man origin, namely, hLDLR, hSCARB1, hCD81, hCLDN1, 
and hOCLN, were selected and partitioned into two groups. 
One group included hLDLR-hSCARB1-hCD81 and the other 
hCLDN1-hOCLN. To facilitate their interaction with HCV 
virion and increase expression level, each group of entry 
factors was expressed in tandem in mouse hepatocytes. 
Mouse hepatocytes stably transduced with these HCV entry 
factors showed increased susceptibility to HCVsd binding 
and endocytosis. Our study provided evidence that these 
five human factors are required for HCVsd entry, and of-
fered a promising strategy to construct HCVsd permissive 
mouse model. 

materials and methods

Cells. 293FT cells (Invitrogen, USA) and mouse hepatoma cell 
line Hepa 1-6 (a generous gift from Shoujun Yuan, Beijing Institute 

of Radiation Medicine) were cultured in DMEM containing 10% 
fetal bovine serum (FBS). 

HCV-positive human serum. HCV-positive sera were obtained 
from Beijing 302 hospital under an institutional review boards 
(IRB) approved protocols. The pooled serum samples contained 
107 copies/ml of HCV RNA plus-strand as determined by Light 
Cycler TM (Roche).

Vector constructs. We have constructed pCDH-hLDLR-
hSCARB1-hCD81-GFP recombinant expression vector which 
expresses a fusion protein hLDLR-hSCARB1-hCD81 (Fig. 1). 
TGGGG GGGGS GGGGS linker was inserted between hLDLR and 
hSCARB1 and linker ASGGG GGGGS GGGGS between hSCARB1 
and hCD81. hLDLR ORF was amplified from pcDNA3-hLDLR 
vector (Lv et al., 2004) with primers 5'CTA GTC TAG AGC CAC 
CAT GGG GCC CTG GGG CTG G and 5'CAT GAC CGG TCG 
CCA CGT CAT CCT CCA GAC TGA C. hSCARB1 ORF was 
amplified from human hepatoma HepG2 cells with primers 5'CTA 
GTC TAG AAC CGG TGG CGG TGG CGG TGG CGG AGG ATC 
CGG CGG AGG CGG CTC CGG CTG CTC CGC CAA AGC GCG 
and CTA GCT AGC CAG TTT TGC TTC CTG CAG CA. hCD81 
ORF was amplified from Huh7.5.1 cells with primers 5'CTA GTC 
TAG AGC TAG CGG CGG GGG CGG TGG CGG AGG CTC CGG 
AGG AGG GGG ATC CGG AGT GGA GGG CTG CAC CAA and 
5'CCG GAA TTC AGG GCC GGG ATT CTC CTC CAC GTC ACC 
GCA TGT TAG AAG ACT TCC TCT GCC CTC GTA CAC GGA 
GCT GTT CCG GAT GC. The three fragments were digested and 
inserted into pCDH-EF1-MCS-GFP vector to yield pCDH-hLDLR-
hSCARB1-hCD81-GFP recombinant vector. 

Recombinant expression vector pCDH-hCLDN1-hOCLN-
DsRed expresses a fusion protein of hCLDN1-hOCLN. GGGGS 
GGGGS GGGAS linker was inserted between hCLDN1 and hOCLN 
to maintain individual formation. hCLDN1 and hOCLN were both 

Fig. 1
Construction of recombinant expression vectors

(a) Map of vector expressing hLDLR-hSCARB1-hCD81 fusion protein. (b) Map of vector expressing hCLDN1-hOCLN fusion protein. (c) Restriction 
maps of vectors pCDH-hLDLR-hSCARB1-hCD81-GFP and pCDH-hCLDN1-hOCLN-DsRed.
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amplified from human hepatocytes QSG7701. hCLDN1 ORF was 
amplified with primers 5'GCT CTA GAA TGG CCA ACG CGG 
GGC T and 5'CTA GCT AGC GCC ACC GCC GGA TCC TCC 
GCC ACC GGA GCC GCC TCC GCC CAC GTA GTC TTT CCC. 
hOCLN ORF was amplified with primers 5' CTA GCT AGC ATG 
TCA TCC AGG CCT CTT and 5'AAT GGG CCC GAG GGC CGG 
GAT TCT CCT CCA CGT CAC CGC ATG TTA GAA GAC TTC 
CTC TGC CCT CTG TTT TCT GTC TAT C. The two fragments 
were digested and inserted into pCDH-MCS-T2A-DsRed vector to 
yield pCDH-hCLDN1-hOCLN-DsRed recombinant vector. 

Mouse hepatocytes expressing HCV entry factors. Recom-
binant lentivirus expressing hLDLR-hSCARB1-hCD81-GFP and 
hCLDN1-hOCLN-DsRed were generated by cotransfection of 293 
FT cells with vector RSV-REV, VSVG, and pMDLg/pRRE. Mouse 
hepatocytes were seeded at 1.5×105 cells per well in a six-well plate 
and infected for 24 hr with the mixed-package lentivirus. The trans-
duced cells were propagated in complete medium and transgenic 
mouse hepatocytes were sorted via flow cytometry (MoFlo cell 
sorter, DAKO, USA).

Multicolour flow cytometry. In order to sort transgenic cells con-
taining hLDLR-hSCARB1-hCD81 (GFP) and hCLDN1-hOCLN 
(DsRed) we used multi-color flow cytometry.

Western blot analysis. Transgenic mouse hepatocytes were col-
lected and lysed in RIPA buffer containing inhibitors of proteases 
for 30 min on ice. After sonication, samples were centrifuged and 
the protein concentration was determined using BCA protein as-
say (KangWei, China) according to the manufacturer's instruction. 
Normalized protein quantities were separated by 10% SDS-PAGE 
and blotted to PVDF membranes for incubation with hCLDN1 or 
hSCARB1-specific antibodies in western blot analysis. Detection 
of the chemiluminescent signal was performed with the super 
ECL western blotting detection kit (Applygen Technologies Inc., 
China).

HCVcc generation. Vector FL-J6/JFH-5'C19Rluc2AUbi (pro-
vided by C. Rice, Rockefeller University, NY) encoding full-length 
JFH-1 was used to generate RNA as previously described (Linden-
bach et al., 2005). Briefly, RNA was in vitro transcribed from full-
length genomes using the MEGAscript T7 kit (Ambion, USA) and 
transduced into Huh-7.5 cells DMRIE-C (Invitrogen). Seventy-two 
hours post-transduction, supernatants were collected and stored 
immediately at -80°C. 

HCV binding and entry assay. Cells were incubated with HCVsd 
or HCVcc for 1 hr at 4°C. Cells were either harvested to assess bind-
ing or moved to 37°C for 5 hr, followed by proteinase K cleavage 
of external virus to assess entry. Luciferase activity and HCV copy 
number was determined accordingly.

HCV RNA copies assay. HCV RNA copies were determined by 
Light Cycler TM (Roche, Switzerland) using real-time RT-PCR 
(Kehua, China).

Statistical analysis. Results were expressed as means ± SD of 
at least three independent experiments. Statistical analyses were 
performed using the x2 test, and P ≤0.05 was considered statisti-
cally significant.

Results

Construction and characterization of recombinant ex-
pression vectors 

Several studies have shown that hCD81 and hOCLN 
comprise the minimal human factors required for HCV 
entry in vitro (Ploss et al., 2009). However, transgenic mice 
expressing hCD81, hOCLN, hSCARB1 and hCLDN1 sup-
ported a more complete HCV life cycle (Dorner et al., 2011; 
2013). Furthermore, hLDLR has been shown to play an 
important role in HCVsd infection of target cells in vivo (Liu 
et al., 2012; Lv et al., 2009). Taken together, in order to equip 
the mouse hepatocytes with the full suite of factors for HCV 
entry, we incorporated the full list of five human factors into 
mouse hepatocytes. Since HCV interacts with these factors 
through searching-and-binding, a tandem expression strategy 
was adopted to increase the vicinity of these factors on the 
membrane which maximally favors the entry of HCV. Con-
sidering that hLDLR, hSCARB1 and hCD81 present on the 
plasma membrane are associated with the early step of HCV 
binding whereas hOCLN and hCLDN1 are tight junction 
proteins involved in the later steps, two groups of factors were 
respectively inserted into two plasmids. Linkers were inserted 
between two adjacent proteins to preserve the original protein 
conformation and reduce the protein-protein interference. 
Fluorescent selective markers, GFP and DsRed, were tagged 
to the C-terminal of these two recombinant proteins respec-
tively, thereby, constructing two recombinant expression 
vectors, pCDH-hLDLR-hSCARB1-hCD81-GFP (Fig. 1a) and 
pCDH-hCLDN1-hOCLN-DsRed (Fig. 1b), using molecular 
cloning. The insertion of target genes into vector was verified 
by restriction enzyme digestion (Fig. 1c).

Establishment of transgenic mouse hepatocytes

Then we attempted to establish hepatoma cell line which 
stably expresses these five human factors for HCV entry. Two 
recombinant expression vectors were generated and then 
transfected into Hepa 1-6 cells. The cells that stably express 
these factors were sorted through flow cytometry based on 
the fluorescent marker. About 95% of transgenic mouse 
hepatocytes expressed GFP, which also indicated the expres-
sion of the three proteins encoded by the inserted genes in 
vector pCDH-hLDLR-hSCARB1-hCD81-GFP; about 49.3% 
hepatocytes expressed DsRed, suggesting the expression of 
two tight junction proteins encoded by pCDH-hCLDN1-
hOCLN-DsRed; and 97.2% cells expressed all five human 
factors carried by both recombinant lentiviruses (Fig. 2a). 
Confocal microscopy revealed that the recombinant proteins 
were expressed predominantly on the plasma membrane as 
well as in the cytoplasm (Fig. 2b,c). Western blot further veri-
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Fig. 2
Expression of human HCV entry factors in transgenic cells

(a) Flow cytometry of transgenic cells. (b) Confocal microscopy of cells transfected with recombinant expression vectors pCDH-hCLDN1-hOCLN-DsRed/ 
upper row and pCDH-hLDLR-hSCARB1-hCD81-GFP/lower row. (c) Confocal microscopy of cells stably expressing hLDLR-hSCARB1-hCD81 in green, 
and hCLDN1- hOCLN in red. (d) Western blot analysis of expression of hSCARB1 and hOCLN.
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fied the expression of five HCV factors, two fusion proteins 
hLDLR-hSCARB1-hCD81 and hCLDN1-hOCLN in trans-
genic mouse hepatocytes (Fig. 2d). The transgenic cells were 
able to express the desired factors on their surface during 
several passages in the presence of selection pressure (data 
not shown). Thus, transgenic mouse hepatocytes harboring 
the full list of key HCV factors were established, and these 
proteins were brought closer spatially to create a favorable 
environment for HCV entry. 

Overexpression of HCV entry factors correlates with 
enhanced HCV-cell binding

The early viral attachment is the first step during the virus 
infection, and during this process HCV-factor binding is 
responsible for initiating a series of events that lead to subse-
quent viral entry. To determine the effect of tandem expres-
sion of human factors on HCV binding, we examined the 
HCV binding ability in the transgenic mouse hepatocytes. 
Overexpression of three plasma membrane localized factors, 
hLDLR, hSCARB1, and hCD81, significantly enhanced the 
binding ability of HCVsd particles to mouse hepatocytes, 
compared to non-transduced cells. However, neither overex-
pression of tight junction proteins alone nor in combination 
with expression of other three human factors had obvious 
effect on HCV binding ability (Fig. 3a). The data showed the 
important role of hLDLR in the process of HCVsd binding. 
HCVcc particle binding was not altered by the expression of 
either group of human factors alone, or together (Fig. 3b). 
However, caution should be taken when interpreting the 
results since unspecific binding may occur. Nevertheless, 
these observations suggest that the tandem expression of at 
least three of these five human factors, if not all, supports 
HCV binding.

Increased HCV endocytosis in transgenic cells

As mentioned above, an unspecific binding of virus to 
the cell surface may occur. We have reported that in mouse 
hepatocytes, this binding involves unknown factors on the 
cell membrane, and is not necessarily followed by virus 
entry (Lv et al., 2009). In comparison with the binding 
process, viral internalization is more factor-dependent and 
host-specific, which strictly relies on the presence of several 
human factors. We thus performed HCV entry assay, which 
ruled out the possibility of unspecific binding. Transduced 
cells were infected with HCVsd at 4°C for 1 hr followed by 
37°C for 5 hr. In order to eradicate the non-specific binding 
virus, the infected cells were then treated with proteinase 
K. The cells were harvested after 72 hr for RNA copies as-
say. Transduced cells, whether they expressed one or both 
groups of the human factors, showed a significant increase 
in HCVsd internalization compared to the parental cells. The 

HCVsd binding ability to the transgenic mouse hepatocytes 
was comparable to that of Huh 7.5.1 (about 106 RNA copies), 
which suggests that the modified mouse hepatocytes sup-
port HCV entry to the same extent as human hepatocytes. 
Consistently, transgenic cells also showed enhanced HCVcc 
internalization (Fig. 4). In both cases of HCVsd and HCVcc 
infection, the introduction of all five human factors rendered 
highest permissibility to HCV internalization, followed by 
the expression of three plasma membrane resident factors, 
and then by two tight junction proteins. These data dem-
onstrate that tandem expression of human factors increases 
HCV internalization into mouse hepatocytes, and that hu-
manized mouse hepatocytes allow HCV entry.

Discussion

We previously reported that human factors on cell surface 
are required for endocytosis of HCV (Lv et al., 2009). Ploss, et 
al. introduced hCD81 and hOCLN into mouse hepatocytes 
and demonstrated that they are the minimal human factors 
required for HCV entry in vitro (Ploss et al., 2009). Dorner 
et al. humanized mouse liver by introducing four human fac-
tors, but the efficiency of expressing all four factors was low 
(Dorner et al., 2011). In this study, we took a novel approach 
to express five human key factors for HCV entry in mouse 
hepatocytes. These factors were divided into two groups 
based on their localization and expressed in tandem. This 
approach ensures the efficiency of simultaneous expression 
of five transfected proteins, and most importantly, maximally 
facilitates viral interaction because of spatial vicinity. Mouse 
hepatocytes expressing three plasma membrane resident hu-
man factors increased HCVsd binding, while cells expressing 
other human factors or all five showed no difference in HCV 
binding, probably due to unspecific binding compared to the 
control. However, the HCV binding ability to all the trans-
duced cells was similar to that of the HCV permissive human 
cell line Huh7.5.1, which suggests that they support HCV 
binding. After virion binding, HCV entry can only happen 
when it encounters specific entry factors, and internalization 
is not initiated until full engagement of sufficient factors. The 
virus-factor complex is then transported to tight junctions, 
constituting the final step for viral internalization into the 
cell. Thus, we hypothesize that viral internalization depends 
on several specific human factors and is a more reliable 
indicator for assessing HCV entry. In agreement with our 
hypothesis, the tandem expression of human factors greatly 
boosted HCV internalization in mouse hepatocytes. Most 
intriguingly, the HCV RNA levels were expressed for up to 
106 copies in five human factors transduced mouse hepa-
tocytes, suggesting that the susceptibility of our transgenic 
mouse hepatocytes are comparable to that of the canonical 
HCV permissive Huh7.5.1 cells. The increase in binding and 
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Fig. 3
Effects of tandemly overexpressed hu-
man HCV entry factors on HCVsd and 

HCVcc binding to transgenic cells 
Real-time PCR. Binding of HCVsd (a) and 
HCVcc (b) to transgenic cells. 

Fig. 4
Effects of tandemly overexpressed 

human HCV entry factors on entry of 
HCVsd and HCVcc into transgenic cells
(a) Transgenic cells were incubated with 
HCVsd and virus entry was determined 
by real-time PCR. (b) Transgenic cells 
were incubated with HCVcc and virus en-
try was determined by luciferase assay.
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internalization was abolished by the adding of corresponding 
antibodies against human factors, which confirms that it is 
the human factors that mediate viral binding and subsequent 
internalization. Antibodies blocked the HCV binding as well 
as internalization process (data not shown). Taken together, 
these data suggest that the presence of human factors on the 
surface of mouse hepatoma Hepa 1-6 cells resulted in the 
sensitivity to HCV infection.

In this study, we established humanized mouse hepato-
cytes that posses the full suite of required factors for HCV 
especially HCVsd entry. These mouse hepatocytes show 
markedly elevated permissiveness to HCVsd entry. Although 
the distribution of these human factors needs to be con-
firmed, this tandem expression approach offers a potential 
for tailoring mouse hepatocytes to HCV entry, which can be 
further used to transplant into mouse livers. This is a signifi-
cant step towards constructing HCVsd mouse model, which 
is the basis for developing antiviral drugs and vaccines. 
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