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Hepatitis C virus (HCV) affects 2-3% of the global population. Approximately one-quarter of acute infec-
tions cause chronic hepatitis that leads to liver cirrhosis or hepatocellular carcinoma. The major obstacle
of current research is the extremely narrow host tropism of HCV. A single HCV strain can replicate in the
Huh7 human hepatoma cell line. Huh7 cells can be adapted under selective pressure in vitro to identify
host factors that influence viral replication. Here, we extended this strategy to the in vivo condition and
generated a series of cell lines by multiple rounds of adaptation in immunocompromised mice. Adapta-
tion increased the cellular resistance to HCV infection. Microarray analyses revealed that the expression
levels of several genes were associated with HCV resistance. Notably, up-regulation of the mRNA encod-
ing cysteine-rich secretory protein 3 (CRISP3), a glycoprotein with unknown function that is secreted
from multiple exocrine glands, was correlated with HCV resistance. The presence of CRISP3 in the culture

Keywords:

Hepatitis C virus

Cysteine-rich secretory protein 3
Xenograft

Cell adaptation
Immunocompromised mice

medium limited HCV replication at the early phase of infection.
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1. Introduction

Hepatitis C virus (HCV), a major cause of chronic viral hepatitis,
affects 2.2-3.0% of the global population [1]. Approximately 25% of
patients with chronic HCV infection develop liver cirrhosis leading
to hepatocellular carcinoma [2]. HCV is a positive-strand enveloped
RNA virus that belongs to the Flaviviridae genus [3]; its transmission
is restricted to the parenteral route but its prevalence is sustained
due to high infectivity and the occurrence of accidental/intentional
intravenous punctures with contaminated syringes [1]. The exis-
tence of viral quasispecies continues to impede the development
of specific inhibitors and vaccines. The error-prone polymerase
and dynamic replication of HCV results in a circulating pool of
genetic variants from which resistant strains arise [4]. Conse-
quently, antiviral strategies have targeted the host rather than the
virus [5], and host factors involved in HCV entry are particularly
promising targets. HCV enters host cells by hijacking clathrin-
mediated endocytosis [6]. A complex interplay between viral
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nohistochemistry; MRI, magnetic resonance imaging.

* Corresponding author. Address: Department of Microbiology, University of
Ulsan College of Medicine, Asanbyeongwon-gil 86, Songpa-gu, Seoul 138-736,
Republic of Korea. Fax: +82 2 485 2320.

E-mail address: chjoo@amc.seoul.kr (C.H. Joo).

http://dx.doi.org/10.1016/j.bbrc.2014.06.106
0006-291X/© 2014 Elsevier Inc. All rights reserved.

envelope glycoproteins and host factors, including scavenger recep-
tor type B1, CD81, claudin-1, and occludin, is required for HCV entry
[4]. Despite increasing knowledge of its host receptors, little is cur-
rently known about the host factors that limit HCV infection.

In vitro culture system has facilitated studies of HCV entry into
hosts. When cultured in the Huh7 hepatoma cell line, the JFH-1
strain of HCV undergoes a full replication cycle from entry to viral
particle release [7]. A number of Huh7 subclones have been
derived using in vitro adaptation under selective pressure [8]. For
example, the highly HCV-permissive Huh7.5 subclone was gener-
ated by culturing HCV-infected Huh7 cells in the presence of inter-
feron [9] and has been used to screen for host factors that interfere
with HCV replication [10]. Other subclones with different HCV rep-
lication competences have also been generated by the adaptation
strategy [11]. Here, we extended this strategy to the in vivo condi-
tion and derived a series of adapted Huh7.5 cell lines from multiple
rounds of xenograft implantation into immunocompromised mice.
In subsequent studies, secreted cysteine-rich secretory protein 3
(CRISP3) inhibited HCV at the early phase of infection.

2. Materials and methods
2.1. Cells and viruses

Huh7.5 cells and Huh7A cells carrying HCV amplicons were
obtained from Apath (Brooklyn, NY, USA). Hela, Huh7.5, 293T,
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and all adapted cell lines were maintained at 37 °C in a 5% CO,
incubator in DMEM supplemented with 10% FBS, 2 nM L-gluta-
mine, 1001U/ml penicillin, and 100 pg/ml streptomycin. The
pJFH-1 plasmid containing the full HCV genome (GenBank:
AB047639) was kindly provided by Takaji Wakita (Department of
Virology, National Institute of Infectious Diseases, Tokyo, Japan).
HCV particles were collected from supernatants of Huh7.5 cells
transfected with in vitro transcribed JFH1 RNA from pJFH-1, as
described previously [7]. Huh7.5 cells were repeatedly infected
with HCV until the viral titer reached 1 x 108 particles/ml. HCV
stocks were kept at —150 °C until use.

2.2. Cloning of CRISP3

The full length CRISP3 c¢DNA was purchased from Korea
Human Gene Bank (Daejeon, Korea) and amplified using the
Stratagene High Fidelity PCR kit (Agilent Technologies, Santa
Clara, CA, USA) and primers (5-CCC GCT AGC ACA TTA TTC CCA
GTG CTG TTG-3/, 5'-CCC CTC GAG GGA ACA AAG AGG CTG CAG
CAA-3'). The amplified products were purified using a PCR purifi-
cation kit (Qiagen, Hilden, Germany) and then incubated with
Nhel and Xhol for 1h. The digested products were gel-purified
using the Qiagen Gel Extraction Kit. The pCMBB vector was also
digested with the corresponding restriction enzymes and the
fragments were ligated using the Quick Ligation Kit (NEB, Beverly,
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MA, USA). Transformation was performed using the standard
heat-shock method.

2.3. Cell adaptation

BALB/C nude and SCID/beige mice were purchased from Orient-
bio (Seoul, Korea). The mice were anesthetized by intraperitoneal
injection of a 10% mixture of zoletil-rompun (4:1) in saline (10 ml/
kg body weight). For portal vein injection, the abdomen was steril-
ized with 70% alcohol and opened by midline incision. A 300 pl ali-
quot of PBS containing 1 x 10° cells was injected into the portal
vein using a 31 gauge insulin syringe. Bleeding was controlled by
pressure and the incision was closed by suturing. For flank epider-
mal injection, a large gauge needle was inserted into the epidermal
layer and twisted to generate space for cell implantation. A 150 pl
aliquot of PBS containing 1 x 107 cells was injected into each mouse
using a 31 gauge insulin syringe. The mice were sacrificed 3 weeks
after injection, at which stage tumor growth was identified by mag-
netic resonance imaging (MRI) (portal vein injection) or visually
(flank injection). Tumors were resected, stored in PBS, and then
divided into small pieces less than 1 mm? in size using surgical scis-
sors. After centrifugation, the cell pellet was incubated for 8 h with
shaking in DMEM containing 100 ng/ml collagenase type 3
(Worthington, NJ, USA). The isolated cells were subjected to clonal
selection using conventional serial dilution culture.
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Fig. 1. Generation and characterization of adapted Huh7.5 cell lines. (A) Starting with the parental Huh7.5 cells, each adapted cell line was sequentially injected into the
indicated mouse strain to generate the next adapted cell line. Adaptations comprised two rounds in the liver and two in the epidermal layers of BALB/C nude mice, and one
round in the epidermal layer of SCID/beige mice. (B) Microscopy images showing the morphology of the adapted cell lines and FIHC analyses of human albumin expression.
Scale bar: 50 pm. (C) MRI verification of liver tumor formation in Huh7.5A1-injected mice at 3 weeks post-injection (arrows). (D) Visual verification of tumor formation in

Huh7.5Fb-injected mice at 2 and 14 days post-injection.
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2.4. Microarray analysis

Total RNA was extracted from the Huh7.5 and Huh7.5Fc cells
using RNeasy Plus Mini Kits (Qiagen), and then analyzed using
GeneChip® Human Gene 2.0 ST Arrays (Affymetrix, Santa Clara,
CA, USA) at DNAIink (Seoul, Korea).

2.5. Real-time RT-PCR

Total RNA was extracted from cells using RNeasy Plus Mini Kits
(Qiagen). Quantitative real-time RT-PCR (qRT-PCR) was performed
using the SYBR green Il method and relative changes in cellular
mRNA levels were calculated using the Pfaffl method [12]. The fol-
lowing sense and antisense primers were used: ACTB (5’-ATC CGC
AAA GAC CTG TA-3’ and 5'-GAT CCA CAC GGA GTA CTT-3'), IFITM2
(5'-CCG ATG TCC ACC GTG ATC-3' and 5'-TGA GCA GAA TGG TCA
TGA AGA TG-3'), CRISP3 (5'-TGC TGG GCT GCT TCC AT-3' and 5'-
CGA TCC TTT GGG TTA CTG TGT-3"), KLF2 (5’-ACG CAC CGC CAC
TCA CA-3’ and 5-CGC ACA GAT GGC ACT GGA-3'), CA9 (5'-TCG
GAG CAC ACT GTG GAA G-3' and 5'-CTC ATA TTG GAA GTA GCG
GCT-3'), and CSTA (5’-CCA CTC CAG AAA TCC AGG AGA-3' and 5'-
GCC CGT CAG CTC GTC ATC-3'). Extracellular HCV RNA was
extracted from 1 ml of culture media using QiAamp Viral RNA Mini
Kits (Qiagen) and analyzed using the RNA Ultrasense One-Step RT-
PCR System (Invitrogen, Carlsbad, CA, USA). The following TagMan
probe and primers were used to determine the absolute HCV copy
numbers: sense (5-CGG GAG AGC CAT AGT GG-3'), anti-sense (5’'-
AGT ACC ACA AGG CCT TTC G-3'), and probe (fluorescein-5'-CTG
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CGG AAC CGG TGA GTA CAC-3'-Dabcyl). The number of extracellu-
lar HCV was calculated using a standard curve.

2.6. Conditioned media

One day prior to transfection, 293T cells were seeded into 10 cm
culture dishes at 30% confluence. The cells were transfected with a
CRISP3-expressing or empty plasmid (20 pg/dish) using TransFec-
tin reagent (Bio-Rad, Hercules, CA, USA). The culture medium
was changed after 30 min and the conditioned media (control-
CM and CRISP-CM) were collected after 12 h and stored at 4 °C
(see Fig. 4A). Western blotting was performed to confirm the pres-
ence of CRIPS3 in CRISP3-CM only.

2.7. Fluorescent immunohistochemistry (FIHC)

Cells in culture plates were incubated with 10% neutral buffered
formalin (BBC Biochemical, Mt. Vernon, WA, USA) for 15 min. The
cells were then washed twice with PBS for 5 min, blocked with
PBS containing Tween-20 (PBST) and 1% bovine serum albumin
for 30 min, and then incubated with primary antibody diluted in
PSBT containing 1% bovine serum albumin for 1 h. After a further
three washes with PBS for 5 min, the cells were incubated with
an Alexa Fluor-488-labeled secondary antibody (Invitrogen) in
the dark for 1 h. All procedures were performed at room tempera-
ture. Fluorescent signals were assessed using a DM IL microscope
(Leica Microsystems, Tokyo, Japan).
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Fig. 2. Repeated Huh7.5 adaptations enhance HCV resistance. (A) HCV secretion by infected Huh7.5 parental and adapted cell lines, as determined by qRT-PCR. One day prior
to HCV infection (1 x 107 particles/ml), the cells were seeded into 25T culture flasks at 30% confluence. Starting 3 days post-infection, the culture medium was replaced at
2 day intervals until the cells reached maximum confluence. The HCV RNA copy numbers were log-transformed and data are represented as the mean * standard deviation of
n =3 independent experiments. (B) Microarray analysis of the Huh7.5 and Huh7.5Fc cell lines at 14 days after HCV infection. The left panel shows an MA plot and lists the top
five genes that were up-regulated in the Huh7.5Fc compared with parental Huh7.5 cells. The right panel shows an ontological analysis of genes showing a greater than 4-fold

change in expression.
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2.8. Western blotting

Western blotting was performed using the standard method.
Chemiluminescent signals were detected using an enhanced
chemiluminescence solution (Pierce) and a LAS4000 digital imag-
ing system (GE Healthcare Life Sciences, Pittsburgh, PA, USA). The
anti-albumin (H-126), anti-core (C7-50), anti-CRISP3 (Y-15), and
horseradish peroxidase-conjugated anti-goat IgG antibodies were
purchased from Santa Cruz Biotech (Dallas, TX, USA). The anti-
NS3 (1B6) and anti-actin (AC-15) antibodies were purchased from
Abcam (Cambridge, MA, USA). Horseradish peroxidase-conjugated
anti-mouse and rabbit IgG were purchased from Cell Signaling
(Danvers, MA, USA).

3. Results

Xenograft of Huh7.5 cells into immunocompromised mice leads
to the selection of cells harboring changes in gene expression that
enable survival in altered external environments. Sequential xeno-
grafts were performed to generate the following series of adapted
cell lines (Fig. 1A): Huh7.5A1 (portal vein injection of Huh7.5),
Huh7.5Hb (portal vein injection of Huh7.5A1), Huh7.5Fb (flank epi-
dermal injection of Huh7.5Hb), Huh7.5Fc (flank epidermal injec-
tion of Huh7.5Fb), and Huh7.5Fd (flank epidermal injection of
Huh7.5Fc). The final xenograft was performed in SCID/beige mice
and all other steps were performed in BALB/C nude mice. The adap-
tation cycle was halted at the Huh7.5Fd stage because the cells
barely permitted HCV replication. The morphologies of all adapted
cell lines were identical to those of the parental cells, and FIHC
using a specific anti-human albumin antibody confirmed that all
derived from parental Huh7.5 cells (Fig. 1B). MRI verified tumor
formation in mice injected with the adapted Huh7.5A1 cells via
the portal vein (Fig. 1C) and the ability of the Huh7.5Fb cells to
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form tumors in flank epidermal-injected mice was confirmed visu-
ally (Fig. 1D).

After infection of the adapted cells with HCV, the culture med-
ium was changed at 2 day intervals and the amount of HCV
secreted into the medium was determined by qRT-PCR on days
3-15 post-infection (Fig. 2A). HCV secretion from the parental
Huh7.5 cells increased rapidly and reached a maximum around
7 days post-infection. By contrast, secretion from the Huh7.5A1,
Huh7.5Hb, and Huh7.5Fb cells showed delayed kinetics, and secre-
tion from the Huh7.5Fc and Huh7.5Fd cells was impaired mark-
edly, suggesting that adaptation induced changes in gene
expression that resulted in increased resistance to HCV.

A microarray analysis of the Huh7.5Fc and parental Huh7.5 cells
revealed that approximately 45% of genes that were up-regulated
more than 4-fold in the Huh7.5Fc cells compared with the parental
cells were ontologically related to the extracellular environment
(Fig. 2B). The five genes showing the greatest increase in expres-
sion were those encoding interferon-induced transmembrane pro-
tein 2 (IFITM2), CRISP3, Krueppel-like factor 2 (KLF2), carbonic
anhydrase 9 (CA9), and cystatin-A (CSTA). The expression levels
of these genes in the adapted cell lines were also determined by
qRT-PCR (Fig. 3A). In agreement with the microarray data, all of
the genes were expressed at markedly higher levels in the Huh
7.5Fc cells than the parental Huh7.5 cells. Notably, CRISP3 expres-
sion was correlated with the adaptation cycles. An incremental
increase in CRISP3 protein levels was also confirmed by Western
blotting (Fig. 3B), suggesting that the CRISP3 level is inversely cor-
related with HCV infectivity.

CRISP3 is a secretory protein with unknown function. To verify
that secreted CRISP3 inhibits HCV, CRISP3- or control-conditioned
medium (CM) was prepared from 293T cells transiently transfec-
ted with a CRISP3-expressing or empty plasmid, respectively
(Fig. 4A). The presence of CRISP3 in CRISP3-CM only was con-
firmed by Western blotting. To determine the viral replication
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Fig. 3. CRISP3 expression is correlated with HCV resistance. (A) Expression levels of the top five genes in the parental Huh7.5 and adapted cell lines with or without HCV
infection (1 x 107 particles/ml) for 14 days. Relative fold changes (RFC) were log-transformed and are represented as the mean # standard deviation of n = 3 independent
experiments. (B) Western blots of CRISP3 and B-actin (control) in the parental Huh7.5 and adapted cell lines. The asterisk indicates the N-glycosylated form of CRISP3.
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Fig. 4. Secreted CRISP3 inhibits HCV at the initial phase of infection. (A) The process for preparing conditioned media (CM). A CRISP3-expressing or empty plasmid was
transfected into 293T cells and the culture media were collected after 12 h. The specific existence of CRISP3 in CRISP3-CM only was confirmed by Western blotting (inset). The
asterisk indicates the N-glycosylated form of CRISP3. Huh7.5 cells were maintained in control-CM or CRISP3-CM and infected with HCV (1 x 107 particles/ml). (B) The left
panels show qRT-PCR analyses of intracellular (top) and extracellular (bottom) HCV RNA levels in infected Huh7.5 cells maintained in control-CM or CRISP3-CM. Data are
represented as the mean + standard deviation of n = 3 independent experiments. The top right panel shows Western blot analyses of the intracellular HCV core antigen and -
actin (control) at 2 and 4 days post-infection (pi). The bottom right panel shows FIHC analyses of the anti HCV core antigen at 4 days post-infection. (C) Western blot and qRT-
PCR analyses of the effects of extracellular CRISP3 on HCV infection. In the entry inhibition test, Huh7.5 cells were infected with a mixture of CM and HCV (1 x 107 particles/
ml) for 1h, and then cultured in normal medium for a further 4 days. In the multiplication test, Huh7A cells carrying HCV amplicons were maintained in control-CM or
CRIPS3-CM for 8 days. In the release test, Huh7.5 cells were infected with HCV (1 x 107 particles/ml), maintained in DMEM for 4 days, and then replaced with CM for a further
24 h. In Western blot analyses, B-actin was used as a loading control. The intracellular HCV RNA expression levels were also normalized to those of B-actin and the data are
represented as the mean # standard deviation of n = 3 independent experiments.

kinetics, intracellular and extracellular HCV RNA levels were mea- cells, HCV was mixed with control-CM or CRISP3-CM for 3 h and
sured in Huh7.5 cells maintained in control-CM or CRISP3-CM Huh7.5 cells were infected with the mixtures for 1 h. The cells were
(Fig. 4B, left panels). In the control-CM-maintained cells, intracel- then washed and the medium was replaced with simple DMEM. At

lular HCV replication peaked after 4 days and HCV secretion 4 days post-infection, intracellular HCV RNA and core protein lev-
peaked at 5 days post-infection. Although a similar pattern was els were lower in the cells infected with CRISP3-CM-incubated
observed for the CRISP3-CM-maintained cells, the HCV RNA levels HCV than those infected with control-CM-incubated HCV (Fig. 4C,
were considerably lower at all-time points. Western blot and FIHC left panel). To assess the influence of CRISP3 on intracellular viral
analyses of the HCV core antigen indicated that the level of virus replication, Huh7A cells were maintained in control-CM or
replication at 4 days post-infection was much lower in the CRISP3-CM. Huh7A cells carry a HCV amplicon that replicates
CRISP3-CM-maintained cells than those grown in control-CM inside cells but does not produce infectious particles due to the

(Fig. 4B, right panels). total deletion of structural genes [13]. At 8 days post-infection,
Viral replication can be divided into three major steps: host cell there were no differences between the intracellular HCV amplicon
entry, intracellular replication of progeny, and release from host levels in the control-CM- and CRISP3-CM-maintained cells.

cells. To determine whether CRISP3 influences viral entry into host Similarly, the levels of NS3 (a non-structural HCV protein) were
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comparable in each cell type (Fig. 4C, middle panel). To determine
the influence of CRISP3 on viral release, Huh7.5 cells were infected
with HCV and maintained in simple DMEM for 4 days, followed by
control-CM or CRISP3-CM for a further 24 h. Western blot analyses
of intracellular HCV core protein levels and qRT-PCR analyses of
HCV secretion revealed no differences between the control-CM-
and CRISP3-CM-maintained cells. Taken together, these data indi-
cate that secreted CRIPS3 inhibits HCV at the early phase of
infection.

4. Discussion

Cancer cell lines have genetic instability; therefore, adaptation
under selective pressure induces changes in the expression levels
of genes that enable survival in altered environments. This study
describes the generation of a series of adapted Huh7.5 cell lines
via repeated xenografts in immunocompromised mouse. HCV rep-
lication was limited in the adapted cell lines. Furthermore, CRISP3
expression was inversely correlated with HCV replication and
secreted CRISP3 inhibited HCV at the early phase of infection.

A microarray analysis revealed that IFITM2, CRISP3, KLF2, CA9,
and CSTA, all of which are ontologically related to the extracellular
environment, were up-regulated in the adapted cells compared
with the parental cells. IFITM2 is a transmembrane protein that
is induced by interferon stimulation in response to viral infection
[14]. IFITM2 blocks viral entry by preventing fusion of the viral
and late endosomal membranes during endocytosis [14]. KLF2 is
a transcription factor that expresses receptors involved in immune
cell trafficking regulation [15]. CA9 is a plasma membrane protein
that regulates intracellular acidity and is related to cellular trans-
formation [16]. CSTA is an intracellular proteinase inhibitor that
controls cell-cell adhesion [17]. Although these proteins may also
inhibit HCV replication, we focused on CRISP3 because it is a secre-
tory protein with unknown function. Up-regulation of CRISP3 has
been reported in some pathologic conditions, such as Sjogren’s
syndrome [18], oral squamous cell carcinoma [19], and prostate
cancer [20].

CRISP3 belongs to a large family of proteins that are highly con-
served among vertebrates [21] and contain a signature C-terminal
cysteine cluster [22]. Other proteins in the family have a variety of
functions and four CRISP proteins have been identified in humans
to date. CRISP1, CRISP2, and CRISP4 are expressed in the sexual
glands and have roles in sperm maturation and fertilization [23].
CRISP1 associates with zinc ions during sperm maturation [24].
Distantly related CRISP proteins are also found in reptile venoms
[22]; injection of CRISP-containing venom into prey animals dis-
rupts cellular homeostasis by blocking cyclic nucleotide- or volt-
age-gated ion channels [25]. Although its function has not yet
been defined, CRISP3 is a matrix glycoprotein that is localized in
a subset of peroxidase-negative granules of neutrophils, suggesting
that it may be related to innate immunity [26,27]. As the most
abundant white blood cell, neutrophils are the first responders to
invading pathogens; hence, release of CRISP3 into the inflamma-
tion site may play a role in the defense against pathogen spreading.
In support of this concept, CRISP3 is homologous to pathogen-
resistant proteins of plants, which are induced in response to infec-
tion [28]. CRISP3 shows a wider exocrine distribution than other
CRISP proteins, being expressed in the salivary glands, pancreas,
prostate gland, epididymis, ovary, thymus, and colon [21].

Although it is beyond the scope of this work, the mechanisms
by which secreted CRISP3 inhibits HCV infection are intriguing.
CRISP3 may bind to the envelope of HCV and prevent its attach-
ment to host cell receptors, or may bind to the host cell surface
and interfere with the viral entry process that hijacks cellular
endocytosis.
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