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Hepatitis C virus (HCV) infection is a common cause of chronic hepatitis and is currently treated with alpha
interferon (IFN-a)-based therapies. However, the underlying mechanism of IFN-« therapy remains to be
elucidated. To identify the cellular proteins that mediate the antiviral effects of IFN-«, we created a HEK293-
based cell culture system to inducibly express individual interferon-stimulated genes (ISGs) and determined
their antiviral effects against HCV. By screening 29 ISGs that are induced in Huh7 cells by IFN-a and/or
up-regulated in HCV-infected livers, we discovered that viperin, ISG20, and double-stranded RNA-dependent
protein kinase (PKR) noncytolytically inhibited the replication of HCV replicons. Mechanistically, inhibition
of HCV replication by ISG20 and PKR depends on their 3’-5’ exonuclease and protein kinase activities,
respectively. Moreover, our work, for the first time, provides strong evidence suggesting that viperin is a
putative radical S-adenosyl-L-methionine (SAM) enzyme. In addition to demonstrating that the antiviral
activity of viperin depends on its radical SAM domain, which contains conserved motifs to coordinate [4Fe-4S]
cluster and cofactor SAM and is essential for its enzymatic activity, mutagenesis studies also revealed that
viperin requires an aromatic amino acid residue at its C terminus for proper antiviral function. Furthermore,
although the N-terminal 70 amino acid residues of viperin are not absolutely required, deletion of this region
significantly compromises its antiviral activity against HCV. Our findings suggest that viperin represents a
novel antiviral pathway that works together with other antiviral proteins, such as ISG20 and PKR, to mediate

the IFN response against HCV infection.

Hepatitis C virus (HCV) is the sole member of the genus
Hepacivirus in the family Flaviviridae (43). It establishes per-
sistent infections in the vast majority of infected individuals
and is the only known positive-stranded RNA virus that causes
persistent life-long infections in humans. Currently, HCV
chronically infects more than 170 million people worldwide.
Although the initial infection is largely asymptomatic, pro-
longed infection carries a high risk of chronic hepatitis, cirrho-
sis, and primary hepatocellular carcinoma (2).

Although it has been elegantly demonstrated that HCV can
evade the host cellular innate defense response through proteo-
lytic cleavage of RIG-I/MDAS adaptor protein MAVS and Toll-
like receptor 3 adaptor protein TRIF (7, 22, 25, 42, 44, 48, 69),
microarray studies performed with liver samples obtained from
HCYV transiently infected chimpanzees and chronically infected
humans revealed that the induction of interferon (IFN)-stimu-
lated genes (ISGs) in HCV-infected livers is a hallmark of the
virus infection (5, 6, 33, 39, 58, 61). These discoveries suggest that
the HCV-infected liver is a constant battlefield between the virus
and host innate immunity defense systems, and thus IFN-medi-
ated innate responses induced by HCV may play an important
role in shaping the pathogenesis and clinical outcomes of HCV

* Corresponding author. Mailing address: Drexel Institute for Bio-
technology and Virology Research, Department of Microbiology and
Immunology, Drexel University College of Medicine, 3805 Old Easton
Road, Doylestown, PA 18902. Phone: (215) 489-4929. Fax: (215) 489-
4920. E-mail: jg362@drexel.edu.

¥ Published ahead of print on 12 December 2007.

1665

infection (55). Moreover, alpha interferon (IFN-a) and ribavirin
combination therapy is the current standard therapeutic regimen
for chronic hepatitis C and can lead to sustained virological re-
sponse in only 40 to 50% of treated patients (46, 50). The param-
eters determining the success or failure of the antiviral therapy
are not understood, and their identification represents a major
challenge in HCV biology (17). Accordingly, elucidation of the
mechanism by which IFN-a controls HCV replication represents
an important step toward understanding the pathobiology of
HCYV infection and molecular basis of IFN treatment of chronic
hepatitis C.

IFN-a treatment of cells alters the expression of hundreds of
genes (15, 32, 45). So far, the nature of the IFN-induced
cellular proteins that specifically target viral components and,
hence, are responsible for the inhibition of HCV replication
has not been completely defined (29). Previous studies sug-
gested that overexpression of known IFN-a-inducible genes,
such as ISG p56 and viperin, but not MxA, partially inhibited
HCYV replication in HCV replicon-containing Huh7 cells (23,
33, 47, 64). Additionally, HCV replicons were found to repli-
cate more efficiently in double-stranded RNA-dependent pro-
tein kinase (PKR)-deficient mouse embryonic fibroblasts
(MEFs), and in Huh7 cells, in which adenosine deaminase acts
on RNA 1 (ADAR 1), gene expression was reduced by small
interfering RNA (siRNA) transfection (11, 62). These findings
suggest that those ISGs might play a role in controlling
HCYV replication and mediating IFN-induced antiviral effects
against HCV.

To gain a better understanding of the molecular mechanism
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FIG. 1. HCV replicons efficiently replicate in FLP-IN T Rex-de-
rived cells. (A) Cell colony formation conferred by SL1 cell-derived
HCV replicon replication. FLP-IN T Rex cells were electroporated
with total RNA extracted from parental HeLa cells (left) and SL1 cells
(right) and selected with medium containing 500 pg/ml of G418 for 3
weeks. Cell foci were stained with crystal violet, and a photograph is
shown. (B) GS4.1 and SL1 are Huh7- and HeLa-derived cell lines
expressing HCV subgenomic replicons, respectively. Ten micrograms
of total RNA isolated from GS4.1, SL1, and nine HEK293HCVrep
(lane 3 to 11) cell lines that were established from G418-resistant cell
colonies of FLP-IN T Rex cells transfected with SL1-derived RNA was
analyzed by Northern blot analysis with an [a-**PJUTP-labeled ribo-
probe that is complementary to the plus strand of the HCV NS3-
coding region. In vitro-transcribed HCV replicon RNA (10 ng; lane
12) served as a molecular weight marker (M) and hybridization con-
trol. rRNAs served as loading controls.

by which IFN-a controls HCV infection, we attempted to iden-
tify the IFN-induced cellular proteins that mediate the antivi-
ral response of the cytokine. In the studies presented herein,
we took advantage of a commercially available human embry-
onic kidney (HEK293)-derived cell line, FLP-IN T Rex (In-
vitrogen), for inducible ISG expression and replication of HCV
subgenomic replicons in HEK293 cells to determine the anti-
viral effects of individual ISGs. Among 29 ISGs tested (see
Table 1, below), we found that induction of PKR, ISG20, and
viperin expression in HEK293 cells inhibited HCV replication
in a noncytopathic fashion. Mechanistic studies revealed that
inhibition of HCV replication by PKR, ISG20, and viperin
depends on their protein kinase, 3'-5" exonuclease, and puta-
tive radical S-adenosyl-L-methionine (SAM) enzymatic activi-
ties, respectively. Hence, our work suggests that the IFN re-
sponse against HCV is mediated by at least three distinct
cellular antiviral pathways.

MATERIALS AND METHODS

Cell culture. Huh7 cells were cultured in a complete Dulbecco’s modified
Eagle’s medium (DMEM) that includes DMEM supplemented with 10% fetal
bovine serum (FBS), penicillin G, streptomycin, nonessential amino acids, and
L-glutamine. The HEK293-derived cell line FLP-IN T Rex (Invitrogen) was
maintained in complete DMEM containing 10 pg/ml blasticidin and 5 pg/ml
zeocin. HCV subgenomic replicon-containing Huh7 (GS4.1) and HeLa (SL1)
cell lines were described previously (28, 73). HEK293HCVrep was derived from
a single G418-resistant clone of SL1 total RNA-transfected FLP/IN T Rex cells.
All three replicon-containing cell lines were cultured with complete DMEM
containing 500 pg/ml G418.
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c¢DNA cloning and plasmid construction. To obtain cDNA clones of human
IFN-a-stimulated genes, Huh7 cells were treated with 500 IU/ml of IFN-« for
6 h, and total cellular RNA was extracted with TRIzol reagent (Invitrogen).
First-strand cDNA was made with an oligo(dT);,_;g primer and SuperScript ITI
DNA polymerase (Invitrogen) by following the manufacturer’s directions. Full-
length ¢cDNA of each of 29 individual ISGs with an N-terminal FLAG tag (or
C-terminal FLAG and V5 tags) was amplified by PCR (primer sequences are
available upon request). The purified PCR fragments were digested with restric-
tion enzymes Afl II and NotI and cloned into a pcDNAS/FRT/ACAT vector that
was derived from pCDNAS/FRT/CAT (Invitrogen) by removing the chloram-
phenicol acetyltransferase (CAT)-coding sequence with Apal and Xhol diges-
tion and self-ligation. The identity of each cDNA clone was verified by nucleotide
sequence analysis. FLAG-tagged viperin, ISG20, and PKR point mutants were
constructed by overlap extension PCR. Briefly, two separate PCRs were per-
formed to amplify two overlapping fragments of the coding region of the target
molecule using four primers. The point mutations were introduced by the two
middle primers. The final PCR products were cloned into the vector pcDNAS/
FRT/ACAT. N-terminal FLAG-tagged N- or C-terminally truncated viperin mu-
tants were constructed by cloning the PCR products, amplified with a pair of
primers bracketing the desired regions of viperin cDNA, into the pcDNAS5/FRT/
ACAT vector. All resulting DNA clones were sequenced to verify the desired
mutation(s).

Establishment of stable cell lines that inducibly express individual ISGs.
FLP-IN T Rex (Invitrogen) cells were cotransfected with a pcDNAS/FRT/
ACAT-derived individual ISG expression plasmid and pOG44 (Invitrogen) at a
molar ratio of 1:1. Two days after transfection, cells were trypsinized and re-
seeded at less than 25% confluence. The ISG cDNA-integrated cells were se-
lected with 250 pg/ml hygromycin and 5 wg/ml blasticidin. Two weeks later,
separate colonies appeared, and the pool of such cells was expanded to generate
cell lines that express ISG proteins upon the addition of tetracycline into the

TABLE 1. Induction of ISGs in Huh7 cells by IFN-a and in HCV-
infected human and chimpanzee livers

Reference(s) reporting

induction by: Effect on

ISG GenBank HCV in
aceession NO. 1pN. in Huh7 ~ HCV-infected 293 cells®
cells livers
ISG56 001548 32,39, 45,49, 5,6, 33, 39, 58, -
53 61
GBP1 002053 32, 39, 45 6, 35, 58 -
ISG9-27 003641 32, 45, 49,53 6,35, 61 -
1-8D 006435 53 6 -
1-8U 021034 53 -
MTAP44 D28915 32,53 5,6, 33 -
ADARI 001111 6, 35, 39 -
1ISG20 002201 39, 45 6, 39 +
Viperin AF442151 33, 39,49 6, 33, 61 +
PKR AHO008429 32, 45, 53 +
ISG15 005101 32, 39, 45 5, 6, 33, 39, 58, -
61
OAS1 016816 32, 39, 45 5, 6, 33, 39, 61 -
OAS1 002534 32,39,45,53 5,6, 39,61 -
OAS-L 003733 32, 39, 45 6, 35, 61 -
OAS-L 198213 32, 39, 45 6, 35, 61 -
PLSCR1 021105 39, 45, 53 6, 39 =
MAPKS 002750 32 -
SAMHDI1 015474 32 33, 39 -
1F144 006417 39, 45, 49 6, 61 -
IFI44L 006820 39 39 -
UBE2L6 004223 32,45 6, 39, 61 -
USP18 017414 32, 39, 45 6, 39 -
BST2 004335 45,53 35 -
FLJ20637  AKO000644 53 6, 61 -
FLJ38348 AKO095667 53 6 -
STAF50 X82200 39, 45 5, 6, 33, 39, 58 -
ISG12 BN000227 39 6, 39 -
FLJ20035 AKO000042 45 6 =
C1I0ORF9 DQO053381 45 -

¢ + indicates the ISG inhibits the replication of HCV replicons.
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FIG. 2. Characterization of ISG expression following tetracycline induction in FLP-IN/ISG cell lines. (A) Establishment of stable cell lines that
inducibly express individual ISG proteins. FLP-IN T Rex cell lines that inducibly express individual ISGs were established as described in Materials
and Methods. The cells were cultured in the absence or presence of tetracycline for 48 h and then harvested. The levels of N-terminal FLAG-tagged
ISG protein expression in cell lysates were determined by Western blot analysis with a monoclonal antibody against FLAG tag. (B) Kinetics of ISG
induction. A stable cell line that expresses GBP1 (FLP-IN/GBP1) was cultured in the absence or presence of 1 wg/ml tetracycline, and cells were
harvested at the indicated time after the addition of the antibiotic. The levels of GBP1 protein expression in cell lysates were determined by
Western blot analysis with a monoclonal antibody against FLAG epitope tag (Sigma). (C) Dose response of tetracycline. FLP-IN/GBP1 cells were
cultured in the absence and presence of indicated concentrations of tetracycline for 48 h, and cells were then harvested. The levels of GBP1 protein
expression in cell lysates were determined by Western blot analysis. B-Actin served as a loading control and was detected by using a monoclonal

antibody against human B-actin.

culture medium. To assure tight control of ISG expression by tetracycline, the
ISG expression cell lines were selected and maintained in DMEM supplemented
with 10% certified tetracycline-free FBS (HyClone). Expression of the desired
ISG by each cell line was confirmed by Western blot analysis with an antibody
against FLAG or V5 epitope tag.

RNA electroporation, colony formation efficiency assay, and establishment of
the HCV replicon cell line that inducibly expresses ISG. To determine the effects
of each ISG on HCYV replication, the individual ISG-expressing cell lines estab-
lished above were transfected with total cellular RNA extracted from SL1 cells.
G418-resistant colonies were selected with G418 in the presence and absence of
1 pg/ml tetracycline. Briefly, subconfluent ISG-expressing cells maintained in
tetracycline-free medium were trypsinized and washed once with complete
DMEM and twice with serum-free DMEM-F-12 medium. Cells were then re-
suspended in serum-free DMEM-F-12 at a concentration of 1 X 107 cells/ml.
Ten micrograms of SL1 total cellular RNA was mixed with 200 pl of cells in a
2-mm gap cuvette (BTX) and immediately pulsed with the parameters described
previously (28). The pulsed cells were left at room temperature for 10 min and
then diluted into 10 ml DMEM-10% tetracycline-free FBS and plated into
100-mm-diameter dishes. Forty-eight hours after plating, medium was changed
with complete DMEM containing 500 wg/ml G418 with or without 1 wg/ml
tetracycline. Two to 3 weeks later, G418-resistant colonies were picked from one
of the plates selected without tetracycline and expanded into HCV replicon-
containing cell lines that inducibly express the ISG, and the remaining plates
were fixed with 10% formaldehyde and stained with 1% crystal violet in 50%
ethanol to facilitate colony counting.

RNA extraction and Northern blot hybridization. Total cellular RNA was
extracted with TRIzol reagent (Invitrogen) by following the manufacturer’s di-
rections. Ten micrograms of total RNA was fractionated on a 1% agarose gel
containing 2.2 M formaldehyde and transferred onto nylon membranes. Mem-
branes were hybridized with riboprobes specific for plus-stranded HCV replicon
RNA and B-actin mRNA under the conditions described previously (28).

Western blot assay. Cell monolayers were washed once with phosphate-buff-
ered saline buffer and lysed with 1X Laemmli buffer. A fraction of cell lysate was
separated on sodium dodecyl sulfate-12% polyacrylamide gels and electro-
phoretically transferred onto a polyvinylidene difluoride membrane (Bio-Rad).
Membranes were blocked with phosphate-buffered saline containing 5% nonfat
dry milk and probed with antibodies against FLAG tag (catalog no. 9272; Sigma),
V5 epitope tag (Invitrogen), HCV NS5A (a gift of Chen Liu, Florida State
University, Jacksonville), and B-actin (Chemicon International). Bound antibod-
ies were revealed by horseradish peroxidase-labeled secondary antibodies and
visualized with an enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech) according to the protocol of the manufacturer.

RESULTS

HCYV replicons efficiently replicate in FLP-IN T Rex cells.
Although HCV has been considered primarily a hepatotropic
virus, the subgenomic replicons derived from both HCV geno-
types 1b and 2a have been demonstrated to replicate in a
variety of nonhepatocyte-derived cell lines, such as HelLa,
HEK293, and murine MEFs, following introduction of the
replicons into the cells by electroporation (1, 11, 36, 73). As
observed in human hepatoma Huh7 cells, the replication of
HCYV replicons in those cell lines can be efficiently inhibited by
IFN-a (1, 11, 30).

In previous studies, the antiviral effects of individual IFN-
induced cellular genes were usually assayed by two comple-
mentary methods: the overexpression or ablation of an indi-
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FIG. 3. Effects of ISG expression on HCV replicon-dependent colony formation. (A) Effects of ISG expression on colony formation. CAT- and
ISG-expressing FLP-IN T Rex stable cell lines were electroporated with total RNA extracted from SL1 cells and selected with G418 in the absence
or presence of 1 wg/ml tetracycline for 2 to 3 weeks as described in Materials and Methods. Cell foci were stained with crystal violet and
photographed. A pair of the representative plates from each of the 10 ISG- and control protein CAT-expressing cell lines that were cultured in
the absence (upper panel) or presence (lower panel) of tetracycline is presented. (B) Effects of ISG expression on efficiency of HCV replicating
cell colony formation. The numbers of cell foci were counted from three plates cultured in either the absence or presence of tetracycline from each
of the ISG- and CAT-expressing cell lines. The RCFE was expressed and plotted as a ratio of the cell foci number obtained from cells that were
selected in the presence of tetracycline over that obtained from cells that were cultured in the absence of the antibiotic. *, P < 0.01.

vidual ISG by transient transfection of ISG cDNA, or siRNA
targeting the ISG mRNA (62, 64). Because in those transient-
transfection experiments only a part of the cell population was
transfected and expressed the transgene, the antiviral effects
observed under those conditions may have been underesti-
mated. For example, if only 50% of HCV replicon-containing
cells were transfected, a maximal onefold change of HCV
RNA and protein levels could be possibly detected by North-
ern blot hybridization and Western blot assays. Moreover, the
antiviral effects of IFN-a are quite possibly mediated by mul-
tiple antiviral pathways (70) and, hence, ablation of a single
ISG’s function by siRNA could potentially be compensated by
other antiviral pathways. To circumvent these problems, we
intended to establish HCV replicon-containing cell lines that
inducibly expressed individual ISGs, thereby allowing more
careful evaluation of the effects on HCV replication.

In searching for potential cell lines that could support effi-
cient replication of HCV replicons and also be conveniently
engineered for inducible expression of ISGs, we speculated
that a HEK293-derived cell line, FLP-IN T Rex (Invitrogen),
might be a good candidate for this purpose (10). The genome
of this cell line contains stable integrations of a single FLP
recombination target (FRT) site and a gene that expresses a
TET repressor. Cotransfection of the cells with a FRT site-
containing plasmid (pcDNAS/FRT/ISG) that encodes ISG and
plasmid pOG44 that expresses Flp IN recombinase results in
the integration of ISG cDNA through the FRT site with its
expression under the control of TET-on promoter.

To ensure that FLP-IN T Rex cells can support the replication

of HCV subgenomic replicons, the cells were transfected with
total RNA extracted from parental HeLa cells or a HeLa cell-
derived cell line that replicates HCV genotype 1b (Con 1 strain)
subgenomic replicons (SL1) (73). The transfected cells were se-
lected with G418. After 2 to 3 weeks, G418-resistant colonies
were observed only in SL1 but not parental HeLa cellular RNA-
transfected plates. The colony formation efficiency was 300 to
1,000 colonies per 10 g of total SL1 RNA (Fig. 1A), which is at
least 10-fold higher than that observed with HEK293 cells trans-
fected with Huh7-derived HCV replicon RNA, as reported by Ali
and colleagues (1). Individual colonies were picked and expanded
into cell lines (HEK293HCVrep). HCV RNA replication and
protein expression in those cell lines were confirmed by Northern
and Western blot assays (Fig. 1B and data not shown). The levels
of HCV RNA in HEK293HCVrep cell lines were similar to those
observed in HCV replicon-containing Huh7 (GS4.1) (30) and
HelLa (SL1) cells. In agreement with the previous report (1), we
demonstrated that IFN-o efficiently inhibited HCV replication in
HEK293HCVrep cell lines, and the 50% inhibitory concentration
under the conditions that cells were treated with the cytokine for
3 days was 2 IU/ml (data not shown).

Establishment of HEK293 cell lines that inducibly express
individual IFN-«-induced cellular proteins. To determine the
effects of ISGs on HCV replicon replication, we first estab-
lished FLP-IN T Rex-derived cell lines that inducibly ex-
pressed individual ISGs. Twenty-nine ISGs were chosen for
this study, based on their ability to be induced by IFN-« in
Huh7 cells and/or up-regulated in HCV chronically infected
human and chimpanzee livers (Table 1). Stable cell lines that
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inducibly express each of the 29 ISGs were established, as
described in Materials and Methods. The resulting cell lines
were designated with a suffix identifying the specific ISG they
contain, such as FLP-IN/p56, where p56 is the ISG. Expression
of the desired N-terminal FLAG-tagged ISG proteins by each
cell line was confirmed in a Western blot assay (Fig. 2A). The
expression profile of ISG proteins upon induction by tetracy-
cline was characterized in detail by using the FLP-IN/GBP1
cell line as an example. As shown in Fig. 2B, the expression of
GTP binding protein 1 (GBP1) was undetectable in the cells
maintained in tetracycline-free medium. Upon the addition of
the antibiotic, GBP1 was induced quickly and became detect-
able at 6 h after induction. The steady-state level of GBP1 was
reached at 48 h after induction. The results presented in Fig.
2C demonstrate that GBP1 expression in this cell line is tightly
controlled by tetracycline and can be efficiently induced by as
little as 0.016 pg/ml of the antibiotic. Because many lots of
commercial FBS are contaminated with a low concentration of
tetracycline, all cell lines used in this study were cultured with
certified tetracycline-free FBS to ensure the tight control of
ISG expression.

Effects of ISG expression on G418-resistant colony forma-
tion conferred by HCV subgenomic RNA transfection. To in-
vestigate the effects of ISG expression on HCV replication, the
individual ISG-expressing cell lines (FLP-IN/ISG) described
above were transfected with total cellular RNA extracted from
SL1 cells. HCV replicon-replicating cells were selected with
500 pg/ml of G418 in the presence or absence of 1 wg/ml
tetracycline. Two to 3 weeks after the selection, G418-resistant
cell colonies became visible and were stained with crystal violet
to facilitate colony counting. Photographs of the representative
plates from SL1 RNA-transfected FLP-IN/ISG cell lines and a
cell line that inducibly expresses CAT, serving as a negative
control, are presented in Fig. 3A. The relative colony forma-
tion efficiency (RCFE) was expressed as a ratio of the colony
number obtained in cells selected with G418 in the presence of
tetracycline over that obtained from cells that were selected
with G418 in the absence of tetracycline. Thus, the value of
RCFE should be 1 if the ISG does not inhibit HCV replication
or <1 if the ISG inhibits HCV replication. Average RCFE
values obtained from three plates for each of 30 cell lines are
presented in Fig. 3B.

The results showed that while the expression of a control pro-
tein, CAT, as well as the majority of ISG proteins did not signif-
icantly affect the efficiency of HCV replicon-replicating cell col-
ony formation, induction of viperin expression completely
prevented colony formation. Furthermore, colony formation ef-
ficiency was decreased approximately 50- and 500-fold in cells in
which expression of ISG20 and PKR was induced, respectively.

Effects of viperin, ISG20, and PKR expression on cell
growth. The reduction of colony formation efficiency in cul-
tured cells associated with expression of viperin, ISG20, or
PKR could be due to either the inhibition of HCV replication
or cell death induced by the expression of the ISG proteins. To
distinguish between those two possibilities, individual G418-
resistant cell colonies were picked from plates selected with
G418 in the absence of tetracycline and expanded into cell
lines designated as FLP-IN/HCV/ISG (such as FLP-IN/HCV/
viperin). Effects of each of the three ISGs on the growth of
both parental FLP IN/ISG and FLP IN/HCV/ISG cells were
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FIG. 4. Effects of viperin, ISG20, and PKR on cell growth. Indi-
cated cell lines were seeded in six-well plates at a density of 1 X 10°
cells per well in medium with or without 1 pg/ml tetracycline. Three
wells of cells from each of the cell lines cultured with or without
tetracycline were trypsinized at 1, 2, 3, 4, and 5 days after seeding.
Average rates of cell growth related to cell numbers seeded were
plotted.

examined by culturing the cells in the absence or presence of
tetracycline for 5 days, respectively. Growth of the cells was
monitored daily by cell counting, and average rates of cell
growth related to cell number seeded were plotted (Fig. 4).
These results clearly demonstrated that, although the growth
of HCV replicon-containing cells was generally slower than in
cells that did not harbor replicons, expression of viperin or
ISG20 in either HCV replicon-containing or replicon-free cells
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FIG. 5. Effects of viperin, ISG20, and PKR expression on replication of HCV replicons in HEK293 cells. FLP-IN/HCV viperin (A), FLP-IN/
HCV/ISG20 (B), and FLP-IN/HCV/PKR (C) cell lines were cultured in the absence or presence of 1 pg/ml tetracycline or treated with 100 IU/ml
IFN-« in the absence of the antibiotic for 3 days. Cells were harvested at the indicated time points. Ten micrograms of total RNA was analyzed
by Northern blot hybridizations with an [a-**P]UTP-labeled riboprobe that is complementary to the plus strand of the HCV NS3-coding region.
rRNA and B-actin mRNA served as loading controls (upper panels of A, B, and C). Expression of viperin, ISG20, and PKR and levels of HCV
NS5A in the cell lysates were determined by Western blot analyses with antibodies against FLAG tag or HCV NS5A. 3-Actin served as a loading
control (middle panels of A, B, and C). The amounts of HCV RNA were quantified with the help of a Quantity-One PhosphorImager (Bio-Rad),
and the values were plotted as the fraction (percent) of the values obtained with pretreated cells (lower panels of A, B, and C).

did not significantly affect cell growth. Consistent with previous
reports (26), expression of PKR in HCV replicon-containing
cells modestly inhibited cell growth, but apparent cell death
was not observed in a trypan blue exclusion staining assay (data
not shown). Furthermore, when the three ISG-expressing cell
lines were cultured in the presence of tetracycline and main-
tained through three passages for 3 weeks, all three cell lines
remained viable. Hence, the results imply that the reduction of
colony formation efficiency by expression of the three ISGs is
most possibly due to their ability to inhibit HCV replication,
rather than direct cytotoxicity.

Induction of viperin, ISG20, or PKR potently inhibits HCV
replication. To directly determine the effect of ISG expression
on HCV replication, three HCV replicon-containing cell lines
(FLP-IN/HCV/ISG) that express viperin, ISG20, or PKR were
cultured in the absence or presence of tetracycline for 3 days.
Cells were harvested at the indicated time points. Total cellular
RNA was extracted, and the levels of intracellular HCV RNA
were determined by Northern blot hybridization (Fig. 5A, B,
and C, upper panels). Expression of the desired ISGs and
levels of HCV NS5A protein in the cell lines were determined
by Western blot analysis (Fig. SA, B, and C, middle panels). In
agreement with the results obtained from the colony formation
assay presented above, expression of viperin (Fig. 5A), ISG20
(Fig. 5B), or PKR (Fig. 5C) significantly reduced the intracel-
lular levels of HCV RNA in a time-dependent manner. HCV
protein NS5A expression was also reduced following the in-
duction of viperin but was less profoundly affected in ISG20-

and PKR-expressing cell lines (Fig. 5A, B, and C, middle pan-
els). Among those three ISGs, viperin appeared to be the most
potent inhibitor of HCV replication. As shown in Fig. 5A, the
rate of the reduction of HCV RNA following viperin induction
was similar to that achieved with 100 IU/ml IFN-a treatment
(Fig. 5A, lower panel). In addition, consistent with the results
obtained from the colony formation assay, expression of CAT
and the other ISG proteins did not affect the levels of HCV
RNA in HEK293 cells (data not shown).

Inhibition of HCV replication by PKR depends on its pro-
tein kinase activity. PKR is a double-stranded RNA-dependent
protein kinase. The best-studied target of PKR is the alpha sub-
unit of eukaryotic translation initiation factor 2 (eIF-2a). Upon its
activation by double-stranded RNA, PKR phosphorylates eIF-2a
on Ser51 and consequently causes a general reduction in protein
translation (16, 66). To determine if the inhibitory effect of PKR
on HCV replication depends on its protein kinase activity, the
conserved lysine residue in the ATP binding pocket of the enzyme
was replaced with an arginine residue to yield a dominant-nega-
tive form of a PKR variant, PKR¥?*°R (13, 14). A cell line that
inducibly expresses PKR¥*°® was established and designated
FLP-IN/PKRM. The cells were transfected with total cellular
RNA extracted from SL1 cells, and HCV replicon-replicating
cells were selected with 500 pg/ml of G418 in the presence or
absence of 1 pg/ml tetracycline. As expected, there were few
colonies formed under conditions where wild-type PKR was in-
duced. But, interestingly, the colony formation efficiency was in-
creased approximately threefold under conditions where
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FIG. 6. Requirements of the enzymatic activities of PKR and
ISG20 on their antiviral effects against HCV. (A) Stable FLP-IN T
Rex-derived cells lines that inducibly express N-terminal FLAG-tagged
wild-type and enzymatically inactive mutant PKR (PKRM) and ISG20
(ISG20M) were electroporated with total RNA extracted from SL1
cells and selected with G418 in the absence or presence of 1 pg/ml
tetracycline for 3 weeks as described in Materials and Methods. Cell
foci were stained with crystal violet and photographed. A pair of the
representative plates from each of cell lines that were cultured in the
absence (upper panel) or presence (lower panel) of tetracycline is
presented. (B) Averages and standard derivations of cell foci numbers
obtained from three plates of each cell line under the indicated selec-
tion conditions were plotted. (C) Two independent HCV replicon-
containing cell lines that inducibly express wild-type and mutant PKR
or ISG20 were cultured in the absence or presence of 1 pg/ml tetra-
cycline for 3 days. Cells were then harvested, and 10 pg of total RNA
was analyzed by Northern blot hybridizations with an [a->*P]JUTP-
labeled riboprobe that is complementary to the plus strand of the HCV
NS3-coding region. rRNA served as a loading control. (D) Inducible
expression of wild-type and mutant PKR and ISG20 proteins in the
stable cell lines was determined by Western blot analysis with a mono-
clonal antibody against FLAG tag.

PKR¥#°R expression was induced (Fig. 6A and B). This result
suggests that PKR¥**°® regulates endogenous PKR function in a
dominant-negative fashion and, thereby, enhances the replication
of HCV replicons.
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To further examine the effects of endogenous PKR on HCV
replication, individual G418-resistant colonies were picked
from plates selected in the absence of tetracycline and ex-
panded into cell lines. The cells were then cultured in the
absence or presence of tetracycline for 3 days. Levels of intra-
cellular HCV RNA were determined by Northern blot hybrid-
ization. Consistent with the results presented above, expression
of wild-type PKR significantly reduced the levels of HCV
RNA, but ironically, the levels of HCV RNA in cells express-
ing PKR¥**°R were not affected upon the addition of tetracy-
cline (Fig. 6C).

That the induction of the dominant-negative form of PKR
only promotes colony formation, but fails to increase HCV
RNA levels in cells supporting persistent HCV RNA replica-
tion, implies that constitutively expressed endogenous PKR
may control the establishment of HCV replication in newly
infected (or transfected) cells but does not play a significant
role in controlling HCV replication once a persistent infection
is fully established. This interpretation is consistent with our
previous observation that levels of cellular eIF-2a phosphory-
lation are not increased in the majority of HCV replicon-
containing Huh7 and HeLa cell lines examined (30).

Inhibition of HCV replication by ISG20 depends on its 3’'-
to-5' exonuclease activity. ISG20 is a 3'-to-5’ exonuclease with
a strong preference for single-stranded RNA and minor activ-
ity toward single-stranded DNA (51). According to the bioin-
formatic analysis and recently published crystal structural data,
ISG20 belongs to the DEDD superfamily of 3'-to-5" exonucle-
ases that is defined by four conserved acidic residues, three
aspartates (D) and one glutamate (E), distributed among three
separate sequence motifs (Exo I to III) (19, 21, 34, 74). Pre-
vious studies demonstrated that replacement of Asp96 in Exo
IT with a glycine inactivates the enzymatic activity of ISG20
(19). As shown in Fig. 6A, B, and C, compared with wild-type
ISG20, the ISG20P?°S mutant (ISG20M) completely lost the
antiviral effects against HCV, suggesting that the 3'-to-5" exo-
nuclease activity of ISG20 is essential to inhibit HCV replica-
tion. Interestingly, as shown in Fig. 5B (upper panel), despite
the significant reduction of HCV RNA levels in wild-type
ISG20-expressing cells, the level of B-actin mRNA in the same
cells was not apparently affected, indicating that ISG20 selec-
tively attacks viral RNA but not cellular mRNA. Further stud-
ies on the molecular mechanism of the substrate selection of
ISG20 exonuclease are clearly warranted.

Viperin is a putative radical SAM enzyme. The results pre-
sented above and work published previously indicate that vi-
perin is an important mediator of the interferon response
against HCV and some other viruses (33, 54, 67). Thus far, the
molecular mechanism by which viperin inhibits virus infection
remains elusive. An interesting possibility is that viperin might
induce the expression of other antiviral proteins, such as in-
terferons, and indirectly inhibit virus replication. However, the
results presented in Fig. 5A (upper panel) indicate that while
IFN-a treatment of cells efficiently induces ISG p56 expres-
sion, induction of viperin does not induce the expression of this
ISG. Furthermore, culture of HCV replicon-containing cells,
such as HEK293HCVrep and GS4.1, with medium supple-
mented with an equal volume of culture fluid harvested from
FLP-IN/HCV viperin cells cultured in the presence of tetracy-
cline did not affect HCV replication (data not shown). These
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FIG. 7. Multiple alignments of amino acid sequences of viperins from 14 animal species and three representative radical SAM enzymes. The
names of the species and enzymes and the GenBank accession numbers of their proteins are indicated on the left. The putative leucine zip and
four conserved motifs identified in radical SAM enzymes are highlighted. The sequences of the three radical SAM enzymes are shaded.

results suggest that the antiviral effects of viperin are not me-
diated by the induction of interferon and/or other antiviral
cytokines.

Interestingly, the sequence alignment analysis by Boudinot
and colleagues revealed that viperin contains conserved motifs
found in enzymes required for the synthesis of molybdopterin
(Mao A), heme D1 (NIRJ), and PQQ (PQQIII) (8). Those
enzymes were recently categorized into a family of more than
600 putatively related enzymes, denoted as radical SAM en-
zymes (40, 59, 65). As with viperin, the precise chemical reac-
tions catalyzed by the vast majority of radical SAM enzymes
remain to be discovered (24). Based on the catalytic mecha-
nisms revealed from studies on a few radical SAM enzymes (4,
41), they all share one common feature, an unconventional
[4Fe-4S] cluster coordinated by three rather than four closely
spaced cysteine residues in a CxxxCxxC motif (Fig. 7). Further-
more, radical SAM enzymes require their cofactor or cosub-
strate SAM to be placed in the immediate vicinity of the
[4Fe-4S] cluster to directly coordinate the cluster and allow
electron transfer from one to the other. Hence, the conserved
motif I is essential for the enzymatic activity and is considered

to be one of the sequence signatures of radical SAM enzymes
(18, 38, 40, 41).

To determine if this motif is essential for the antiviral activ-
ity of viperin, the three cysteine residues in the conserved motif
I of viperin protein were replaced with three alanines to yield
a mutant viperin, viperin M1. As shown in Fig. 8, consistent
with the results presented above, expression of wild-type vi-
perin completely prevented HCV replicon-containing cell col-
ony formation and inhibited HCV RNA replication, but the
mutant protein completely lost antiviral effects against HCV
(Fig. 8A, B, and C). Proper expression of wild-type and mutant
viperin proteins was confirmed in a Western blot assay (Fig.
8D). These results strongly suggest that viperin is a radical
SAM enzyme and its antiviral activity depends on its enzymatic
activity. To our knowledge, this is the first experimental dem-
onstration of a possible enzymatic function of viperin.

Structural and function analysis of viperin protein. Protein
database searching revealed that viperin proteins are encoded by
vertebrates ranging from fish to human. Multiple sequence align-
ments of viperins from 14 species indicate that, with the exception
of the amino-terminal 77 amino acid residues, these sequences
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FIG. 8. Viperin is a putative radical SAM enzyme. (A) Stable
FLP-IN T Rex-derived cell lines that inducibly express N-terminal
FLAG-tagged wild-type viperin and the mutant viperin M1 were elec-
troporated with total RNA extracted from SL1 cells and selected with
G418 in the absence or presence of 1 pwg/ml tetracycline for 3 weeks as
described in Materials and Methods. Cell foci were stained with crystal
violet and photographed. A pair of the representative plates from each
cell line that were cultured in the absence (upper panel) or presence
(lower panel) of tetracycline is presented. (B) Averages and standard
derivations of cell foci numbers obtained from three plates of each cell
line under the indicated selection conditions were plotted. (C) HCV
replicon-containing cell lines that inducibly express wild-type and M1
mutant viperin were cultured in the absence or presence of 1 pg/ml
tetracycline for 3 days. Cells were then harvested, and 10 pg of total
RNA was analyzed by Northern blot hybridizations with an
[a-**P]UTP-labeled riboprobe that is complementary to the plus
strand of the HCV NS3-coding region. rRNA served as a loading
control. (D) Inducible expression of wild-type and M1 mutant viperin
in the stable cell lines was determined by Western blot analysis with a
monoclonal antibody against FLAG tag.

are highly conserved (Fig. 7). The four conserved motifs (motifs I
to IV) common to radical SAM enzymes are conserved in viperins
of all species examined. Based on the sequence alignments, the
structure of viperins can be designated as have an N-terminal
variable domain (amino acids [aa] 1 to 76), followed by a radical
SAM domain (aa 77 to 209) in the middle and a C-terminal
conserved domain (aa 210 to 361) (Fig. 7 and 9A). In the N-
terminal variable region, a putative transmembrane domain
spanning approximately the first 50 amino acid residues is pre-
dicted by the TMpred server (http:/Awvww.ch.embnet.org/software
/TMPRED_form.html). In addition, four leucine-6x-leucine
repeats (leucine zip motif) are found in human, chimpanzee,
and mouse viperins, but not in viperins encoded by fish and
several other lower species (Fig. 7).

To determine the structural and functional relationship of vi-
perin, plasmids that express mutant viperins with (i) N-terminal
and C-terminal sequential deletions, (ii) mutations of three other
conserved motifs (motifs II to IV) in the radical SAM domain
which are also essential for binding of the [4Fe-4S] cluster and
SAM, (iii) mutations of the putative leucine zip motif in the
N-terminal variable region, and (iv) a point mutation of the con-
served Cys313 (C313A) were constructed (Fig. 9A). The plasmids
were transfected into FLP-IN T Rex cells and cultured in medium
containing 1 wg/ml of tetracycline for 2 days. The expression of
the desired mutant viperins was confirmed by Western blot anal-
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ysis (Fig. 9B). Stable cell lines expressing each of the individual
mutant viperins were established as described above and were
electroporated with total RNA extracted from SL1 cells, and
G418-resistant colonies were selected in the absence and pres-
ence of tetracycline, respectively.

The results (Fig. 9C and D) of the colony formation assay
revealed the following observations. First, in addition to motif
1, all three other conserved motifs in the SAM radical domain
of viperin are essential for its antiviral effects. Second, despite
the weaker antiviral effects in comparison with the wild-type
viperin, mutant viperins harboring deletions of the N-terminal
50 or 70 amino acid residues still significantly reduced the
efficiency of HCV replicon-containing cell colony formation.
Similarly, the antiviral effect of a mutant viperin containing
leucine-to-alanine mutations in the putative leucine zip motif
(LZ5A) was also significantly reduced in comparison with the
wild-type viperin. As shown in Fig. 9B, deletions of the N-
terminal variable region of viperin resulted in the accumula-
tion of mutant proteins in cells to a higher level and formation
of high-molecular-weight aggregates, suggesting that this re-
gion, possibly the putative transmembrane domain and also the
leucine zip structure, might be important for the proper folding
and/or membrane association of the protein. Third, residue
Cys313 is conserved among viperins of all species examined
(Fig. 7). Interestingly, the colony formation efficiency was only
slightly reduced (onefold) in cells that expressed C313A mu-
tant viperin, indicating that the residue is important for the
antiviral effects of the protein. Finally, the results obtained
from a series of sequential C-terminal-truncated viperins re-
vealed that the deletion of only one amino acid residue
(Trp361, designated TC-1) from the C terminus resulted in
complete loss of the antiviral effects of viperin, indicating that
Trp361 at the C terminus, which is absolutely conserved in
viperins examined from all the species (Fig. 7), is required for
its antiviral function.

To further investigate the structural requirement of the C ter-
minus, Trp361 was mutated into an alanine, aspartate, tyrosine,
phenylalanine, or a proline residue to yield mutants W361A,
W361D, W361Y, W361F, and W361P, respectively. The colony
formation assay showed that although W361A, W361D, and
W361P mutants did not inhibit HCV replication, the W361Y and
W361F mutants significantly reduced the colony formation effi-
ciency, but to a lesser extent, than that observed with the wild-type
viperin (Fig. 9C and D). Furthermore, addition of epitope tags
(FLAG and V5) at the C terminus of viperin to block its authentic
C terminus resulted in a complete ablation of its antiviral activity
(Fig. 9C and D). These results indicate that functional viperin
requires an amino acid residue containing an aromatic ring at its
C terminus.

DISCUSSION

Interferons are a family of multifunctional cytokines char-
acterized by their ability to interfere with virus infection
through inducing the expression of tens or even hundreds of
IFN-stimulated genes (56, 60). In our efforts toward the iden-
tification of IFN-induced cellular genes that mediate the anti-
viral effects of [IFN-« against HCV, we found that expression of
three IFN-a-induced cellular proteins, PKR, ISG20, and vi-
perin, noncytopathically inhibits the replication of HCV sub-
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FIG. 9. Structural and functional analysis of viperin. (A) Schematic representation of the structures of viperin and its mutants. The top panels
show the overall structural organization of viperin. The positions of the putative leucine zip motif, radical SAM domain, and four conserved motifs
identified in radical SAM enzymes are indicated. The lower panels highlight the nature of the mutations in 23 viperin mutants, which include
sequential deletions from the N terminal (TN50 and TN70) and C terminal (TC1 to TC144), point mutations in the four conserved motifs of radical
SAM enzymes (M1 to M4), a leucine zip motif (LZ5), and Cys313 (C313A) and Trp361 at the C terminus (W361A, W361D, W361Y, W361F, and
W361P). The nature of the point mutations is highlighted in bold underneath the sequences. In addition, two mutant viperins were constructed
by adding FLAG or VS5 epitope tag at the C terminus (CF and CV5). (B) Inducible expression of mutant viperins in FLP-IN T Rex cells. Cells
were transfected with plasmids expressing individual mutant viperins and cultured in the presence of 1 pg/ml of tetracycline for 2 days, and the
levels of FLAG-tagged viperin and its mutants in cell lysates were determined by Western blot analysis with a monoclonal antibody against FLAG
tag. C-terminal V5-tagged viperin was detected with an antibody against V5 tag. (C) Stable cell lines that inducibly express CAT or wild-type and
mutant viperins were electroporated with total RNA extracted from SL1 cells and selected with G418 in the absence or presence of 1 pwg/ml
tetracycline for 3 weeks as described in Materials and Methods. Cell foci were stained with crystal violet and photographed. A pair of the
representative plates from each of 25 cell lines that were cultured in the absence (upper panel) or presence (lower panel) of tetracycline is
presented. (D) The numbers of cell foci were counted from three plates from each of the cell lines cultured under both selection conditions. RCFE
is defined in the legend of Fig. 3. *, P < 0.05; **, P < 0.01.

genomic replicons in HEK293-derived cells. The inhibitory this discrepancy is currently not known. Interestingly, a recent
effects of p56 and ADAR1 on HCV replicon replication had report showed that ADAR1 can actually enhance replication
been suggested by previous studies (62, 64) but could not be of vesicular stomatitis virus (VSV) by interacting with PKR
observed under our experimental conditions. The reason for and thereby inhibiting its kinase activity (52).
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FIG. 9—Continued.

PKR is one of the best-studied components of host cellular
innate immunity to virus infections (3). In addition to being an
elF-2a kinase that regulates viral and cellular protein transla-
tion upon activation by double-stranded RNA and other fac-
tors, PKR also has a role in signal transduction and transcrip-
tional control through the NF-kB pathway and in the
modulation of cell growth, differentiation, apoptosis, and on-
cogenic transformation (26). While they are generally in agree-
ment with the observations made for HCV genotype 2a (JFH1)
replicon-containing MEFs that PKR inhibits HCV replication
(11), our results further demonstrate that constitutively ex-
pressed endogenous PKR plays a role in controlling the initi-
ation of HCV infection but does not affect HCV replication in
replicon cells in which persistent viral replication is fully es-
tablished. Interestingly, induction of PKR expression in repli-
con-containing cells does inhibit HCV replication. Further-
more, our results demonstrate that inhibition of HCV
replication by PKR depends on its protein kinase activity and,
therefore, it is most possibly the phosphorylation of elF-2a
that consequentially inhibits the translation initiation of HCV
RNA (64).

ISG20 is a type I IFN-inducible 3’-5" exonuclease that pref-
erentially cleaves single-stranded RNA (51). It has been shown
that this exonuclease is a component of the nuclear PML body
(21, 27). Previous studies demonstrated that ISG20 expression
confers resistance to the infection of various RNA viruses,
including VSV and human immunodeficiency virus, but not

DNA viruses, such as adenoviruses (19, 20, 68). Our work, for
the first time, demonstrates that ISG20 also inhibits the repli-
cation of HCV. The prior studies, as well as ours, clearly
demonstrate that the antiviral effects of ISG20 depend on its
3'-5" exonuclease activity, suggesting that ISG20 may directly
degrade viral RNA as observed with another type I IFN-acti-
vated cellular endonuclease, RNase L (68). If this is the case,
a legitimate question is how ISG20 selectively targets viral but
not cellular RNA, as demonstrated in this study. One possibil-
ity is that ISG20 forms a complex with other cellular proteins
that guide ISG20 to viral RNA, essentially as observed with the
zinc finger antiviral protein, which forms a complex with the
cellular exosome and recruits the latter to retroviral and al-
phaviral RNA (31). This hypothesis will be tested in our future
studies.

Viperin was initially identified as a human cytomegalovirus-
and IFN-vy-inducible protein in fibroblasts (71, 72). Since then,
it has been shown that the protein can be induced by the
infection of many other viruses, such as VSV, dengue virus,
yellow fever virus, human polyomavirus JC, and HCV, in cul-
tured cells and in vivo (9, 12, 33, 37, 63). Detailed analyses of
the viperin promoter sequence and transcription regulation
mechanism reveal that viperin gene expression is activated by
both Toll-like receptor 3-dependent and RIG-I-dependent
pathways in a type I IFN signaling-dependent manner. The key
factor that regulates viperin promoter activity is the ISGF3
complex, but not IRF3 (57). Those results are consistent with



1676 JIANG ET AL.

the observations suggesting that viperin is primarily a type I
IFN-inducible gene.

The rapid and robust induction of viperin gene expression by a
range of different viruses and its evolutionary conservation in
vertebrates suggest that viperin is an important component of
innate immunity against virus infections. Indeed, besides the po-
tent antiviral effects against HCV demonstrated in this report,
viperin has been shown to inhibit the infection of a few other
DNA and RNA viruses, such as human cytomegalovirus (12),
human immunodeficiency virus (54), Sindbis virus (67), and VSV
(J.-T. Guo, unpublished observation). An important question that
remains to be answered is how viperin inhibits such a diverse
group of viruses. It is unlikely that viperin directly binds to viral
proteins, thereby interfering with their functions. While our work
rules out the possibility that viperin may indirectly inhibit HCV
replication by inducing antiviral cytokines, we have obtained
strong evidence to suggest that viperin is a radical SAM enzyme
and that its antiviral function depends on its putative enzymatic
activity. It has been shown that the radical SAM enzymes catalyze
the biosynthesis of diverse types of molecules. Hence, a possible
antiviral mechanism of viperin could be that the enzyme catalyzes
the synthesis of a molecule that either directly inhibits viral rep-
lication or activates a latent cellular antiviral protein or pathway
to indirectly limit viral replication. If this is indeed the case,
identification of the molecule(s) synthesized by viperin might lead
to the development of novel antivirals that activate the viperin
pathway to control the infection of HCV and many other viruses
but would be devoid of the side effects of IFN-a therapy.

In addition to demonstrating that the radical SAM domain,
which contains essential motifs to coordinate the [4Fe-4S] clus-
ter and cofactor SAM, is essential for the antiviral activity of
viperin, our structural and functional analyses also revealed
important roles of both N-terminal variable and C-terminal
conserved domains of viperin in its antiviral function. Previous
studies suggested that the heterogeneity of the SAM radical
protein superfamily is most pronounced in the C-terminal re-
gion, which is responsible for binding of substrates and auxil-
iary cofactors. Our mutagenesis studies revealed that viperin
requires an aromatic amino acid residue at its C terminus for
proper antiviral function, suggesting that the C terminus of
viperin might be involved in substrate recognition and/or in-
teraction with partner proteins or cofactors that are essential
for the enzymatic activity. Furthermore, the N-terminal region
of viperin, which is highly variable among viperins from differ-
ent species, contains a putative transmembrane domain and a
leucine zip motif (Fig. 7), suggesting a role for this region in
proper membrane association and/or subcellular localization
of viperin (12). Our results indicate that although this region is
not absolutely required for the antiviral function of viperin,
deletion of this region or mutation of the putative leucine zip
motif significantly reduces its antiviral activity. Further inves-
tigations toward understanding the role of the N-terminal vari-
able region in protein folding, membrane association, and the
relationship with antiviral activity of viperin are under way.

It is worthy of note that the FLP-IN T Rex cell-based ISG-
inducible expression assay developed in this study has proven
to be a valuable tool for dissecting IFN’s antiviral mechanism
against HCV and should also be useful in the future for elu-
cidating the molecular mechanisms by which IFN-mediated
innate immunity controls the infection of other viruses. How-
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ever, it is obvious that certain ISGs might work together and
require other IFN-induced factors for their antiviral function
and, thus, would not be identified as antiviral proteins by the
single-ISG expression assay described in this report. Hence,
the results obtained from this study should represent a mini-
mum repertoire of IFN-induced antiviral pathways that limit
HCYV replication.

In conclusion, the work described here reports that inhibi-
tion of HCV replication by IFN-« is possibly mediated by at
least three distinct antiviral pathways exemplified by viperin,
ISG20, and PKR. Further studies toward understanding the
role of those pathways and their underlying mechanisms in the
innate host defense against HCV should provide valuable in-
sight into HCV pathobiology and lead to the development of
novel antivirals for the treatment of chronic hepatitis C.
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