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ABSTRACT

All major types of interferon (IFN) efficiently inhibit hepatitis C virus (HCV) replication in vitro and in vivo. Remarkably, HCV
replication is not sensitive to IFN-vy in the hepatoma cell line Huh6, despite an intact signaling pathway. We performed tran-
scriptome analyses between Huh6 and Huh-7 cells to identify effector genes of the IFN-y response and thereby identified the
DExD/H box helicase DEAD box polypeptide 60-like (DDX60L) as a restriction factor of HCV replication. DDX60L and its ho-
molog DEAD box polypeptide 60 (DDX60) were both induced upon viral infection and IFN treatment in primary human hepa-
tocytes. However, exclusively DDX60L knockdown increased HCV replication in Huh-7 cells and rescued HCV replication from
type I IFN as well as type I and III IFN treatment, suggesting that DDX60L is an important effector protein of the innate im-
mune response against HCV. In contrast, we found no impact of DDX60L on replication of hepatitis A virus. DDX60L protein
was detectable only upon strong ectopic overexpression, displayed a broad cytoplasmic distribution, but caused cytopathic ef-
fects under these conditions. DDX60L knockdown did not alter interferon-stimulated gene (ISG) induction after IFN treatment
but inhibited HCV replication upon ectopic expression, suggesting that it is a direct effector of the innate immune response. It
most likely inhibits viral RNA replication, since we found neither impact of DDX60L on translation or stability of HCV sub-
genomic replicons nor additional impact on assembly of infectious virus. Similar to DDX60, DDX60L had a moderate impact on
RIG-I dependent activation of innate immunity, suggesting additional functions in the sensing of viral RNA.

IMPORTANCE

Interferons induce a plethora of interferon-stimulated genes (ISGs), which are our first line of defense against viral infections. In
addition, IFNs have been used in antiviral therapy, in particular against the human pathogen hepatitis C virus (HCV); still, their
mechanism of action is not well understood, since diverse, overlapping sets of antagonistic effector ISGs target viruses with dif-
ferent biologies. Our work identifies DDX60L as a novel factor that inhibits replication of HCV. DDX60L expression is regulated
similarly to that of its homolog DDX60, but our data suggest that it has distinct functions, since we found no contribution of
DDX60 in combatting HCV replication. The identification of novel components of the innate immune response contributes to a

comprehensive understanding of the complex mechanisms governing antiviral defense.

H epatitis C virus (HCV), a positive-strand RNA virus grouped
into the Flaviviridae family, is an important human pathogen
affecting about 2 to 3% of the world’s population (1). HCV infec-
tions are not cleared in most cases but become chronic in the livers
of ca. 70% of infected individuals, often resulting in severe liver
disease. A strong and multispecific adaptive immune response,
especially CD8™ T cells, is one of the key determinants for clear-
ance of the infection; however, the contribution of innate immu-
nity to establishing and maintaining HCV persistence is still under
debate (reviewed in reference 2). HCV induces a very potent in-
terferon (IFN) response very early in infected hosts (3, 4), result-
ing in expression of interferon-stimulated genes (ISGs) as the first
line of defense counteracting viral infection. ISG expression is
driven by type I (IFN-a and IFN-B), IT (IFN-v), and III (IFN-\)
IFNs upon binding to their respective receptors and by activation
of intracellular RNA sensors activating interferon regulatory fac-
tor 3 (IRF-3) in infected cells, inducing sets of partially overlap-
ping genes (5-7). IFN-a is mainly produced by dendritic cells (8)
and has been the backbone of anti-HCV therapy for decades (9).
IFN-v is the major cytokine of noncytolytic T cell actions against
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HCV (10). IFN- and IFN-\ are mainly secreted upon sensing of
viral RNA in HCV-infected cells (7, 11, 12) and result in autocrine
and paracrine feedback activation of IFN responses. Although the
viral protease NS3/4A cleaves mitochondrial antiviral signaling
protein (MAVS), Riplet, and TRIF, which are important factors
involved in IRF-3 responses (13), HCV seems to mount a strong
innate immune response in infected cells, which is mainly medi-
ated by IFN-A (7, 12).

Several studies have already focused on the IFN response
against HCV infection (5, 6, 14, 15) and identified ISGs directly
affect HCV replication; among those are the genes for RSAD2/
viperin, PLSCRI1, IFIT3, IFITMI1, IFITM3, and NOS2 (re-
viewed in reference 16). Still, no single ISG has been shown to
be indispensable for effective IFN responses against HCV.
Therefore, it is currently believed that IFNs induce overlapping
and redundant sets of effector proteins tailored to interfere
with replication of a wide set of viruses with various biologies
(15, 17). Identifying novel factors contributing to the inter-
feron response of particular virus groups and unraveling their
mechanism of action are therefore important prerequisites for
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a better understanding of innate immune responses against
viral infections.

Some ISG products belong to the large family of DExD/H-box
helicases and contribute to antiviral defense by sensing and coun-
teracting viral infection (reviewed in reference 18). Generally,
DExD/H-box helicases share conserved domains and play a role in
almost every step of RNA metabolism from transcription to deg-
radation (19, 20). The most prominent ISG products among the
DExD/H-box helicases family are the RIG-I-like helicases (RLH),
which include RIG-I (DDX58) and melanoma differentiation-as-
sociated protein 5 (MDAS), two sensors of viral RNA molecules
(21, 22). In addition, DEAD box polypeptide 60 (DDX60) and its
highly similar homolog DEAD box polypeptide 60-like (DDX60L)
have recently been described to be ISG products as well (23, 24).
DDX60 and DDX60L are about 70% identical in their amino acid
sequences, contain the same conserved DExD/H box domains,
and likely have evolved from a gene duplication late in mamma-
lian evolution (23). Their genes are neighbors on chromosome IV,
and mice possess only DDX60 (23). DDX60 has been shown to
contribute to RIG-I-dependent IRF-3 activation and viral RNA
degradation (23, 25) and has also been described to be an inhibitor
of HCV replication (15). In contrast, DDX60L has not been fur-
ther characterized so far.

In this study, we aimed to identify novel factors that are part of
the IFN response against HCV. HCV replication is highly sensitive
to IFN-a and IFN-y in the human hepatocellular carcinoma cell
line Huh-7 and subclones thereof, which have been the most effi-
cient and most widely used cellular model to study HCV replica-
tion (26). In contrast, HCV replication is not suppressed by IFN-y
treatment in the human hepatoblastoma cell line Huh6, while the
virus is still sensitive to IFN-a treatment in these cells (27). This
selective resistance to IFN-vy was neither due to mutations in the
viral genome nor due to a general defect in IFN-v signaling, since
other viruses remained sensitive to IFN-y in Huh6 cells (27).
Therefore, we hypothesized that a specific component of the
IFN-v response against HCV was missing in Huh6 cells. By com-
paring the IFN-y-induced gene expression profiles of Huh-7 and
Huh6 cells and analyzing differentially expressed genes in a small
interfering RNA (siRNA)-based screen, we identified DDX60L as
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a potent host restriction factor of HCV replication, acting inde-
pendently of DDX60 and contributing to type I, II, and III IFN
responses. Since DDX60L also strongly impaired production of
lentiviral vectors, our results indicate a potential role as a restric-
tion factor of retroviral replication.

MATERIALS AND METHODS

Cell lines. All cell lines were cultured in Dulbecco’s modified Eagle me-
dium (DMEM,; Life Technologies, Darmstadt, Germany) supplemented
with 10% fetal bovine serum, nonessential amino acids (Life Technolo-
gies), 100 U/ml of penicillin, and 100 ng/ml of streptomycin (Life Tech-
nologies) and cultivated at 37°C and 5% CO,. Huh6 and Huh-7 cells
harboring persistent replicons have been described before (27, 28), as have
Huh-7 cells with persistent reporter replicons of genotypes 1b and 2a,
LucubineoConl and LucubineoJFH], respectively (10, 29); the cells were
kept under selection with 1 mg/ml of G418 (Geneticin; Life Technolo-
gies). Two independent Huh6-based genotype 2a replicon cell lines were
established (Huh6JFH), as was a second genotype 1b cell line (Huh6Conl1),
based on the selectable replicon 1389neo-EI/NS3-3’_ET (27) to exclude
clonal artifacts. Huh-7-Lunet is a cured replicon cell clone with high per-
missiveness for HCV replication (30). Huh-7-Lunet-T7 cells were de-
scribed before (31). Huh7.5 cells were a kind gift of C. M. Rice, Rockefeller
University, New York, NY. Cells transduced with lentiviral expression
vectors were selected by adding 1 pg/ml of puromycin (Sigma-Aldrich,
Steinheim, Germany) or 5 pg/ml of blasticidin (Sigma-Aldrich). Inter-
feron treatment was performed either with IFN-y (R&D Systems, Wies-
baden, Germany), IFN-a-2a (PBL Laboratories, Acris, Herfold, Ger-
many), or IEN-A1 (PeproTech, Hamburg, Germany). IFN-y used for
microarray experiments was obtained from a different source (Roche,
Basel, Switzerland).

For long-term culture, stable replicon cell lines based on Huh-7-Lunet
and Huh6 cells were seeded in 10-cm dishes and treated with 1 mg/ml of
G418 and 10 ng/ml of IFN-v. Cells were detached, counted, and reseeded
every 3 to 4 days. At each time point, the same number of cells was re-
seeded for all cell lines and treated with 10 ng/ml of IFN-y and 1 mg/ml of
G418.

PHH. Experiments with primary human hepatocytes (PHH; ordered
from Biopredic, Rennes, France) are described in reference 6. RNA from
these experiments was used for quantitative reverse transcription-PCR
(qQRT-PCR) as described below.

Plasmid constructs. DDX60L was cloned from Huh-7-Lunet cell
total RNA by long-template RT-PCR. Primer A_DDX60L_MIlul (AAC
ACGCGTTTATTCTAAATGAT) was used for synthesis of DDX60L-
specific cDNA, which was then subjected to long-template PCR with
primers S_DDX60L_5"UTR (GAGGTGCCATTCACATCAAAT) and
A_DDX60L_Mlul, followed by another round of long-template PCR with
S_DDX60L_AsiSI (GATGCGATCGCGATGGGGTCAAAGGATCATG)
and A_DDX60L_MIlul (AACACGCGTTTATTCTAAATGAT). A consen-
sus sequence was assembled based on 10 individual clones. This sequence
has 6 amino acid exchanges compared to the DDX60L sequence present in
the Refseq database (C336Y, V409L, C831R, E1222D, N1488D, and
M1646V, compared to the sequence under GenBank accession number
NM_001012967.2). However, all 6 deviations have been observed before,
therefore reflecting polymorphisms in the human population (http:
/[www.uniprot.org/uniprot/Q5H9U9). The coding sequence was then in-
serted into the pWPI backbone by digestion with AsiSI and Mlul. To
shuttle the DDX60L coding sequence into the pcDNA3.1 backbone,
pWPI-DDX60Lpuro was digested with Ascl and Spel, blunted, and li-
gated into the pcDNA3.1 vector digested with EcoRV and Xbal. To trans-
fer the DDX60L coding sequence into the pTM backbone, the 5’ part was
amplified by PCR with primers S_Ncol_DDX60L (GTAGCCATGGGGT
CAAAGGATCATGCAG) and A_DDX60L_4635 (CAATATTCTTTAAC
AATTGCTCATCATACAAG), followed by restriction digestion with
Ncol and Spel. The 3’ part was excised from the pWPI backbone by
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TABLE 1 Genes differentially induced by IFN-vy in Huh-7 and Huh6
cells”

Gene product Fold difference between Huh-7 and Huhé cells

CXCL9? 13.8
BTN3A3' 10.5
CASP1! 9.4
CARD16' 8.5
CXCL11? 7.0
MX1? 6.8
HLA-B* 6.1
BTN3A2' 5.6
CIR? 5.5
CFH? 5.5
HERC6' 43
SERPINA7' 4.0
CTSS! 3.9
IL-72 3.8
HLA-A* 3.6
TRIM31! 3.5
MT2A? 3.4
NLRC5! 3.2
DDX60L! 3.2
TLR3? 3.1
IL-322 3.1
CFB? 3.1
ACY3! 3.0

@ IFN-y-induced genes that are more strongly upregulated in Huh-7 compared to Huh6
identified by microarray gene expression analysis. Factors shown in bold were used for
further analysis. Exclusion of factors in regular font was based on the following criteria,
indicated by superscript numbers as follows: 1, candidate effector for further analysis; 2,
secreted factor; 3, no anti-HCV activity; 4, unlikely direct effector.

restriction digestion with Spel and Xhol, and both parts were ligated into
the pTM vector digested with Ncol and Xhol.

The two-plasmid doxycycline-inducible lentiviral expression system
pLVX (Clontech, Mountain View, CA) was used for inducible expression
of DDX60L. The DDX60L coding sequence was amplified by PCR using
primers for_Notl_DDX60L (GTAAGCGGCCGCGTAGCCGCCACCAT
GGGGTCAAAGGATCATGCAG) and rev_Nhel DDX60L (GTAGCTA
GCTGCTACTTATTCTAAATGATTTTGACTCATTTGAATTTG) and
transferred into the pLVX expression vector by use of Notl and Nhel
restriction sites.

HCV and HAV reporter replicons used for transient-transfec-
tion assays were described before: pFKI389Luc-EI/NS3-3'_ET
(LucConl1ET) (32), pFKI389Luc-EI/NS3-3’_JFH (LucJFH1) (33), or pT7-
18f-Luc (LucHAV) (34, 35). The plasmid used for generation of reporter
virus JcR2A was described before (36), as was the monocistronic HCV
reporter replicon pFK-I1389Luc-ubi/NS3-3'/JFHI (33). This construct
was modified to carry an additional internal ribosome entry site (IRES)
derived from poliovirus, giving rise to pFK-I341PI-Luc-ubi/NS3-3'/
JFH1, in which protein translation is independent of the HCV IRES. pRL-
CMV (GenBank accession number AF025843) encodes Renilla luciferase
under the transcriptional control of the T7 RNA polymerase promoter
and was used to generate capped in vitro transcripts.

Plasmids encoding phosphatidyl inositol-4 kinase Il (PI4KIIIa)
were described before in detail (31, 37). To generate stable knockdown cell
lines, we cloned short hairpin RNA (shRNA) sequences into the pAPM
backbone and prepared lentiviral particles according to a previously pub-
lished protocol (38). The targeting sequences were shNT (ATCTCGCTT
GGGCGAGAGTAAG), shDDX60L_1 (AACACTGAATGTCATAGTTA
TG), shDDX60L_3 (CGCCCTCAGTATCATACTTAAA), shRSAD2_1
(CTCTCGCTATCTCCTGTGACAG), and shRSAD2_2 (CAGGGATTAT
AGAGTCGCTTTC).

Transcriptome analysis. Huh-7 and Huh6 cells were treated with
1,000 IU/ml of IFN-vy or 1,000 IU/ml of IFN-« or remained untreated for
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24 h. Total RNA was prepared and analyzed using an Affymetrix HG U133
Plus 2.0 Genechip array.

Data were analyzed and normalized with the standard Affymetrix
workflow of Chipster software (39). To select genes for further analyses,
the log, ratios of IFN-y-treated and untreated cells were calculated sepa-
rately for Huh6 and Huh-7 cells. To identify genes contributing to the
IFN-v response, we assumed that candidates should be strongly induced
by IFN-vy in Huh-7 cells but not induced in Huh6 cells. We therefore
subtracted the log, ratios of Huh6 cells from Huh-7 cells and arbitrarily
defined genes above a threshold of a 3-fold difference as candidates (Table
1). In the case that a signal was rated “absent” in the presence and absence
of IFN-vy in the Huh6 samples, apparent induction was considered non-
significant and the respective log, ratio therefore defined as 0 (see Table S1
in the supplemental material). For the same reason, we excluded genes
with apparently high IFN-vy induction but being rated as “absent” under
all conditions. Genes upregulated more than 2-fold by IFN-y in Huh6
cells were not considered candidates, even in the case of a much higher
upregulation in Huh-7 cells (e.g., CXCL10; see Table S1).

Cell viability assay. WST-1 cell proliferation reagent (Roche Life Sci-
ences, Mannheim, Germany) was used to determine cell viability after
siRNA or plasmid transfection and has been described earlier (40).

In vitro transcription, RNA transfection, and luciferase assay. In
vitro transcription and firefly luciferase assays (FLuc) as well as Renilla
luciferase assays were performed as described elsewhere (reference 41 and
references 36 and 41, respectively). In brief, plasmid DNA was linearized
for 60 min at 37°C with Asel and Scal (Conl), Mlul (JFH1), and Agel
(HAV), purified by phenol-chloroform extraction, and subjected to in
vitro transcription by T7 RNA polymerase. After overnight incubation at
37°C, DNase I (Promega, Mannheim, Germany) was added to digest tem-
plate DNA. Another round of phenol-chloroform extraction was per-
formed to purify in vitro-transcribed RNA. RNA concentration and integ-
rity were determined by measurement of optical density (OD) at 260 nm
on a NanoDrop Lite (Thermo Scientific, Braunschweig, Germany) and
agarose gel electrophoresis, respectively. In the case of pRL-CMV, in vitro
transcription reactions were performed with addition of G(5")ppp(5')G
RNA cap structure analog (NEB, Frankfurt, Germany) according to the
manufacturer’s instructions to generate 5'-capped transcripts capable of
direct translation.

For transient-replication assays, 1 X 107 Huh-7-Lunet cells or 1.75 X
107 Huhs cells were resuspended in 1 ml of cytomix. A total of 2.5 wg of in
vitro-transcribed RNA was used for the electroporation of a 100-p.l single-
cell suspension (Huh-7-Lunet) or 5 ng of in vitro-transcribed RNA for the
electroporation of a 400-pl single-cell suspension (Huh-7-Lunet and
Huh6) as described elsewhere (6). In the case of knockdown experiments,
100 pmol of siRNA was coelectroporated. For translation assays, 1 X 10°
Huh-7-Lunet cells were transfected with siRNAs using the Lipofectamine
RNAiMax (Life Technologies) reagent according to the manufacturer’s
instructions. Forty-eight hours later, cells were counted and 1 X 10° Huh-
7-Lunet cells were transfected with 5 pg of replication-deficient monocis-
tronic HCV FLuc reporter replicon RNA together with 5 g of 5'-capped
Renilla luciferase in vitro-generated RNA. For assays on stable FLuc re-
porter replicon cell lines, cells were seeded in 24-well plates and trans-
fected with 6pmol of siRNA using RNAiMax (Life Technologies) accord-
ing to the instructions of the manufacturer.

Predesigned FlexiTube siRNAs (Qiagen, Hilden, Germany) were used
for candidate screening. Each gene was targeted with two different siRNAs as
follows: for ACY3 (gene identifier [ID] 91703), Hs_ACY3_3 and Hs_ACY3_
5; for BIN3A2 (gene ID 11118), Hs_BTN3A2_6 and Hs_BTN3A2_9; for
BTN3A3 (gene ID 10384), Hs_ BTN3A3_4 and Hs_BTN3A3_5; for CASP1
(gene ID 834), Hs_CASP1_14 and Hs_CASP1_15; for CARD16 (gene ID
114769), Hs_COPI_3 and Hs_COPI_4; for CTSS (gene ID 1520),
Hs_CTSS_3 and Hs_CTSS_5; for DDX60L (gene ID 91351), Hs-
_FLJ31033_5 “siDDX60L_5” and Hs_FLJ31033_6 “siDDX60L_6"; for
HERCS6 (gene ID 550008), Hs_ HERC6_4 and Hs_ HERC6_5; for NLRC5
(gene ID 84166), Hs_NLRC5_3 and Hs_NLRC5_4; for SERPINA7 (gene
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ID 6906), Hs_SERPINA7_5 and Hs_SERPINA7_6; for TLR3 (gene ID
7098), Hs_TLR3_7 and Hs_TLR3_8); and for TRIM31 (gene ID 11074),
Hs_TRIM31_6 and Hs_TRIM31_7. The other siRNAs used were siNT
(ON-TARGETplus NTC; Dharmacon, Lafayette, CO), silFNgR(CAUUA
UCUCGUUUCCGGAA), siSTAT2 (GGCCGAUUAACUACCCUAA),
siDDX60L_7 (GAACCUUAGUCCGGAUUCA), siDDX60L_8 (UGAC
AUCUGCUGUAAUUGA), and siDDX60 (GGCTAACAAACTTCGA
AAA) (23). These siRNAs were ordered from Eurofins MWG Operon
(Ebersberg, Germany) unless otherwise indicated.

Infection with reporter virus. JcR2A reporter virus was produced as
described before (42). Huh7.5 cells were transfected with siRNAs using
Lipofectamine RNAiMax (Life Technologies). Twenty-four hours later,
the cells were infected with JcR2A reporter virus at a multiplicity of infec-
tion (MOI) of 1 50% tissue culture infective dose (TCIDs,)/cell. Twenty-
four hours after infection, IFN-a or IFN-y was added. Forty-eight hours
after infection, the medium was changed. Seventy-two hours after infec-
tion, the supernatant was used to reinfect untreated Huh7.5 cells, while
the initially infected cells were subjected to Renilla luciferase assay to de-
termine the replication of HCV. Seventy-two hours after reinfection, Re-
nilla luciferase assay was performed to determine the infectivity of the
newly formed viral particles during primary infection and IFN treatment
and therefore used as a correlate of viral titers.

Production of lentiviral vectors and generation of stable cell lines. A
total of 5 X 10° 293T cells were seeded into 10-cm cell culture dishes and
transfected using polyethylenimine (PEI) and plasmid pWPI (encoding
the gene of interest), pAPM (encoding shRNAs), or pLVX (encoding the
gene of interest under the control of a doxycycline-inducible promoter)
together with the packaging constructs pMD.G (vesicular stomatitis virus
G protein) and pSPAX2 (HIV gag-pol). Virus containing supernatants
were harvested 48 h after transfection and passed through a 0.45-pm
filter. Supernatants were then stored at —80°C or directly added to target
cells. Twenty-four hours after infection, the appropriate selection antibi-
otic was added. To determine lentivirus titers, 100-pl quantities of serial
dilutions were added to 8,000 HeLa cells in each well of a 96-well plate.
Four replicates were used per dilution step. Twelve hours after transduc-
tion, the appropriate selection antibiotic was added (blasticidin or puro-
mycin). Four days after infection, cells were stained with crystal violet and
vector titers were determined in CFU by counting resistant cell colonies
per well.

Western blotting. Cells were harvested from confluent 6-cm cell cul-
ture dishes by addition of NP-40 lysis buffer (0.1% NP-40, 20 mM Tris
[pH 7.6], 100 mM NaCl, 50 mM NaF, protease inhibitor cocktail
[Roche]). The protein concentration was determined by Bradford assay.
SDS-PAGE was performed on a 10% polyacrylamide-SDS gel for HCV
proteins, a 12.5% polyacrylamide-SDS gel for detection of HIV-1 p24
capsid protein, or an 8% polyacrylamide-SDS gel for detection of
DDXG60L. Proteins were blotted on nitrocellulose for detection of HCV or
HIV-1 proteins (43) or polyvinylidene difluoride (PVDF) membranes for
detection of DDX60L. Primary antibodies used for staining the mem-
brane were NS3-specific polyclonal rabbit antiserum (44), a mouse
monoclonal antibody against B-actin (A5441; Sigma-Aldrich), sheep an-
ti-HIV-1 p24CA antiserum (kind gift from Barbara Miiller), a mouse
anti-transferrin receptor (Life Technologies), a mouse monoclonal anti-
body against the HA peptide (H3663; Sigma-Aldrich), or a polyclonal
rabbit antibody against DDX60L (ARP68258_P050; Aviva Systems Biol-
ogy, San Diego, CA). Another rabbit polyclonal antibody against DDX60L
(Abcam; ab110772) did not give a signal. Secondary detection of HCV
proteins was performed using IRDye-labeled (LI-COR Biosciences, Bad
Homburg, Germany) secondary antibodies. Fluorescent signal was de-
tected using an Odyssey infrared imaging system (LI-COR Biosciences),
and Image] software was used for quantification. Detection of DDX60L
and HIV-1 proteins was performed using horseradish peroxidase (HRP)-
coupled secondary antibodies (Sigma-Aldrich).

IF analysis. Immunofluorescence (IF) analysis was performed as de-
scribed before (31). Primary antibodies used were rabbit anti-hemagglu-

October 2015 Volume 89 Number 20

Journal of Virology

DDX60L and HCV Replication

tinin (anti-HA; Ab9110; Abcam) and mouse anti-HCV-NS5A (9E10;
C. M. Rice, Rockefeller University, New York, NY) at dilutions of 1:250
and 1:1,000, respectively. Two commercial rabbit polyclonal anti-
DDX60L antibodies (ab110772 from Abcam and ARP68258_P050 from
Aviva Systems Biology) were tested, but they did not detect DDX60L in
cells overexpressing HA-DDX60L with a positive HA stain.

Northern blotting. Northern blot analysis of full-length HCV RNA
was performed as described elsewhere (33). Twenty micrograms of puri-
fied total RNA was denatured by glyoxal treatment and separated on a
denaturing agarose gel, followed by Northern blotting, staining with
methylene blue, and radiolabeling with **P-riboprobes directed against
B-actin or the neomycin phosphotransferase encoded in the replicon se-
quences. The membranes were exposed to a maximum-resolution auto-
radiography (MR) film (Sigma-Aldrich) at —70°C for 4 h to 4 days, de-
pending on the signal intensity. For quantification, films were either
scanned directly or exposed to phosphorimager plates and scanned with a
phosphorimager. Image]J software was used for quantification.

Determination of stability of genomic HCV RNA. LucubineoJFH
cells were transduced with pAPM-based lentivirus encoding different
shRNAs at an MOI of 5 CFU/cell. Twenty-four hours later, the cells were
treated with 100 wM 2’-C-methylcytidine (2'CMC; Sigma-Aldrich),
which corresponds to ca. 5X the 90% inhibitory concentration (IC,,).
Twenty-four hours, 48 h, and 72 h later, total RNA was isolated, and
qRT-PCR for HCV genomic RNA was performed as described below.

Overexpression of DDX60L. For transient-overexpression experi-
ments, 300-ng quantities of pcDNA vectors were transfected into Huh-7-
Lunet cells using transIT-LT1 transfection reagent (Mirus Bio, Madison,
WI) according to the manufacturer’s instructions. pcDNA-GFP vector
was used to keep the amount of transfected DNA at 300 ng and to control
for transfection efficiency. Higher levels of overexpression can be achieved
using the pTM plasmid system, based on T7 polymerase for transcription
of RNA for the gene of interest downstream of an IRES sequence from
encephalomyocarditis virus (EMCV). For transfection of pTM con-
structs, we transfected 2.5 ug of DNA into Huh-7-Lunet-T7 cells using
transIT-LT1 transfection reagent (Mirus Bio) and analyzed the samples 24
h later.

Stable Huh-7-Lunet-derived cell lines containing the pLVX doxycy-
cline-responsive transcriptional activator as well as the pLVX insert with
the gene of interest were selected using blasticidin and puromycin. For
HCV replication assays, selected cells were transfected with LucJFH re-
porter replicons as described above. Twenty-four hours after transfection,
expression was induced by addition of 750 ng/ml of doxycycline (Sigma-
Aldrich). Forty-eight hours later, HCV replication was determined by
luciferase assay and total RNA was isolated; this was used to determine
DDX60L and IFIT1 mRNA expression levels by qRT-PCR.

qRT-PCR. For gene expression analysis, total RNA was isolated using
the NucleoSpin RNA kit (Macherey-Nagel, Diiren, Germany). Total RNA
was used for qRT-PCR analysis with the 2X iTaq Universal SYBR green
supermix (Bio-Rad, Munich, Germany). Reactions were performed on a
CFX96 Touch real-time PCR detection system (Bio-Rad) as follows: 95°C
for 3 min, 95°C for 10 s, and 60°C for 30 s. Primer sequences used were as
follows: for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
S_GAPDH (GAAGGTGAAGGTCGGAGTC) and A_GAPDH (GAAGAT
GGTGATGGGATTTC); for DDX60L, S_DDX60L (TGAGGACCGCTTT
AATTCTCCA) and A_DDX60L (ACAACATTGACTTTCATTCCCCA);
for DDX60, S_DDX60 (CAGCTCCAATGAAATGGTGCC) and A_DDX60
(CTCAGGGGTTTATGAGAATGCC); for IFIT3, S_IFIT3 (GAACATGC
TGACCAAGCAG) and A_TFIT3 (CAGTTGTGTCCACCCTTCC); for
GBP1 S_GBP1, (CCAGTGCTCGTGAACTAAGGA) and A_GBP1 (TGT
CATGTGGATCTCTGATGC); and for IFIT1, S_IFIT1 (GAAGCAGGC
AATCACAGAAA) and A_IFIT1 (TGAAACCGACCATAGTGGAA).
GAPDH was used as an internal reference gene; relative gene expression
was determined using the threshold cycle (27AACT) method (45).

For analysis of HCV genomic RNA, one-step qRT-PCR was per-
formed using qScript XLT One-Step RT-qPCR ToughMix (Quanta Bio-
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sciences, Gaithersburg, MD) according to the manufacturer’s instruc-
tions. In brief, 15 l of reaction mixture contained 7.5 .l of 2X enzyme/
buffer mix, a 1 uM concentration of each JFH1-specific primer (S-146
[GGGCATAGAGTGGGTTTATCCA] and A-219 [GGGCATAGAGTGG
GTTTATCCA]), 0.27 M JFH1-specific probe {A195 (6-carboxyfluores-
cein [FAM]-AAAGGACCCAGTCTTCCCGGCAATT-6-carboxytetram-
ethylrhodamine [TAMRA])}, 3 pl of template RNA, and RNase-free
water. To determine absolute RNA amounts, a serial dilution of an RNA
standard (10° to 10° HCV RNA copies per reaction) was processed in
parallel. Reactions were performed using the following program: 50°C for
10 min, 95°C for 1 min, and 40 cycles as follows: 95°C for 10 s and 60°C for
1 min.

Statistical analysis. To test for significance, a two-tailed paired ¢ test
was performed using GraphPad Prism 5 software (GraphPad Software, La
Jolla, CA). A P value of <0.05 was considered statistically significant. In
figures, statistical significance is indicated as follows: *, P < 0.05; **, P <
0.01; and ***, P < 0.001.

Accession numbers. The consensus sequence assembled based on 10
individual clones has been deposited in GenBank under accession number
KR632542. Raw data from the transcriptome analysis were deposited in
NCBI’s Gene Expression Omnibus and are accessible through GEO series
accession number GSE68927.

RESULTS

Impact of IFN-y on HCV replication in Huh6 and Huh-7 cells.
Interestingly, HCV replication was resistant to treatment with
IFN-vy in a Huh6 cell population harboring a persistent genotype
1b replicon, while other viruses remained sensitive and induction
of ISGs upon IFN-vy treatment in Huh6 cells was comparable to
that in Huh-7 cells (27). Therefore, we assumed that Huh6 cells
might lack expression of distinct effector proteins mediating
IFN-+v response against HCV.

We first reinvestigated the lack of suppression of HCV replica-
tion in response to IFN-y in Huh6 cells by comparing IFN-vy sen-
sitivity of persistent replicons in Huh6 cells compared to that in
Huh-7-Lunet cells, a cell line highly permissive for HCV replica-
tion (30). We treated both genotype 1b (isolate Conl) and geno-
type 2a (isolate JFH1) Huh6 replicon cell lines with IFN-y for 96 h
and assessed HCV replication by quantification of NS3 protein
expression by Western blotting (Fig. 1A and B) and HCV genomic
RNA by Northern blotting (Fig. 1C and D). Conl and JFH1 rep-
lication in Huh6 cells was moderately reduced, to a minimum of
40% compared to that in untreated cells, whereas in Huh-7 cells
the RNA signal became undetectable within 48 h (Fig. 1C and D)
and only residual amounts of protein were detectable at 96 h (Fig.
1A and B). To exclude the possibility that the apparent IFN-y
resistance in Huh6 cells was transient, we performed long-term
culture experiments. The same numbers of Huh6 and Huh-7 cells
harboring persistent replicons were seeded and treated with both
IFN-v and G418. On every third to fourth day, cells were detached
and counted (Fig. 1E), and the same number of cells for each
population was reseeded and retreated. We expected that [FN-+y-
mediated inhibition of virus replication should result in decreased
growth rates and even cell death upon longer treatment, since G418
resistance is dependent on active replication of the replicon. Indeed,
at passage 5, Huh-7-Lunet cell numbers declined rapidly, while Huh6
cell numbers remained fairly stable throughout the experiment (Fig.
1E). Interestingly, the genotype 2a containing Huh-7 cell population
was completely extinguished, while in the case of genotype 1b, at
passage 8 an IFN-vy-resistant population emerged (Fig. 1E). This re-
sult demonstrated that HCV replication was indeed not sensitive to
IFN-vy treatment in long-term Huh6 cultures and sensitive in Huh-7
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cells. However, also in the case of Huh-7 cells, HCV can acquire
IFN-v resistance, albeit with very low efficiency (ca. 1in 1 X 10° cells
[K. Esser-Nobis and V. Lohmann, unpublished data]).

We furthermore assessed inhibition of HCV replication by
IFN-vy in naive Huh6 and Huh-7-Lunet using genotype 2a firefly
luciferase (FLuc) reporter replicons (LucJFH1 [40]), since only
JFH1-based replicons replicated robustly enough in Huh6 cells to
allow transient-replication assays (34). Indeed, HCV replication
was completely abolished in Huh-7 cells (IC,, = 0.18 ng/ml) (Fig.
1F), whereas in Huh6 cells transient-replication levels were only
moderately reduced, even at high concentrations of IFN-vy.

In summary, our results confirmed that HCV replication of
genotypes 1 and 2 was sensitive to IFN-y in Huh-7 cells and par-
tially resistant in Huh6 cells, as has been described before (27, 29).

Screening for IFN-vy-induced candidate genes with potential
effector functions in the IFN-y response against HCV. Resis-
tance of HCV to IFN-y appeared to be an intrinsic property of
Huhé cells. We hypothesized that this was due to factors involved
in the IFN-y response that were missing in Huhé6 cells but present
in Huh-7 cells. This should ultimately also include direct effectors
mediating inhibition of viral replication. Since HCV replication
was not entirely resistant to IFN-v in Huh6 cells, we assumed that
candidates might not be completely absent in Huh6 cells. How-
ever, we reasoned that candidate effector genes should be induced
to a higher extent by IFN-y in Huh-7 than in Huh6 cells. To
identify such factors, we performed microarray-based gene ex-
pression analysis after IFN-vy treatment of naive Huh6 and Huh-7
cells (see Table S1 in the supplemental material), calculated the
fold induction for each gene compared to that in the untreated cell
population, and divided fold induction values in Huh-7 cells by
those in Huh6 cells (Fig. 2A). Generally, levels of ISG induction
upon IFN-vy treatment were similar in Huh6 and Huh-7 cells,
resulting in a >2-fold upregulation of 115 and 140 genes, respec-
tively (see Table S1). Genes which were less than 2-fold induced in
Huhé cells by IFN-y and showing at least 3-fold-higher induction
in Huh-7 cells than in Huhé cells were considered candidates, in
total resulting in a selection of 23 genes (Table 1). We focused on
the identification of direct effectors implicated in the antiviral
IFN-vy response, and therefore, we excluded several candidate
genes. These included (i) genes for secreted proteins, such as in-
terleukins, chemokines, and complement factors (CXCL9,
CXCL11, CFH, IL-7, MT2A, IL-32, and CFB; although the lack of
particular cytokines in Huh6 cells was striking and potentially
contributed to the differences in the functional IFN-vy response in
Huh6 and Huh-7 cells, e.g., by amplifying changes in gene expres-
sion in response to IFNs or by inducing additional subsets of
genes, they were unlikely direct effectors), (ii) known ISGs lacking
antiviral activity against HCV (MxI [46]), and (iii) genes unlikely
having direct effector functions, like major histocompatibility
complex (MHC) class I genes (HLA-A and HLA-B) and TLR3. Out
of 23 genes, 11 were considered for further experimental valida-
tion: BTN3A3, CASPI, CARD16, BIN3A2, HERC6, SERPINA7,
CTSS, TRIM31, NLRC5, DDX60L, and ACY3 (Table 1).

To determine if any of these candidates played a role in IFN-
v-mediated inhibition of HCV replication, we silenced expression
of each respective gene in Huh-7 cells to restrict the functional
IFN-vy response and increase viral replication after IFN-vy treat-
ment. This strategy previously allowed us to identify novel effector
ISGs involved in IFN-a and IFN-vy responses against HCV (6).

In this study, we independently cotransfected two siRNAs per
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FIG 1 IFN-v sensitivity of HCV replicons in Huh-7 and Huh6 cells. (A) Western blot analysis of stable HCV replicon cell lines derived from Huh6 and Huh-7
cells. Cells were treated with 10 ng/ml of IFN-y or remained untreated for the indicated times. HCV NS3 protein was detected by using secondary antibodies
labeled with IRDye and the LI-COR Odyssey system. Actin was used as a loading control. (B) Quantification of Western blot results in panel A. Band intensity
was determined by using Image] software. Background was subtracted, and NS3 band intensity was normalized (norm.) to actin band intensity. Shown is the ratio
of treated to untreated samples in percent. (C) Northern blot analysis of stable HCV replicon cell lines derived from Huh6 and Huh-7 cells. Cells were treated with
10 ng/ml of IFN-y or remained untreated for the indicated times. RNA was used for Northern blot analysis with **P-labeled riboprobes specific for the neomycin
resistance sequence, within the genomic HCV RNA or actin mRNA as a loading control. Two independent cell lines were analyzed for each genotype in the case
of Huh6 cells and one was analyzed for Huh-7 cells. One representative blot is shown for each condition. (D) Quantification of Northern blot results in panel C.
Band intensity was determined by using Image] software. Background was subtracted, and the HCV RNA band intensity was normalized to the actin band
intensity. Two independent cell lines were analyzed for Huh6 cells and one was analyzed for Huh-7 cells. Shown is the ratio of treated to untreated samples in
percent. (E) Long-term culture of stable Huh6 and Huh-7 replicon cell lines. Both replicon cell lines were seeded and then treated with G418 for selection of the
HCV replicon. Additionally, 10 ng/ml of IFN-y was added to select for IFN-y-resistant cell populations. Cells were detached and counted, and the same amounts
were reseeded every 3 to 4 days. Plotted is the ratio of cell numbers between G418- and IFN-+y-treated cells relative to that of cells treated with G418 alone. The
experiment was performed twice with Huh6-derived cell lines and once with Huh-7-derived cell lines. Error bars indicate SDs. (F) Transient replication of HCV
FLuc reporter replicons under treatment with IFN-y. Naive Huh6 and Huh-7 cell lines were transfected with HCV FLuc reporter RNA (LucJFH1) and treated
with IFN-y at the given concentrations. Forty-eight hours after treatment, HCV replication was measured by luciferase assay. The experiment was performed 4
times; the results of one representative experiment are shown. Plotted are means between triplicate samples; error bars indicate SDs. rel, relative.

gene with HCV Conl FLuc reporter replicons (LucConlET) into  ing firefly luciferase activity (Fig. 2B). Knockdown of interferon
Huh-7-Lunet cells. Twenty-four hours after transfection, cells gamma receptor 2 (IFN-yR) was used as a positive control for
were treated with an IFN-vy concentration slightly below the IC,, rescue of HCV replication in the presence of IFN-vy (6). Data were
(Fig. 1F), and 72 h later, HCV replication was assessed by measur-  normalized to the luciferase activity obtained upon transfection of
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FIG 2 Identification of effector proteins of the IFN-+y response against HCV. (A) Strategy to identify candidate effectors of the IFN-vy response against HCV by
gene expression analysis. Huh-7 and Huh6 cells were treated with 1,000 IU/ml of IFN-y or left untreated for 24 h. Total RNA was used for gene expression analysis
by Affymetrix HGU133A Plus 2.0 Genechip microarray. Relative induction by IFN-+y treatment was calculated for each cell line, and relative induction values in
Huh-7 cells were divided by relative induction values in Huhé cells for each gene. Genes with more than ca. 3-fold (log, > 1.58) higher induction in Huh-7 cells
were considered candidate effectors of IFN-v. (B) Experimental strategy used for screening of candidates. siRNAs directed against candidate genes listed in Table
1 were transfected together with HCV FLuc reporter replicon RNA (genotype 1b or genotype 2a) into naive Huh-7-Lunet cells. Twenty-four hours after
transfection, cells were treated with 0.15 ng/ml of IFN-y. HCV replication was determined 96 h after transfection by luciferase assay. (C) Results of the primary
candidate screening. The experiment was performed as described for panel B, using genotype 1b (LucConlET) reporter replicons. Luciferase activity was
normalized to that of the untreated siNT control. silFNgR was used as a control for rescue of HCV replication. The experiment was performed twice; shown are
means with SDs. (D) siRNAs against DDX60L were tested in the same setting as for panel B, but using a genotype 2a FLuc reporter replicon (LucJFH1) instead.
Luciferase values were normalized to that of the untreated siNT control. Experiment was performed twice; shown are means with SDs. Note that in the case of
siDDX60L_5, results did not reach statistical significance due to high variability among independent replicates. (E) Knockdown efficiency of siRNAs against
DDX60L in the presence and absence of IEN-y. DDX60L mRNA levels were determined by qRT-PCR 48 h after transfection. Results were normalized to those
for untreated siNT.

a nontargeting siRNA (siNT) in the absence of IFN-vy treatment, only minor effects on HCV replication under IFN-vy treatment,
which was set to 100% (Fig. 2C). As expected, HCV replication not reaching statistical significance. However, we did not test
was reduced to approximately 10% after IFN-vy treatment (and knockdown efficiencies in these experiments, so it cannot be ex-
siNT transfection) and rescued by knockdown of IFN-yR to more  cluded that these factors still play a role in the IFN-y response
than 50% (Fig. 2C). Most siRNAs did not show any or showed against HCV. Interestingly, two siRNAs, both targeting DDX60L,
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mediated a significant rescue of HCV replication in the presence
of IFN-v, resulting in a 2- to 3-fold increase of HCV replication
compared to siNT (Fig. 2C). We additionally tested the entire
panel of candidate genes for their capability to rescue genotype 2a
replication using the same experimental setup (replicon LucJFH1)
(Fig. 2B). Again, only knockdown of DDX60L rescued HCV rep-
lication from IFN-v treatment (Fig. 2D), as we had observed for
genotype 1b, whereas knockdown of all other candidates had no
significant effects (data not shown). We furthermore determined
knockdown efficiency in the presence and absence of IFN-vy for
the siRNAs targeting DDX60L (Fig. 2E). Indeed, both siRNAs re-
duced DDX60L mRNA levels, albeit to various extents, reflecting
their efficiencies in rescuing HCV replication. Importantly, both
siRNAs were capable of limiting induction of DDX60L mRNA
expression upon IFN-vy treatment to the level of the untreated
samples (Fig. 2E). In summary, by comparing genes differentially
induced by IFN-vy in Huh-7 and Huh6 cells and screening for their
effects on HCV replication, we identified DDX60L as a novel ef-
fector protein mediating the IFN-y response against HCV in
Huh-7 cells.

DDX60L acts independently from DDX60 and restricts HCV
RNA replication in Huh-7 cells. DDX60L is a member of the large
family of DExD/H box helicases, but no distinct function has been
assigned to it so far. The sequence of DDX60L is more than 70%
identical to that of DEAD box polypeptide 60 (DDX60), which has
been implicated in RIG-I signaling (23) and RNA stability (25)
and has been identified as a candidate effector protein against
HCV (15). Therefore, we next aimed to validate the specific role of
DDXG60L in the IFN-y response against HCV using cell lines harbor-
ing persistent genotype 2a FLuc reporter replicons (LucubineoJFH1)
(Fig. 3A) and to dissect the function of DDX60L and its homolog
DDX60. We tested a broader set of siRNAs against DDX60L and an
siRNA targeting DDX60 (23), all of which were specific for their re-
spective targets (Fig. 3B and data not shown). The siRNA
siDDX60L_6 was excluded from further experiments due to cyto-
static effects (Fig. 3C), which were also apparent by microscopic anal-
ysis and might interfere with HCV replication (27). LucubineoJFH1
cells were transfected with siRNAs targeting DDX60L, DDX60, or
IFN-vyR, and HCV replication was assessed by measuring luciferase
activity in the presence and absence of IFN-vy treatment (Fig. 3A, D,
and E). Interestingly, HCV replication was already increased upon
knockdown of DDX60L in the absence of IEN-y (Fig. 3D), which was
not the case in DDX60-silenced cells. This result indicated that
DDX60L was a factor generally restricting HCV replication in Huh-7
cells. To assess the specific contribution of DDX60L to the IFN-y
response, we normalized the data to those for the untreated controls
specific for the siRNAs (Fig. 3E). This again revealed a significant
contribution of DDX60L but not of DDX60 to a functional IFN-y
response against HCV. Since transfection of siRNA into a cell line
harboring persistent replicons is not efficient in all cells, limiting the
overall measurement window, we confirmed rescue from IFN-vy re-
sponse by lentiviral transduction with selectable vectors expressing
DDX60L-specific sShRNAs and selected for cell populations harbor-
ing the replicon and expressing shRNA. We used vectors encoding
shRNAs against RSAD2 (viperin), a previously described direct in-
hibitor of HCV replication (47) which substantially contributes to
type I and II IFN responses (6), as a positive control. Stable cell pop-
ulations were treated with IFN-vy, and rescue of replication from
IFN-vy was assessed by normalization to each individual untreated cell
population. Stable knockdown of DDX60L was comparably efficient
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(Fig. 3G) and rescued HCV replication to an extent similar to that of
RSAD?2 (Fig. 3F), suggesting that DDX60L contributes to a functional
IFN-y response to alevel comparable to those of previously described
effectors.

We next wanted to evaluate if DDX60L was an upstream com-
ponent or a downstream effector of the IFN-y pathway. There-
fore, we measured the IFN-y-induced upregulation of the mRNA
expression of the IFIT3 and GBP1 genes, two signature genes of
the IFN-+y response in Huh-7 cells (6, 27). However, knockdown
of DDX60L, in contrast to IFN-yR, did not alter the IFN-y-medi-
ated induction of IFIT3 and GBP1 mRNA expression (Fig. 4),
arguing against an impact of DDX60L on IFN-y-mediated JAK/
STAT signaling. Taken together, these experiments revealed that
DDXG60L is a general restriction factor of HCV replication in
Huh-7 cells that contributes to functional IFN-vy responses to an
extent similar to that of RSAD2/viperin. In contrast, silencing of
the homolog DDX60 did not significantly increase HCV replica-
tion in Huh-7 cells in either the absence or presence of IFN-y. Our
results furthermore indicate that DDX60L does not affect IFN-+y-
induced gene expression but most likely acts as a direct effector
protein inhibiting HCV RNA replication.

HAV replication is not affected by DDX60L knockdown.
IFN-v inhibits a broad range of viruses; however, previous studies
suggested that different viruses and virus groups are targeted by
various, partially overlapping sets of effector proteins. We there-
fore questioned whether DDX60L is involved in the IFN-vy re-
sponse against HAV, a positive-strand RNA virus grouped into
the Picornaviridae family. HAV and HCV share the same hepatot-
ropisms, replicate with similar efficiencies in Huh-7 cells, and are
comparably sensitive to IFN-vy (34). Although both viruses harbor
a positive-strand genome and share distinct aspects of their biol-
ogies, they are also divergent in other respects; e.g., the HAV ge-
nome is linked to a 5’-terminal protein and contains a poly(A)
tractatits 3’ end (48). HCV and HAV reporter replicons LucJFH1
and LucHAV (34) were cotransfected with siRNAs into Huh-7-
Lunet cells, and viral replication and rescue from the IFN-vy re-
sponse were determined by quantifying luciferase activity in the
presence and absence of IFN-vy (Fig. 5A). However, knockdown of
DDX60L did not significantly alter HAV replication in the absence
of IFN-v (Fig. 5B), nor did it rescue HAV replication from IFN-vy
treatment, unlike replication of HCV (Fig. 5C). Still, these results
did not formally rule out minor effector functions of DDX60L,
since other ISG products might dominate the functional IFN re-
sponse against HAV or HAV might be overall less sensitive to
DDX60L.

DDXG60L is involved in the type I and type III IFN responses
against HCV. Previous studies have pointed to partially overlap-
ping sets of genes mediating type I, type II, and type III IEN re-
sponses (6). In addition, DDX60L had been previously described
as a type I IFN response gene, similar to DDX60 (24). Therefore,
we were interested in whether DDX60L also significantly contrib-
utes to type I and type III IEN responses against HCV. To study
this, we first evaluated relative DDX60L induction levels by mi-
croarray gene expression analysis of Huh6 and Huh-7 cells treated
with IFN-a (Fig. 2A). Interestingly, DDX60L was upregulated in
both Huh6 and Huh-7 cells by treatment with IFN-a (Fig. 6A).
DDX60L mRNA induction patterns therefore matched the IFN
sensitivity pattern of HCV, which was sensitive to IFN-« in both
cell types. To confirm DDX60L mRNA induction by IFN-a, we
treated Huh-7-Lunet cells with different concentrations of [IFN-a
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FIG 3 DDX60L knockdown increases HCV replication in the absence of IFN-y and partially rescues HCV replication from IFN-vy treatment. (A) Experimental
strategy using replicon cell lines with persistent reporter replicons. HCV FLuc reporter replicon cell lines derived from Huh-7-Lunet cells (LucubineoJFH1,
genotype 2a) were transfected with siRNAs. Twenty-four hours after transfection, the cells were treated with 0.15 ng/ml of IFN-vy. Ninety-six hours after
transfection, HCV replication was determined by measuring luciferase activity. (B) Knockdown efficiency of transfected siRNAs. Forty-eight hours after
transfection of siRNAs, DDX60L mRNA levels were determined by qRT-PCR. Shown are mRNA levels relative to that of the siNT control. (C) Cell viability
after siRNA transfection. LucubineoJFH1 cells were transfected with siRNAs as for panel B. Ninety-six hours after transfection, cell viability was determined by
WST-1 assay and normalized to the siNT control. Shown are mean values with SDs (n = 3). (D) Replication of HCV after siRNA transfection in the absence of
IEN-vy. LucubineoJFH1 cells were transfected with indicated siRNAs. Luciferase activity 96 h after transfection was normalized to that of the siNT control. (E)
Rescue of HCV replication in the presence of IFN-+y. Light gray bars correspond to bars in panel D, but luciferase activity at 96 h after transfection was normalized
to the value for the untreated control of each siRNA, eliminating differences in HCV replication by the siRNA. Given are mean values with SDs (1 = 2). (F) Rescue
of HCV replication in the presence of IFN-y using shRNA-mediated knockdown. LucubineoJFH1 cells were transduced with selectable lentiviral vectors
encoding shRNAs against DDX60L and RSAD?2. After double selection of populations expressing shRNA and replicons, cells were treated with IFN-v for 72 h and
HCV replication was determined by luciferase assay. Results were normalized to those for the untreated control of each shRNA population. Shown are mean
values with SDs (n = 4). (G) Knockdown efficiency of shRNAs. Cells were transduced with the corresponding vectors. Ninety-six hours after transduction,
DDX6L mRNA levels were determined by qRT-PCR. mRNA levels are shown relative to that of the shNT control.

and analyzed DDX60L mRNA expression by qRT-PCR; we found  suggesting that both genes are part of the early ISG repertoire of
it to be induced up to 20-fold upon IFN-« treatment (Fig. 6B).  the human liver (Fig. 6C).

Basal expression of DDX60 mRNA was lower in Huh-7 cells than Since expression of DDX60L and DDX60 was upregulated by
expression of DDX60L but reached levels comparable to those of IFN-a in both Huh-7-Lunet cells and PHH, we next aimed to
DDX60L upon IFN-a treatment (data not shown). In primary evaluate whether knockdown of these genes would also rescue
human hepatocytes (PHH), DDX60L and DDX60 mRNA levels HCV replication from IFN-a responses. We followed the same
were strongly induced by IFN-a. They both reached comparable  experimental strategy for IFN-a as for [FN-y before (Fig. 3A),
expression levels and displayed very similar induction kinetics, silenced DDX60L and DDX60 in HCV LucubineoJFH1 cells, and
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FIG 4 Absence of impact of DDX60L knockdown on ISG response to IFN-vy.
Huh-7-Lunet cells cotransfected with LucJFH1 and siRNAs were treated with
0.1 ng/ml of IFN-y. Twenty-four hours after treatment, IFIT3 (A) or GBP1
(B) mRNA levels were determined by qRT-PCR. Values were normalized to
those for GAPDH and untreated siNT controls. Shown are mean values
with SDs (n = 2).

assessed HCV replication in the presence and absence of IFN-a.
Silencing of STAT2 served as a positive control. Knockdown was
specific for DDX60L and DDX60, dampening the IFN-a-medi-
ated increase in mRNA expression with similar efficiencies for
both genes (data not shown). Importantly, silencing of DDX60L
but not of DDX60 substantially rescued HCV replication from
IFN-a treatment (Fig. 6D), demonstrating that DDX60L indeed
was a key effector protein not only of the type Il but also of the type
I IFN response against HCV replication in Huh-7 cells. Finally,
using the same experimental model as for IFN-a, we assessed the
contribution of DDX60L to the type III IFN response. Indeed,
DDX60L mRNA expression was also upregulated dose depend-
ently by IFN-\ (Fig. 6E), and HCV replication was partially res-
cued from the IFN-\ response upon knockdown of DDX60L but
not DDX60 (Fig. 6F).

In summary, these results showed that DDX60L is induced
upon IFN-o and IFN-\ treatment and contributes significantly to
the suppression of HCV replication by type I and type III IFNSs.

DDX60L is induced during HCV infection in PHH and con-
tributes to RIG-I activation. Since these results clearly established
DDX60L as an important contributor to IFN responses against
HCV in Huh-7 cells, we next aimed to clarify if DDX60L expres-
sion is directly induced by HCV. Recent studies have shown that
HCV replication mounts a substantial ISG response in infected
cells in vivo (3, 12) and in PHH (6, 49), despite its ability to cleave
MAVS, an essential adaptor in the IRF-3 signaling pathway leading to
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FIG 5 Impact of DDX60L knockdown on HAV replication and IFN-y re-
sponse to HAV. (A) Experimental procedure. Naive Huh-7-Lunet cells were
cotransfected with HAV (LucHAV) or HCV FLuc reporter replicons
(LucJFH1) and siRNAs. Twenty-four hours after transfection, cells were treated
with 0.1 ng/ml of IFN-y or left untreated. Ninety-six hours after transfection,
replication was determined by measuring luciferase activity. (B) Impact of
DD60XL knockdown on HAV replication. Luciferase activity 96 h after transfec-
tion was normalized to that of the siNT control. Shown are means with SDs (n =
2). (C) Absence of rescue of HAV replication from the IFN-y response upon
DDX60L knockdown. Luciferase activity 96 h after transfection was normalized to
the untreated samples of each siRNA and reporter replicon, to determine rescue
efficiency under IFN-vy treatment. Shown are means with SDs (n = 2).

suppressed type I and III IFN production (50). Since the direct acti-
vation of IRF-3-dependent responses is generally weak in hepatoma
cells, like Huh-7 cells (51), we analyzed the ISG induction in PHH
infected with HCV. To this end, we measured the expression levels of
DDX60L, DDX60, and IFN-B mRNA at different time points after
infection with cell culture-derived HCV particles at an MOI of 5
TCIDs,/ml. HCV infection resulted in strong induction of all genes
tested starting as early as 18 h postinfection (Fig. 7A), at the onset of
viral replication (Fig. 7B). Induction of DDX60L and DDX60 mRNA
expression was comparable to that in IFN-a-treated cells and oc-
curred in parallel to IFN-B mRNA induction but was much more
sustained, similar to what was previously found for other ISGs (6).
This fast and strong ISG response was most likely the reason for the
limited replication of HCV in PHH, which only reached input RNA
levels 48 h postinfection, before RNA levels declined again, as in a
previous study (6) (Fig. 7B).

DDX60 has been shown to enhance induction of the ISG re-
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FIG 6 Role of DDX60L in the type I and type III IFN responses. (A) Induction of DDX60L mRNA in Huh-7 and Huh6 cells. Microarray gene expression analysis
was performed as described for Fig. 2A. Shown are the relative induction levels of DDX60L in response to treatment with 1,000 IU/ml IFN-a or IEN-vy in Huh-7
and Huh6 cells. (B) Induction of DDX60L by IFN-« treatment in Huh-7-Lunet cells. Huh-7-Lunet cells were treated with the indicated concentrations of IFN-a
for 24 h, and DDX60L mRNA was determined by qRT-PCR relative to the untreated control. Shown are mean values with SDs (1 = 3). (C) Induction of DDX60L
by IFN-a treatment in PHH. PHH were treated with 100 IU/ml of IFN-a, and DDX60L and DDX60 mRNA levels were determined by qRT-PCR and normalized
to the value for the untreated control at each given time point. (D) DDX60L but not DDX60 knockdown partially rescues HCV replication upon IFN-o
treatment. LucubineoJFH1 cells were transfected with siRNAs against DDX60L and treated with 2.5 IU/ml of IFN-a 24 h after transfection as shown in Fig. 3A.
siSTAT2 was used as a control for rescue efficiency. Luciferase activity 96 h after transfection was used as a measure of HCV replication and normalized to that
of the untreated control of each siRNA. Shown are means with SDs (n = 2). (E) Induction of DDX60L mRNA expression by IFN-X treatment in Huh-7-Lunet
cells. Huh-7-Lunet cells were treated with the indicated concentrations of IEN-\ for 24 h, and DDX60L mRNA was determined by qRT-PCR relative to that of
the untreated control. Shown are mean values with SDs (n = 2). (F) DDX60L but not DDX60 knockdown partially rescues HCV replication upon IFN-\
treatment. LucubineoJFH1 cells were transfected with an siRNA against DDX60L and treated with 0.5 ng/ml of IFN-X 24 h after transfection. siSTAT2 was used
as a control for rescue efficiency. Luciferase activity 96 h after transfection was used as a measure of HCV replication and normalized to that of the untreated
control of each siRNA. Shown are means with SDs (n = 2).

sponse by stimulating RIG-I (23, 25). Since our results indicated
that significant amounts of DDX60L are already present in the
absence of IFN treatment, we reasoned that DDX60L also might
enhance the RIG-I-dependent ISG response and thereby contrib-
ute to the onset of innate immune responses, similar to DDX60.
To address a potential role for DDX60L in RIG-I-mediated IRF-3
activation, we silenced DDX60L in Huh-7-Lunet cells transduced
with an empty vector or expressing RIG-I and stimulated the
IRF-3 response by transfection of poly(I-C). Induction of IFIT1
mRNA expression was used as a readout for RIG-I activation
(Fig. 7C). IFIT1 mRNA expression was increased only 2-fold in
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naive Huh-7-Lunet upon transfection of poly(I-C), as reported
previously (42), but was dramatically increased upon overexpres-
sion of RIG-I (Fig. 7C). However, in both experimental settings,
knockdown of DDX60L resulted in a decrease in IFIT1 mRNA
induction levels (approximately 2-fold reduction), but this did
not reach statistical significance in RIG-I-overexpressing cells
(Fig. 7C). Nevertheless, these results implied that DDX60L might
contribute to RIG-I-mediated activation of innate immune re-
sponses, as reported for DDX60 (23, 25).

These results revealed that DDX60L expression is induced
early during acute HCV infection of PHH with a kinetics sim-
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FIG 7 DDX60L and DDX60 expression during HCV infection and impact
of DDX60L on RIG-I activation. (A and B) PHH were infected with cell
culture-derived HCV with an MOI of 5 TCID;/cell for 6 h. mRNA levels of
DDX60L, DDX60, and IFN-B as well as HCV RNA were determined by
qRT-PCR at various time points after infection. The experiment was per-
formed in triplicate with cells from one donor. (A) Expression of ISGs
during HCV infection. DDX60L, DDX60, and IFN-B mRNA levels were
determined by qRT-PCR and normalized to the mock-infected control at
each time point. Note that baseline expressions of DDX60L and DDX60
were similar (data not shown). (B) Quantification of HCV RNA by qRT-
PCR in samples shown in panel A. HCV RNA levels were normalized to the
input RNA at 6 h postinfection. Relative values correspond to about 4 HCV
strands per cell at 6 h postinfection (p.i.). (C) Impact of DDX60L on RIG-I
activation. Huh-7-Lunet cells stably overexpressing RIG-I (Huh-7-Lunet-
RIG-I) and empty control cells were transfected with an siRNA targeting
DDX60L or a nontargeting control (siNT). Forty-eight hours later, cells
were transfected with 100 ng of poly(I-C) and harvested 12 h later to quan-
tify ISG induction. IFIT1 mRNA levels determined by qRT-PCR and nor-
malized to GAPDH and unstimulated Huh-7-Lunet-RIG-I cells trans-
fected with siNT control. Shown are mean values with SDs (n = 2).
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ilar to that for the related DDX60. DDX60L furthermore en-
hances RIG-I-mediated IRF-3 activation, as previously shown
for DDX60.

Ectopic expression of DDX60L inhibits HCV replication and
hampers production of lentiviral vectors. The above-described
experiments defined a role for DDX60L in the interferon-medi-
ated suppression of HCV replication by silencing of endogenous
mRNA. We next tried to detect endogenous DDX60L protein by
IF and Western blotting, using two commercially available anti-
bodies. However, as judged by their responsiveness to interferon
treatment or knockdown, we failed to detect signals specific for
DDX60L in the presence and absence of IFN and proteasome in-
hibitors (data not shown). To overcome this problem, we aimed
to overexpress DDX60L ectopically. Due to the limited availability
of DDX60L ¢cDNA from public libraries or commercial sources,
which might be due to its large size (5.1 kb, encoding a 198-kDa
protein), we decided to clone the cDNA from Huh-7-Lunet cells,
thereby ensuring that we would obtain the specific coding se-
quence with a proven ability to inhibit HCV replication. We gen-
erated a consensus sequence based on 10 individual plasmid
clones differing at 6 amino acid positions from the GenBank
entry, reflecting documented polymorphisms in the human
population.

Based on this Huh-7-specific consensus sequence, we next
aimed to generate cell lines stably expressing DDX60L using a
selectable lentiviral vector. However, we were not able to select a
cell population that survived the selection process. In search of the
underlying cause, we assessed which step of our vector produc-
tion/transduction procedure was affected. Transduction of HeLa
cells after serial dilution and subsequent selection to allow single
colony formation revealed that virus stocks generated with empty
vector controls contained approximately 1 X 10" CFU (Fig. 8A).
Compared to this, titers of DDX60L-carrying lentiviruses were
strongly reduced, by more than 4 orders of magnitude. A possible
reason was the large insert size of DDX60L (5.1 kb, encoding a
198-kDa protein), which is known to reduce lentiviral vector titers
(52). Therefore, we analyzed the lentiviral titers of a vector carry-
ing the coding sequence for phosphatidylinositol-4-kinase Ila
(PI4KIIIat) (31), containing a 6.3-kb insert, encoding a 240-kDa
protein. In fact, titers after PI4KIIIa transfection displayed a re-
duction of about 50-fold compared to the empty vector control
(Fig. 8A). However, the DDX60L-encoding vectors were clearly
impaired an additional 400-fold, suggesting a specific inhibitory
effect of DDX60L on the vector titer. This defect did not manifest
at the level of viral protein synthesis during vector production,
since similar amounts of the Gag polyprotein p55 as well as its
processing products p41, p31, and p24Gag were detected in the
lysates of vector-producing 293T cells (Fig. 8B). The amounts of
viral particles released in the cell culture supernatants were slightly
(approximately 5-fold) reduced for DDX60L-containing vectors
as assessed by reverse transcriptase activity or p24Gag protein lev-
els (data not shown). However, this moderate reduction in the
production of physical particles could not account for the dra-
matic drop in infectious titer observed.

Since the infectivity of DDX60L containing lentiviral vectors
was markedly reduced, suggesting the DDX60L protein as a potent
restriction factor of lentiviral infection, we next generated lentivi-
ral vectors with doxycycline-inducible DDX60L expression be-
cause in this setting DDX60L should not be expressed during pro-
duction of the lentiviral particles. In this case, vector titers were
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FIG 8 Ectopic expression of DDX60L using lentiviral vectors. (A) Titers of lentiviral vectors encoding DDX60L or PI4KIIIa compared to empty vectors. pWPI
constructs encoding the indicated inserts and packaging plasmids were transfected into 293T cells to generate lentiviral vectors. Forty-eight hours after
transfection, supernatants were harvested. All data represent mean values with SDs (n = 4). Infectious titers were determined by transduction of HeLa cells and
selection for the appropriate antibiotic resistance (puro, puromycin; blr, blasticidin). CFU per milliliter were calculated by counting cell colonies 4 days
posttransduction. (B) Western blotting for HIV-1 Ca protein in lentiviral vector-producing 293T cell lysates. Transferrin receptor was used as a loading control.
Shown is a representative blot of three independent experiments. (C) Titers of lentiviral vectors encoding doxycycline-inducible DDX60L are not strongly
reduced. Lentivirus was generated and titers were determined as described for panel A, with pLVX-based inducible expression vectors encoding DDX60L, HA-
or eGFP-tagged DDX60L, or eGFP as a control. Data represent mean values with SDs (n = 2). (D) Expression of DDX60L by the inducible pLVX system.
Huh-7-Lunet cells transduced with lentiviral vectors encoding the inducible DDX60L-HA or with an empty vector were transfected with HCV Fluc reporter
replicons. Twenty-four hours after transfection, cells were treated with doxycycline (Dox) to induce expression of DDX60L. Seventy-two hours after transfection,
total RNA was isolated and DDX60L mRNA levels were determined by gRT-PCR. DDX60L mRNA levels were normalized to that of the empty vector control
(—Dox). Shown are mean values with SDs (n = 2). (E) Inducible overexpression of DDX60L reduces HCV replication. Cells were treated as described for panel
D. Seventy-two hours after transfection, HCV replication was determined by luciferase assay. Shown are mean values normalized to that of the empty vector
control (—Dox) with SDs (n = 4). (F) Absence of impact of inducible DDX60L overexpression on ISG response. IFIT1 mRNA levels were determined in total
RNA samples from panel D. Shown are mean values with SDs (n = 2).

only slightly reduced by the presence of a DDX60L insert com-
pared to controls (Fig. 8C), and we were able to select for stably
transduced cells. However, we were not able to detect DDX60L
protein either by IF or by Western blotting, using antibodies spe-
cific for DDX60L or the HA tag or autofluorescence of green flu-
orescent protein (GFP)-tagged DDX60L in the presence and ab-
sence of doxycycline. Therefore, we confirmed DDX60L mRNA
expression by qRT-PCR and found already enhanced mRNA lev-
els prior to induction, which were further increased by addition of
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doxycycline (Fig. 8D). Indeed, HCV replication was repressed in
cells transduced with inducible vectors encoding DDX60L com-
pared to cells transduced with an empty vector (Fig. 8E), arguing
for a direct antiviral activity of DDX60L. Importantly, we found
no evidence for induction of other ISGs upon ectopic expression
of DDX60L (Fig. 8F), suggesting that DDX60L indeed is a direct
effector counteracting viral replication and does not act by en-
hancing expression of other ISGs.

DDXG60L protein shows a broad cytoplasmic distribution,
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forms aggregates, and causes cytopathic effects upon high ex-
pression levels. To further analyze the impact of DDX60L over-
expression on HCV replication and to finally detect DDX60L pro-
tein, we next tried transient transfection of plasmids encoding
DDX60L under transcriptional control of the strong cytomegalo-
virus (CMV) promoter. We transfected increasing amounts of
plasmid DNA encoding DDX60L into Lucubineo]JFH1 cells. The
total amount of transfected DNA was kept constant by addition of
vector DNA encoding GFP, which also served as a negative control
(Fig. 9A). As expected, HCV replication decreased upon transfec-
tion of increasing doses of DDX60L-encoding plasmid DNA (Fig.
9A). However, cell viability was dose dependently affected by
transfection of DDX60L DNA (Fig. 9B), which was not observed
using inducible lentiviral vectors (data not shown). Therefore, we
could not distinguish unequivocally whether decreased HCV rep-
lication was due to direct DDX60L-mediated inhibition or due to
cell death induced by DDX60L overexpression. Again, neither un-
tagged DDX60L nor HA- and GFP-tagged DDX60L proteins
could be detected by Western blotting or IF. To finally visualize
DDX60L protein, we next implicated an even stronger expression
system based on transient transfection of genes under the tran-
scriptional control of the T7 RNA polymerase promoter into cell
lines constitutively expressing T7 RNA polymerase, which al-
lowed in previous studies efficient expression even of huge open
reading frames, like those of HCV NS3-5B (ca. 290 kDa) and
PI4KIIIa (240 kDa) (31). Indeed, using HA-tagged DDX60L, we
could detect the protein by Western blotting (Fig. 9D), but under
standard denaturing conditions (5 min at 95°C), the entire protein
species ran at extremely high molecular masses, suggesting that it
forms aggregates. Using milder denaturing conditions, some of
the protein could be resolved, but it remained a smear covering an
extremely broad range of mainly higher molecular masses (Fig.
9D). Very similar results were obtained upon in vitro translation
of radiolabeled DDX60L, again giving rise not to a distinct band at
the expected size of 200 kDa but rather to a broad smear (data not
shown). Neither molecular mass distribution nor abundance of
DDX60L could be changed by treatment with proteasome or pro-
tease inhibitors (data not shown). These results suggested that
DDX60L tends to form aggregates. However, by being able to
detect HA-tagged DDX60L, we could confirm that one of the
commercially available antibodies was specific for DDX60L (Fig.
9D), suggesting that the amount of endogenous DDX60L was in-
deed beyond the limit of detection by Western blotting. With the
ability to detect ectopically expressed HA-tagged DDX60L pro-
tein, we next analyzed the impact of DDX60L expression on HCV
replication (Fig. 9E) and the localization of DDX60L relative to
HCV proteins (Fig. 9F). We transfected subgenomic replicons
into Huh7-T7 cells and transfected plasmids encoding DDX60L,
enhanced GFP (eGFP), or empty vectors 48 h later, to first allow
the establishment of robust HCV replication (Fig. 9C). Indeed,
only plasmids encoding DDX60L substantially suppressed HCV
replication (Fig. 9E), confirming our previous data using other
expression models (Fig. 8E and 9A) but now allowing study of the
subcellular localization of DDX60L. However, most cells with
strong HA-DDX60L expression clearly displayed cytopathic ef-
fects in the presence (Fig. 9F, marked with an asterisk) and ab-
sence (data not shown) of HCV, indicating that high expression
levels of DDX60L indeed might cause cell death. DDX60L was
widely distributed throughout the cytoplasm (Fig. 9F), similar to
DDX60 (23, 25). Strong DDX60L expression was rarely found in
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the presence of HCV replication (Fig. 9F). However, in these cases
we found no indication for a generally altered localization of
DDX60L (Fig. 9F, right). DDX60L and NS5A only sometimes co-
localized in individual spots, but not to a statistically significant
level (data not shown).

Taken together, the results showed that ectopic expression of
DDX60L in three different models inhibited HCV replication but
did not induce expression of other ISG products, further confirm-
ing that DDX60L is a direct effector protein inhibiting viral RNA
replication. DDX60L protein was detectable only upon massive
overexpression, which was associated with cytopathic effects. The
protein is widely distributed throughout the cytoplasm, and we
found only minor colocalization with HCV NS5A.

DDXG60L affects viral RNA replication independently from
IRES-dependent translation and RNA stability. The lack of im-
pact of DDX60L on IFN-y-induced gene expression as well as the
inhibition of HCV replication upon DDX60L expression sug-
gested that DDX60L acts as a direct effector protein inhibiting
HCV replication, although we did not find a strong colocalization
of DDX60L and HCV proteins. We therefore aimed to narrow
down which step of the replication cycle was affected by DDX60L.
All our experiments so far were based on subgenomic replicons
lacking the viral structural proteins, suggesting that viral RNA
replication was the most plausible target of DDX60L. Still, we
aimed to exclude a further inhibitory role for DDX60L in viral
assembly and release and therefore analyzed the impact of
DDX60L knockdown on the rescue of HCV infection and particle
production using infectious virus. To this end, we used a mono-
cistronic reporter virus (JcR2A [36]) to infect Huh7.5 cells after
transfection of siRNA (Fig. 10A). Twenty-four hours after infec-
tion, cells were pulse-treated with IFN for 24 h to assess the impact
of DDX60L on rescue of viral infection by determining Renilla
luciferase activity in cell lysates (Fig. 10B). The IFN-free superna-
tant at the time point of cell harvest was used for reinfection of
naive Huh7.5 cells to determine additional effects of DDX60L
knockdown on viral assembly and particle release (Fig. 10C).
DDX60L knockdown indeed rescued JcR2A replication after in-
fection and treatment with IFN-o and IFN-vy (Fig. 10B), demon-
strating that DDX60L also is an important effector in the IFN
response against HCV infection. We also obtained more infec-
tious virus from cells transfected with siDDX60L compared to
siNT (Fig. 10C). However, the relative increase in viral titers sim-
ply mirrored the rescue of replication after infection (compare
Fig. 10C and B), suggesting that DDX60L mainly targets viral RNA
replication and has no further impact on viral assembly or release.

Translation of HCV proteins depends on the IRES in its 5’
untranslated region (UTR) (53), and indeed, several previous
studies have shown that IFN results in inhibition of HCV IRES-
dependent translation (15, 54). To address whether DDX60L
might target activity of the HCV IRES or other unrelated IRES
elements, we silenced DDX60L in Huh-7-Lunet cells and trans-
fected monocistronic replication-deficient reporter replicons en-
coding firefly luciferase driven either by the HCV IRES or by the
poliovirus IRES, which differ significantly in their mechanisms of
ribosome recruitment (55) (Fig. 10D). To normalize for transfec-
tion efficiency, we added a capped in vitro transcript encoding
Renilla luciferase (RLuc). However, knockdown of DDX60L had
no impact on the efficiency of IRES-mediated translation, either
from the HCV IRES or from the poliovirus IRES (Fig. 10D). The
bicistronic replicons used in most experiments furthermore con-
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transfected with pTM vectors encoding DDX60L variants, eGFP, or an empty vector control. Twenty-four hours later, cells were harvested and analyzed by
luciferase assay for HCV replication (E) or by IF (F). (D) DDX60L protein detection by Western blotting. Protein lysates from Huh-7-Lunet-T7 cells transfected
with the indicated pTM constructs were denatured in SDS sample buffer at different temperatures. Denatured lysates were analyzed by SDS-PAGE followed by
Western blotting using antibodies detecting HA or DDX60L, as indicated. Note that a lower denaturation temperature led to a slightly better resolution of protein
aggregates. B-Actin was used as a loading control. (E) DDX60L overexpression decreases HCV replication. Huh-7-Lunet-T7 cells transfected with HCV Fluc
reporter replicon RNA were transfected with pTM vectors encoding DDX60L or eGFP as a control as indicated in panel C. HCV replication was determined by
luciferase assay 72 h after transfection of HCV RNA and 24 h after transfection of plasmid DNA. Values are normalized to that of the empty vector control. Shown
are mean values with SDs (n = 2). (F) Detection of DDX60L and HCV NS5A by immunofluorescence (IF) microscopy. Cells transfected with HCV replicon RNA
and pTM plasmids encoding HA-tagged DDX60L as indicated in panel C or mock-transfected cells were fixed, DDX60L was visualized by IF staining for the HA
tag, and HCV replication complexes were detected by using 9E10 antibody directed against NS5A. The HA signal is shown in green, the NS5A signal in red. An
asterisk indicates a dying cell.
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FIG 10 Impact of DDX60L on HCVcc infection, IRES-dependent translation, and stability of HCV RNA. (A) Experimental strategy to determine the impact of
DDX60L knockdown on replication and assembly and release of full-length HCV reporter virus JcR2A, schematically shown at the top. Huh7.5 cells were
transfected with siRNAs 24 h before being infected with cell culture-derived JcR2A reporter virus at an MOI of 1 TCID;/cell. Twenty-four hours later, cells were
treated with 0.3 ng/ml of IEN-vy or 5 IU/ml of IEN-a. Forty-eight hours after infection, the medium was replaced by interferon-free medium. Seventy-two hours
after infection, cells were harvested and analyzed for luciferase activity to assess the contribution of DDX60L to the IFN response against HCV infection.
Supernatants were transferred to naive Huh7.5 cells for quantification of HCV particle production (“reinfection”). Luciferase activity in the reinfection
experiment was used as a correlate for titers of infectious virus. (B) JcR2A infection is rescued from IFN treatment by DDX60L knockdown. Huh7.5 cells
transfected with the indicated siRNA and infected with JcR2A reporter virus were treated with IFN-y or IFN-a and analyzed for Renilla luciferase activity as
indicated in panel A. Luciferase values were normalized to the respective untreated controls to determine rescue of HCV infection from the IFN response by
DDX60L knockdown. Shown are mean values with SDs (1 = 2). (C) JcR2A particle production is rescued from IFN treatment by DDX60L knockdown. Huh7.5
cells were infected with supernatants from the samples in panel B. Seventy-two hours after reinfection, cell lysates were subjected to Renilla luciferase assay to
analyze the rescue of HCV production from the IFN response upon silencing of DDX60L. Luciferase activity was normalized to the respective untreated controls.
Shown are mean values with SDs (n = 2). (D) DDX60L knockdown does not influence translation of the HCV IRES. Huh-7-Lunet cells were transfected with
siRNA targeting DDX60L and 48 h later electroporated with replication-deficient reporter replicons, relying on either the HCV or the unrelated poliovirus IRES
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tain a heterologous EMCV-IRES element (28), which could be a
target of DDX60L. Therefore, we confirmed that knockdown of
DDX60L also increased replication of monocistronic replicons in
Huh-7-Lunet cells and rescued them from the IFN-vy response to
an extent similar to those of bicistronic replicons (data not
shown).

Finally, we aimed to determine whether DDX60L acts by ac-
tively degrading HCV RNA, as has been recently proposed for
DDX60 (25). Therefore, we transduced Huh-7 cells harboring a
subgenomic JFH1 replicon with lentiviral vectors encoding non-
targeting or DDX60L-specific shRNA, inhibited viral RNA syn-
thesis by addition of 2’CMC, a nucleosidic inhibitor of HCV rep-
lication, and quantified HCV copy numbers to assess a direct
contribution of DDX60L to degradation of viral RNA (Fig. 10E).
However, the HCV genome copy number declined with the same
kinetics in cells transduced with nontargeting shRNA as with
knockdown of DDX60L. Therefore, DDX60L, in contrast to
DDX60, seems not to be involved in the degradation of HCV RNA
but affects a different step in viral RNA replication.

Opverall, we found no evidence for an impact of DDX60L on
HCV assembly and release, on IRES-mediated translation, or on
RNA stability. We therefore assume that DDX60L most likely af-
fects viral RNA replication. Still, further in-depth analyses are re-
quired to gain deeper insights into the mechanisms governing
suppression of HCV replication by DDX60L.

DISCUSSION

Even though efficient IFN-y responses are induced in Huh6 as
well as Huh-7 cells, Huh6 cells fail to induce an antiviral state,
most likely due to the lack of particular effector proteins (27). In
this study, we used comparative transcriptome analyses of Huh-7
and Huh6 cells followed by an siRNA-based screening approach
to identify genes contributing to functional IFN-y responses
against HCV. We identified the yet-uncharacterized putative
DExD/H-box helicase DDX60L as an important effector protein
of the type I, type II, and type III interferon responses against
HCV, also restricting viral replication in the absence of IFN.

To screen for effectors involved in the IFN-y response, we si-
lenced individual candidate genes and analyzed their impact on
HCV replication in the presence of IFN-y. In the case of substan-
tial contribution of a factor to the antiviral effect of interferons,
viral replication will be rescued to a significant level, as previously
shown on a larger scale (6). Comparison with the complementing
strategy employing overexpression of a candidate gene and di-
rectly testing its effect on viral replication (15, 17) shows that both
approaches have certain strengths and weaknesses. A certain ad-
vantage of the knockdown is that each single gene is tested in the
context of the full-blown IFN-induced antiviral state with authen-
tic gene expression levels, thereby avoiding potential artifacts
from overexpression, e.g., due to cytotoxic effects inhibiting viral
replication. However, the knockdown approach will identify only
candidates with a substantial contribution to the IFN response,
since a complementing and overlapping set of ISGs targets each

virus (6, 15); therefore, minor candidates might be missed. For
example, one siRNA slightly but reproducibly increased HCV rep-
lication in the presence of IFN-y in the case of ACY3 and NLRCS5,
a protein previously described to increase ISG levels after IFN-y
treatment (56). However, our study focused on the identification
of factors substantially contributing to IFN responses; therefore,
these potential candidates were not further validated. By following
the knockdown approach, we identified DDX60L as a novel inhib-
itor of HCV genotype 1 and 2 replication and as a main effector of
the type I, type 11, and type III IEN responses against HCV. The
contribution of DDX60L was comparable to those other major
ISG products targeting HCV, like RSAD2/viperin (47), IFITM3,
and NOS2 (6) (data not shown).

Surprisingly, it was extremely difficult to detect DDX60L protein,
and we succeeded only by using a strong transient-overexpression
model. Thereby we could verify the specificity of one commercially
available antibody toward DDX60L, allowing in principle the detec-
tion of endogenous protein by Western blotting but not by IF. How-
ever, even after IFN treatment, endogenous DDX60L stayed below
the limit of detection; therefore, it remained difficult to assess protein
functions in a physiological context. Still, working with the overex-
pressed protein, we could define some principal properties. (i)
DDX60L forms SDS-resistant aggregates, similar to amyloids (57),
since in Western blotting and in vitro translation, no distinct band of
the expected size was found, but rather a smear covering a very broad
range of mainly higher molecular masses than expected. Proteasome
inhibitors had no impact on protein abundance or size distribution.
At the current state it is therefore difficult to draw firm conclusions
on DDX60L protein stability. (ii) DDX60L was widely distributed
throughout the cytoplasm but was not found in the nucleus, similar
to DDX60 (23, 25). We furthermore found no striking colocalization
with HCV NS5A. (iii) DDX60L caused cytotoxicity at high expression
levels. Indeed, other DExD/H box helicases have been shown to in-
duce apoptosis or to arrest the cell cycle (reviewed in reference 19),
and expression of other ISGs can inhibit cell proliferation or promote
cell death (reviewed in reference 58). Still, it is currently hard to judge
whether this is also a physiological role of DDX60L or rather an arti-
fact of overexpression. Overall, our study thereby set the ground and
defined reagents for a more in-depth analysis of properties and func-
tions of DDX60L. However, additional studies, going beyond the
scope of this work, will be required to clarify the mechanism of action
of DDX60L in greater detail, e.g., by reverse genetic analysis of mu-
tants or by seeking for physical interactions with viral RNA or pro-
teins.

DDX60L had a strong impact on infectivity of lentiviral vec-
tors, demonstrating that its activity is not restricted to HCV.
While our studies did not address the mechanism underlying this
restriction, they define that the effect of DDX60L is determined
during lentivirus production but ultimately impacts target cell
infection. Our result is reminiscent of a recent study, which failed
to generate lentiviral vectors encoding DDX60, DDX3X, and
MOV10 (15), which are also RNA helicases, like DDX60L. The
magnitude of the antilentiviral effect of DDX60L warrants further

for translation of FLuc. Capped in vitro transcripts encoding Renilla luciferase (RLuc) were cotransfected to normalize for transfection efficiency. FLuc and RLuc
activity was determined in cell lysates 2 h after transfection. Shown are mean values with SDs (n = 2). (E) Stability of HCV RNA is not altered by DDX60L
knockdown. LucubineoJFH1 cells were transduced with lentiviruses encoding shRNAs against DDX60L at an MOI of 5. Twenty-four hours later, the cells were
treated with 100 pM 2'CMC to inhibit the de novo synthesis of viral RNA. At the indicated time points, total RNA was isolated to determine the amount of HCV
genomes by qRT-PCR. Values were normalized to the amount of total RNA. Shown are mean values with SDs (n = 2).
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investigation of the underlying mechanism, particularly regarding
its relevance for the spread of replication-competent lentiviruses
such as HIV-1, and the involvement of DDX60L in the protective
effects of interferons in physiological target cells.

Little is known so far about the function of DDX60L. It has yet
only been part of some genome-wide siRNA screens on HIV host
factors (59), nonalcoholic fatty liver disease (60), and childhood
obesity (61) and was identified in a genome-wide association
study as a biomarker for the antidepressant responses of selective
serotonin reuptake inhibitors (62). DDX60L has also been recog-
nized as an ISG product before in a study searching for genes
induced by IFN-B in Epstein-Barr virus-infected multiple sclero-
sis patients (24). However, it was not included in two previous
comprehensive functional analyses of potential effector proteins
involved in the interferon response against HCV (6, 15). Our re-
sults now indicate that DDX60L is an important ISG product in-
volved in the type I, type II, and type III antiviral responses against
HCV and probably also other viruses.

DDX60L and DDX60 are 70% identical at the amino acid level.
Interestingly, DDX60 has been identified before as a potential in-
hibitor of HCV replication upon overexpression of the protein,
and the same study also pointed toward an interference of DDX60
with the production of lentiviral vectors (15), suggesting similar
and overlapping functions of DDX60 and DDX60L. In addition,
our data revealed that mRNAs of both proteins are upregulated to
the same extent by HCV infection and IFN-«a treatment of PHH,
emphasizing their potential physiological significance. However,
our results did not point to a functional role of DDX60 in the
interferon response against HCV, at least in Huh-7 cells, since
silencing did not rescue HCV replication in the presence of IFNs,
nor did it increase replication in the absence of IFNs. Although we
cannot entirely exclude a function of DDX60 due to low baseline
expression in Huh-7 cells, our data clearly show that DDX60L has
a distinct and specific role in the ISG response against HCV. In
addition, DDX60L is a host factor generally restricting HCV rep-
lication in Huh-7 cells.

Many DExD/H box helicases have been found to directly sense
viral RNA (RIG-I, Mda5, and DHX9 [21, 22, 63]) or to contribute
to the RIG-I response (e.g., DDX3 [64]). Previous studies revealed
that DDX60 also has a stimulating role in the induction of RIG-I
responses (23), and a very recent paper showed that DDX60L is
also involved in RIG-I activation, with a pathogen-associated mo-
lecular pattern (PAMP) profile slightly differing from that of
DDX60, also including single-stranded, triphosphorylated RNAs
(25). The contribution of DDX60 to RIG-I responses to viral in-
fections in vivo has furthermore been demonstrated in DDX60
knockout mice (25). Unfortunately, this is not possible for
DDX60L, since mice generally lack the gene for this protein (25).
Indeed, DDX60L knockdown also in our hands slightly reduced
the induction of the RIG-I pathway upon poly(I-C) transfection,
thereby confirming these findings and arguing for conserved
functions of DDX60 and DDX60L in sensing of viral RNA. How-
ever, it seems unlikely that this mechanism restricted HCV repli-
cation in our experiments, since several studies have shown that
the RIG-I pathway is barely activated upon HCV infection in
Huh-7 cells (42, 51, 65). In addition, HCV has developed potent
means to block the RIG-I-mediated response by cleavage of
MAVS once replication is established (50). Furthermore, blocking
of the RIG-I pathway did not increase permissivity of Huh-7 cells
in our hands (51). Therefore, more in-depth studies will be re-
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quired to ultimately clarify the physiological relevance of RNA
sensing by DDX60 and DDX60L and their contribution to induc-
tion of IFN responses in the case of HCV.

Our data strongly suggest that DDX60L most likely acts as a
direct antiviral effector protein against HCV, targeting the step of
RNA replication. First, we show that DDX60L does not generally
stimulate ISG expression induced by IFN-v, suggesting that it
rather acts as a direct effector. Still, although we think this is un-
likely, we cannot formally exclude that DDX60L transcriptionally
regulates expression of a certain subset of genes with effector func-
tions against HCV. Second, expression of DDX60L inhibited HCV
replication without inducing expression of other ISGs. Third, our
candidates were solely derived from HCV subgenomic replicon
models; therefore, putative restriction factors can target only viral
translation or RNA replication and not viral entry or particle pro-
duction. Fourth, we excluded that DDX60L acts on IRES-medi-
ated translation. In contrast to the case with DDX60, which has
recently been shown to contribute to the degradation of HCV
RNA (25), we could not find evidence for an impact of DDX60L
silencing on the half-life of HCV RNA after inhibition of viral
replication. Therefore, we think it unlikely that DDX60L acts
by directly degrading HCV RNA. Currently, the precise mech-
anism of action of DDX60L remains elusive. Besides their al-
ready-discussed role in sensing viral RNA, DExD/H box heli-
cases have been described to be involved in viral replication as
both dependency factors and restriction factors (reviewed in
reference 18). In the case of HCV, proviral functions were
found for DDX3 (66-68) and DDX6 (69), as well as for heli-
cases involved in the generation of miR-122, which is essential
for HCV translation and replication (66). However, very little
is known so far about the mechanism underlying direct antivi-
ral activities of RNA helicases, which could, e.g., pry apart
stretches of double-stranded RNA, remove proteins bound to
nucleic acids (70), or even act by mechanisms completely in-
dependent of helicase activity (71). Taken together, our results
therefore argue for inhibition of HCV RNA replication by
DDX60L; however, the distinct mechanism needs to be further
defined in future studies, e.g., investigating colocalization of
DDX60L with viral RNA or interaction studies with viral pro-
teins.

Interestingly, DDX60L had no impact on HAV replication,
although HAV and HCV share similar biologies, the same tro-
pism, and an identical sensitivity to [FNs in Huh-7 cells (34). Two
recent large-scale screens of ISGs identified other genes that act
specifically on HCV but not on either of the picornaviruses polio-
virus or coxsackie B virus (15, 17), stressing the need for a specific
yet complementary set of genes required for effective defense
against different viruses. It will be interesting to evaluate in future
studies which other virus families might be targeted by the antivi-
ral action of DDX60L.

In conclusion, we have identified DDX60L as a novel ISG prod-
uct with an important function in the interferon-mediated anti-
viral response against HCV and with potential antiretroviral ac-
tivity. Although this protein shares a high degree of similarity with
its homolog DDX60, our results indicate that it has clearly distinct
functions. Still, further in-depth studies will be required to shed
light on the mechanism of action of this new player in the innate
immune response.
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