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The cytoplasmic viral RNA sensors RIG-1 and MDAS are important for the production of type I interferon
and other inflammatory cytokines. DDX60 is an uncharacterized DEXD/H box RNA helicase similar to
Saccharomyces cerevisiae Ski2, a cofactor of RNA exosome, which is a protein complex required for the integrity
of cytoplasmic RNA. Expression of DDX60 increases after viral infection, and the protein localizes at the
cytoplasmic region. After viral infection, the DDX60 protein binds to endogenous RIG-I protein. The protein
also binds to MDAS and LGP2 but not to the downstream factors IPS-1 and IxB kinase & (IKK-&). Knockdown
analysis shows that DDX60 is required for RIG-I- or MDAS-dependent type I interferon and interferon-

inducible gene expression in response to viral infection. H

, DDX60 is disp ble for TLR3-mediated

signaling. Purified DDX60 helicase domains possess the activity to bind to viral RNA and DNA. Expression of
DDX60 promotes the binding of RIG-I to double-stranded RNA. Taken together, our analyses indicate that
DDXG60 is a novel antiviral helicase promoting RIG-I-like receptor-mediated signaling.

RIG-I and MDAS are cytoplasmic viral RNA sensors be-
longing to the group of RIG-I-like receptors (RLRs), which
includes LGP2 (57-59). RIG-I recognizes RNAs from vesicu-
lar stomatitis virus (VSV), hepatitis C virus (HCV), Sendai
virus (SeV), and influenza A virus (21, 36, 37), while MDAS
recognizes RNA from picornaviruses such as encephalomyo-
carditis virus and poliovirus (PV) (3, 19, 21). RLRs arc also
involved in the recognition of cytoplasmic B-DNA. RNA poly-
merase III transcribes cytoplasmic AT-rich double-stranded
DNA (dsDNA), and the transcribed RNA is recognized by
RIG-I (1, 6). In contrast, Choi et al. have reported that RIG-I
associates with dsDNA (7).

When RIG-I or MDAS is activated by viral infection, the
N-terminal caspase recruitment domains (CARDS) associate
with the adaptor protein IPS-1 (also called MAVS/Cardil/
VISA) on the outer mitochondrial membrane (22, 26, 42, 55).
After this association occurs, IPS-1 activates TBK1 and kB
kinase € (IKK-g) and signals interferon (IFN) regulatory factor
3 (IRF-3)- and NF-«kB-responsive genes, such as those for type
1 IFNs or other inflammatory cytokines (22, 23, 26, 42, 44, 55).

Both the helicase and C-terminal domain (CTD) of RIG-I bind
to RNA, but it is the CTD that is responsible for the recognition
of the 5’ triphosphate double-stranded structure typical of viral
RNA (16, 39, 40). Recently, Rehwinkel et al. showed that the
physiological ligand of RIG-I during influenza A virus or SeV
infection is the full-length viral genomic single-stranded RNA
(ssRNA), which possesses base-paired regions or defective inter-
fering (DI) genomes (35). In contrast to RIG-I, MDAS recog-
nizes long viral double-stranded RNA (dsRNA) (21). The RNA

* Corresponding author. Mailing address: Department of Microbiology
and Immunology, Graduate School of Medicine, Hokkaido University,
Kita-15, Nishi-7, Kita-ku, Sapporo 060-8638, Japan. Phone: 81-11-706-
5056. Fax: 81-11-706-7866. E-mail: oshiumi@med.hokudai.ac.jp.

T Supplemental material for this articie may be found at http://mcb
.asm.org/.
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binding activity of the MDAS5 CTD is relatively weak compared
with that of the RIG-I CTD, because the basic surface of the
MDAS CTD has a more cxtensive flat region than the RIG-I
CTD (8, 45, 46). Although the RNA binding activity of the
MDAS CTD is weak, this protein plays a pivotal role in the
recognition of picornavirus RNA (20, 21).

For the ellicient recognition of viral RNA, RIG-I and
MDAS require protein modification and association with up-
stream factors. LGP2 is onc of the upstrecam factors. LGP2
lacks an N-terminal CARD; thus, LGP2 itself cannot transmit
the signal in the absence of RIG-I or MDAS (36, 38, 49). The
CTD of LGP2, which binds to the terminal region of viral
double-stranded RNA, is more similar to the CTD of RIG-I
than to that of MDAS (24, 33, 45). LGP2 knockout studies
have revealed that LGP2 is essential for type I IFN production
by MDAS but plays only a minor role in type I IFN production
by RIG-I (38, 49). RIG-I requires modification of K63-linked
polyubiquitination by TRIM25 and Riplet/REUL ubiquitin k-
gases [or its full activation (11, 13, 30, 31). High-mobility-group
box (HMGB) proteins also act as upstream factors of RLRs.
Recently, Yanai and colicagues reported that HMGBI,
HIMGB?2, and HMGB3 serve as sentinels f{or the nucleic acids
required for both RIG-I and MDAS5 recognition of viral RNA
(56). Hayakawa and colleagues reported that ZAPS associates
with RIG-I to promote oligomerization and ATPase activity of
RIG-I (15). Another factor interacting with RLRs is DDX3, a
DEXD/H box RNA helicase, which is similar to LGP2 in that
it does not contain a CARD but promotes signaling by forming
a complex with either RIG-1 or MDAS (32). DDX3 also plays
important roles in TBK-1- and IKK-e-mediated IRF activation,
and Schroder ct al. and Soulat et al. were the first to describe
results showing that DDX3 is a non-RLR helicase involved in
innate immune responses (41, 43).

DDX60, a DEXD/H box helicase, was annotated in a ge-
nome project, and the protein function is unknown. The pro-
tein is weakly similar to SKIV2L and SKIV2L2 and is the
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human homolog of Saccharomyces cerevisiae (budding yeast) (D)

(A) DDX80 Full Length Ski2, a cofactor of the RNA exosome (9, 18). The RNA exo- BM-DC polyl:C (50pg/ml) HeLa polyl:C (50ug/ml)
some is a macromolecular protein complex that includes ribo- 0 2 4 6 hr 0 2 4 6 8 hr
1 760956 1247-1330 1712 nucleases and helicases and controls the quality of host RNA o : Dstom
I molecules in both the nucleus and cytoplasm (17). It is com- IFN-B
DEXDec HELICc posed of nine core components and several colactor proteins GAPDH—

(18). In budding yeast, the RNA exosome and Ski2 together
exhibit antiviral activity (53, 54); similarly, the mammalian
RNA exosome, together with its cofactors, shows antiviral ac-
tivity against Moloney leukemia virus and Sindbis virus (5, 14).
Our microarray analysis has shown that DDXG60 is upregulated
in human dendritic cells during infection with measles virus
(MV) (our unpublished results). Thus, we expected DDX60 to
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and suppresses viral replication. DDX60 was found to form a '
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was observed to bind to viral RNA and DNA. Furthermore,
DDXG60 is required for type T IFN expression after DNA virus
infection. These data indicate that DDXG60 is a novel antiviral
helicase involved in RLR-dependent pathways.
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MATERIALS AND METHODS

Cell cultures, HEK293 and Vero cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% heat-inactivated (etal calf serum (Invitrogen), and
Hela cells were cultured in minimum Eagle’s medium with 2 mM 1-glutamine
and 10% heat-inactivated fetal calf serum (JRI Biosciences). HEK293FT cells
were maintained in Dulbecco’s modified Eagle’s high-ghucose medium contain-
ing 10% heat-inactivated fetal calf serum (Invitrogen). RAW 264.7 cells were
cultured in RPMI 1640 medium with 10% heat-inactivated fetal call serum
(Invitrogen). Mouse bone marrow-derived dendritic cells (BM-DCs) were in-
duced as described in reference 2. PV receptor (PVR)-transgenic mice were
provided by S. Koike (Tokyo Metropolitan Institute for Neuroscience).

Plasmids. Full-length human DDX60 ¢cDNA was obtained from IcLa cell
total RNA by reverse transcription-PCR (RT-PCR). The obtained cDNA [rag-
ments were sequenced, and we confirmed by PCR that the obtained cDNA
clones do not contain nucleotide mutations. The DDXG60 ¢cDNA clone was
cloned into Xhol and Notl restriction sites of pEF-BOS, and a hemagglutinin
(I1A) tag sequence was inserted just before the stop codon. EXOSC1, EXOSC4,
or EXOSCS was amplificd by RT-PCR from FleLa cell total RNA. The obtained
¢DNA fragment was cloned into Xhol and Notl restriction sites of pEF-BOS
vector, and the FILAG tag was fused at the C-terminal end. The DDX6 ¢cDNA
carrying a full-length open reading frame (ORF) was amplified by RT-PCR using
primers DDX6-F (GGC CGC TCG AGC CAC CAT GAG CAC GG
AAC AGA G) and DDX6-R (GGC GGG GTA CCC CAG GT1
CTT CI'A CAG). The fragment was cloned into Xhol and Notl s|
BOS vector. For in vitro viral RNA synthesis, we amplified VSV-G region «,l)NA
by PCR using primers and VSV-G-R. The obtained cDNA fragment
was cloned into pGEM: y vector. The primer sequences are as [ollows: for
VSV-G. CAGGAGAATGGGTTGATTC: and for VSV-G-R, ATGCAAA
GATGGATACCAAC. Vectors expressing full RIG-T or RIG-I fragments werce
described before (30). The plasmids expressing TLR3 or TICAM-1 are described
in reference 29. The p125luc reporter plasmid was a gift from T. Taniguchi
(University of Tokyo, Tokyo, Japan). Mutant DDXG0 expression constructs were

FIG. 1. The phylogenetic tree of DEXD/H box RNA helicase.
(A) Schematic diagram of DDX60. DDX60 encodes a peptide of 1,712
amino acids (aa) that contains a DEXD/H box (DEXDc; aa 760 to
956) and HELICc (aa 1247 to 1330). (B) The phylogenetic tree of
DEXD/I box RNA heliases. Ce, C. elegans. The bootstrap probabil-
ities and genelic distances are shown in red and black, respeclively.
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FIG. 2. Expression of DDX60 mRNA. (A and B) Mouse BM-DCs were stimulated with poly(I - C) (A) or inlected with MV in the presence
ol anti-IFN-AR antibody (B). Total RNA was extracted from the cells, and microarray analysis was performed. The heat maps in the left column
show the expression profiles of the genes encoding the helicase domain. The heat maps in the right column show the genes encoding the helicase
domain whose expression levels changed more than 4-fold. (C) Northern blot of human DDX60 mRNAs in specified tissues. Northern blots of
human tissues were probed with DDX60 cDNA. (D and E) Mouse BM-DCs, Hela cells, or RAW 264.7 cells were stimulated with 50 ug of
poly(I - C)/m] (D), 800 U of IFN-B/ml (E), 100 U of TNF-o/ml (E), or 1,000 U ol IL-1p/ml (E). Ixpression of DDX60, RIG-1, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), and B-actin mRNA was examined by RT-PCR. (I and G) HIEK293 cells, RAW 264.7 cells, or HeLa
cells were infected with VSV at an MOI of 1 (FF) or PV at an MOI of 0.1 (G). Expression of DDX60, IFN-B, B-actin, and/or GAPDI was examined
by RT-PCR (F) or RT-qPCR (G). (1) PV was injected intraperitoneally (i.p.) into PVR-transgenic mice susceptible Lo PV. Tissue RNA extraction
was performed before or 3 days after infection, and RT-PCR was carricd out on these samples.

amplified using primers for DDX60 (amino acids [aa] 1 1o 169), (aa 169 to 334),
(aa 334 10 490), (aa 478 10 656), (aa 657 to 857), (aa 857 (0 1054), (aa 1049 to
1256), (aa 1256 to 1409), (aa 1407 to 1543), and (aa 1543 to 1712). The primer
sequences are shown in Table S1 in the supplemental material.

Phylogene nalysis. The amino acid sequences of the DEXI/H box domain
were aligned using ClustalW software on the NIG server. The phylogenetic trec was

drawn using the neighbor-joining method and GENETYX-MAC software (version
13.0.3).

Northern blotting. A human DI2X60 644-bp cDNA fragment (from the region
al bp 3978 (o 4621) was uscd for the probe for Northern blotting. The Northern
blot membranes (human 12-lane multiple-tissue Northern [MTN] blot and MTN
blot 1) were purchased from Clontech. The probe was labeled using
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FIG. 3. Interactions between DDX60 and RNA exosome components. (A and B) HA-tagged DDX60 and FLAG-tagged EXOSCI (A) and EXOSC4
(B) expression veclor was transfected into HEK293FT cells. Alter 24 h, cell lysates were prepared and immunoprecipitation (IP) was performed with
anti-FLAG antibody. The samples were analyzed by SDS-PAGE and detected by Western blotting (WB) using anti-HA or anti-FLAG antibodics. WCE,
whole-cell extract (WCE). (C) HA-tagged DDX60 partial fragments and/or FLAG-tagged EXOSC4 expression vectors were transfected into HEK293FT
cells, and immunoprecipitation was carried out as described for panel A in the presence of RNase A, (D) HA-tagged DDX60 fragment-expressing vectors
were transfected into Hel.a cells. The cells were stained with anti-HA antibody and DAPI and then observed by confocal microscopy.

[«-*?P}dCTP and a Rediprime I} random prime labeling system (GE Health-
care). The fabeled probe was hybridized to the membrane by the use of Fx-
pressHyb hybridization solution (Clontech) at 68°C for 1 h. The membrane was
washed with washing solution 1 (2X 88C [1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate], 0.05% sodium dodecyl sulfate [SDS]) for 40 min and then

washed with washing solution 11 (0.1X $SC, 0.1% SDS) for 40 min. DDX60
mRNA bands were detected with X-ray film.

RT-PCR and real-time PCR. Total RNA was extracted with TRIzol reagent
(Invitrogen), and then the samples were treated with DNasc 1 1o remove the
DNA contamination. The reverse transcription reaction was carried out using a
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high-capacity cDNA reverse (ranscription kit (ABI). Quantitative PCR (qPCR)
analysis was performed using Step One software version 2.0 (ABI) and SYBR
Green Master Mix (ABI). The primer sequences for qPCR and PCR arc de-
scribed in Table 82 and $3 in the supplemental material, respectively.

Microarray analysis. Mouse bone marrow-derived dendritic cells were stim-
ulated with poly( - C) or infected with MV with anti-IFN-AR antibody (Ab)
(sec Fig. 2A). Total RNA was extracted from the cells, and we performed
microarray analysis using Allimetrix GeneChip Mouse 430.2 software (10). The
data were analyzed by GeneSpring GX 11 software.

RNA interference. RNA interference (RNAI) vectors were constructed by the
insertion of oligonucleotides into the Xbal ﬂnd Pstl site of the pH 1 vector. The
target sequence for DDXG60 is 5'-CTT) GA-3', the lar},el
sequence for EXOSC4 is 5'-1
quence for EXOSCS i
HEK293 cells were transfected with RNAI vector (0.5 pg) by the usc of 24-well
plates and FuGENE HD (Roche). After incubation for 24 h, cells were recov-
ered and suspended in 12 ml of medium and then seeded to a 24-well plate. At
24 h alter incubation, puromycin (1.0 pg/ml) was added. The medium containing
puromycin was changed every 5 days, puromycin-resistant colonies were recov-
ered, and the mRNAs of endogenous DDX60 or EXOSC4 and EXOSCS were
checked by RT-PCR. The sequences of the primers used for RT-PCR are
described in Table 83 in the supplemental material. Small interfering RNA
(SIRNA) for DDX60 was purchased [rom Ambion and was translected with
Lipofectamine 2000 reagent (Invitrogen). The target sequence was 5'-GGC TAA
CAA ACT TCG AAA A-3'.

Immunoprecipitation. HEK293FT cells were transfected in 6-well plates with
plasmids cncoding FLAG-tagged RIG-I, MDAS, EXOSCI, EXOSC4, EXOSCS,
LGP2, IKK-¢, and Ubcl3- and/or HA-tagged DDX60. The plasmid amounts
were normalized by the addition of empty plasmid. At 24 h after transfection,
cc]ls were lysed with lysis butfer (20 mM Tris-HCI {pH 7.5}, 150 mM NaCl,  mM
A, 10% glywro! 1% Nomdu l’ 40, 30 mM NaF, 5 mM NazVO,, 20 mM

ceta c, 2 mM {fonyl fluoride), and then proteins were
immunoprcupnalcd wnlh tabbit anti-HA polyclonal antibody (Sigma) or anti-
FLAG M2 monoclonal antibody (Sigma). The precipitates were analyzed by
SDS-polyacrylamide gel clectrophoresis (SDS-PAGE) and stained with anti-HA
polyclonal or anti-FLLAG M2 monoclonal antibody or monoclonal antibody to
RIG-T (Alme-1} (Alexis Biochemicals).

Confocal microscopy. Hela and K293 cells were plated onto Micro Cover
glass sheets (Matsunami) and poly-L-lysin-coated cover glass sheets (eBiosci-
ence), respectively, in a 24-well plate. The following day, cells were translected
with the indicated plasmids. At 24 h after transfection, cells were infected with
VSV or transfected with poly(I - C) by the usL of 0.5 pg/ml DEAT-dextran for
4 h and then fixed using 3% for )| hate-bullered saline (PBS) for
30 min and permeabilized with 0.2% Inlon X- 10() for 15 min, Fixed cells were
blocked in 1% bovine scrum albumin (BSA)-PBS for 10 min and labeled with
the indicated primary Abs (5 pg/ml) for 60 min at room temperature. Alexa-
conjugated secondary Abs (1:400) were used to visualize staining of the primary
Abs for 30 min at room temperature, and the mixture was mounted onto glass
slides by the use of PBS conlaining 2.3% 1,4-diazabicyclo[2.2.2]octane and 50%
glycerol or Prolong Gold antifade reagent with DAPI (4',6'diamidino-2-phe-
nylindole; Invitrogen). Cells were visualized at a magnification of X63 with an
LSM510 Meta microscope (Zeiss). To stain the mitochondria, endoplasmic re-
ticulum (IER), carly endosome, and autophagosome, we used Mitotracker (In-
vitrogen), anti-calnexin polyclonal antibody (Stressgen), anti-EEAL polyclonal
antibody (ABR), and anti-L.C3 polyclonal antibody (MBL), respectively.

Reporter gene anal iK293 cells were transiently transfected using 24-
well plates and FuGENI HD (Roche) with expression vectors, reporter plas-
mids, and an internal control plasmid coding Renifle luciferase. The total
amounts of plasmids were normalized with empty vector. For poly(l - C) stim-
ulation, at 24 h after (r: ion, cells were lated with medium ini
poly( - C) (50 pg/ml) and DEAE-dextran (0.5 pg/ml) for 1 h, and then the
medium was replaced with normal medium and incubation was performed for an
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additional 3 h. dsSRNA was transfected using Lipofectamine 2000 (Invitrogen).
Cells werc lysed with lysis bufler (Promega) and luciferase, and Renilla luciferase
activities were measured using a dual-luciferase assay kit (Promega). Relative
luciferase activities were calculated by normalizing luciferase activity by control
experiments in which only empty vector and reporter and internal control plas-
mids were transfected.

Viruses. VSV (Indiana strain), poliovirus (Mahoney strain), herpes simplex
virus 1 (HSV-1) (K strain), and ScV (HVJ strain) were amplified using Vero
cells. To determine the virus titer, we performed plaque assays using Vero cells.
To observe the cytopathic effect (CPE), virus-infected cells were fixed at indi-
cated times using 10% formaldehyde-PBS for 10 min and then stained using 1%
crystal violet-PBS for 5 min at room temperature.

DDX60 helicase recombinant protein. The DDXG60 helicase domain (bp 2254
to 4047) was amplified by PCR using primers DDX60 helicase-F and DDX60
helicase-R. The obtained ¢cDNA fragment was cloned into Kpnl and Sall
restriction sites of pCold Il DNA vector. The primer sequences were as
follows: for DDX60 helicase-F, CGGGGTACCATGAGAAAAGACCCAG
ATCCCAG:; and for DDX60 helicase-R, GACGCGTCGACTTTTCCTATT
TTGGGGAATG. The DDX6 helicase domain (aa 114 to 429) was amplified by
RT-PCR using primers I (GGC GGG GTA CCA TGG GCT GGG AAA AGC
CAT C) and R (GGA CGC GTC GAC ACC AAA GCG ACC TGA TCT TC).
The ¢cDNA fragment was cloned into the Kpal and Sall sites of pCold 11 DNA
vector. Expression vectors were il luced into Escherichia coli BL21 It
cells and cultured in 10 ml of LB medium with ampicillin added for 12 h at 37°C
and then added to 250 mi of LB medium and cultured for 3 h at 37°C. The cells
were incubated at 15°C for 30 min, and protein expression was induced by the
addition of 1 mM IPTG (isopropyl-B-p-thiogal de). The cells were
then cultured at 15°C for 24 h. The culture fluid was centrifuged for 10 min at
10,000 rpm and 4°C, and the E. coli cells were recovered. The cells were sus-
pended in § ml of Tag binding buller (20 mM Tris-IHCl [pH 7.4], 0.5 M NaCl, 20
mM imidazol, 10% glycerol), 5 mg of lysozyme was added for 30 min on ice, and
the mixture was subjected to shaking for 10 min: 500 ul of 10% Triton X-100 was
then added, and the mixture was incubated for 10 min and centrifuged for 30 min
al 5,000 rpm. The reaction was conducted at 4°C. The supernatant was subjected
to filtration using a 0.45-um-pore-size filter. The protein was purified using a
HisTrap HP column (GE Healthcare) in a d with the er's
protocol. The protein was cluted with elution buffer (20 mM Tris-HCI {pH 7.4],
0.5 mM NaCl, 200 mM imidazol, 10% glycerol). We then collected the nonab-
sorbed [raction (that sample that had dropped out after the mixture was applied
to the column), the wash fraction (the sample that dropped out after washing
using the binding buffer was performed), and 500 i cach of elute fractions 1 to
10. The obtained samples were checked for purification by SDS-PAGE and
deteeted by Coomassie brilliant blue (CBB) staining.

RNA synthesis. VSV-G RNA was synthesized from plasmids by using Ribo-
probe combination system SP6/17 RNA polymerase (Promega) in accordance
with the manufacturer's protocol. VSV RNA was produced from PCR products
by the use of VSV G-pGEM-T Easy for its template and amplified by using a 5*
primer containing the T7 promoter (TAATACGACTCACTATAGGG) and a 3'
primer containing the SP6 promoter (GATTTAGGTGACACTATAG). The
dsRNA was made by mixing equal amounts of positive strand (SP6) and negative
strand (T7). The obtained ssRNA or dsRNA was added to 10 U of DNase |
{Promcega) at 37°C for 30 min and purified by phenol-chloroform treatment.

Gel shift assay. The components and final concentrations of the reaction
solution were BSA (0.02 mg/ml), MgCl, (10 mM), dithiothreitol (DTT; 0.1 mM),
glycerol (20%), NaCl (200 mM), Tris-HCl (20 mM), and ssRNA (0.6 pg),
AdsRNA (0.24 pg), or dsDNA (0.1 pg): we then added DDX60 or DDXG6 helicase
recombinant protein. The total volume was adjusted 1o 20 pl by adding water.
The reaction solution was incubated at 30°C for 30 min; 1% agarose gel elec-
trophoresis was then performed at 4°C for 90 min, and we observed the RNA
results by the use of ethidium bromide (EtBr).

Pulldown assay. The RNA used for the assay was purchased from JBioS. The
RNA sequences were as follows: for the sense strand, AAA CUG AAA GGG

FIG. 4. Intraccllular localization of DDX60. (A and B) [A-tagged DIDX60 expression vector was transtected into HeLa cells, and transfected
cells were stimutated with 50 pg/ml poly(1 - C) (A) or infected with VSV at an MOI of 10 (B). The cells were fixed and stained with anti-HA
antibodies and observed using confocal microscopy. DIC, differential interference contrast; pAb, polyctonal antibody. (C to E) HA-tagged DDX60
was transfected into Hela cells together with FLAG-tagged EXOSC1 (C), EXOSC4 (ID), or EXOSCS (E). Transfected cells were fixed and stained
with anti-HA and anti-FLAG antibodics and observed using confocal microscopy. mAb, monoclonal antibody. (F to 1) HEK293 cells stably
expressing DDX60-HA were infected wilth VSV or SeV. DDX60-FHA was stained with anti-HA antibody. The ER, mitochondria, early endosome,
and autophagosome were stained with calnexin (F), Mitotracker Red (G), anti-EEA1 antibody (H), and anti-LC3 antibody (I).
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FIG. 5. Antiviral activity of RNA exosome. (A and B) HeLa cells were transfected with expression vectors containing EXOSC1, EXOSC4, and
EXOSCS, and 24 h later, the transfected cells were infected with VSV at an- MOI of 1 or 0.5. One day after infection, the cells were fixed
and stained with crystal violet (A). Viral titers of culture media after 76 h were measured by a plaque assay (B). (C) Expression of EXOSC4 and
EXOSCS in stable Hel.a clones, which express shRNA for EXOSC4, EXOSCS, or GFP, was examined by RT-PCR (upper panel), RT-gPCR
(middle panel), and Western blotting (lower panel). The amounts of EXOSC4 and EXOSC5 ¢cDNA in cach sample were normalized by dividing
by the amount of GAPDIL (D and E) Cell growth rates of stable IHeLa clones, which express sShRNA for EXOSC4, EXOSCS, DDX60, or GFP,
were determined (D). The cells were infected with VSV at an MOI of 0.1 for 48 h, and viral titers of culture media were determined by a plaque
assay (E). (F) FLAG-tagged EXOSC4- and HA-tagged DIDX60-expressing vectors were Iransfected into HEK293FT cells. After VSV or mock
infection, the immunoprecipitalion was performed with anti-HA antibody.
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FIG. 6. Anliviral activity of DDX60. (A and B) HeLa cells (A) or the cells stably expressing shRNA for EXOSCS or GFP (B) were Lransiently
transfected with empty, DDX60-expressing, and/or RIG-I-expressing veclors. Alter 24 h, cells were infected with VSV at an MOI of 0.1 for 30 h.
Cells were fixed and stained with crystal violet. (C and D) HEK293 clones stably expressing DDX60 or RIG-I (C) and Hela cells subjected to mock
treatment or (ransiently expressing DDX60 (D) were infected with VSV at an MOI of 0.1 for 24 h (C) or 48 h (D). Viral liters of culture media
were measured by plaque assay. (E) Empty or DDX60-expressing vectors were transfected into Hela cells, and 24 h after transfection, cells were MDA5
infected with PV at an MOI ol 0.1 for 26 h. Viral titers of culture media were measured by a plaque assay. (F) DDX60-expressing vector was
transfected into Hela clones stably expressing shRNA [or GEP or DDXG60, and the protein results were observed by Western blotting. (G) Control
or DDX60 knockdown cells were infected with VSV al an MOI of 0.1 for 12 h, and viral titers of the culture media were measured by a plaque
assay. (H) Control and DDX60 knockdown cells were infected with VSV at the indicated MOI for 12 h. The cells were fixed and stained with crystal
violet. (1 and J) Empty or DDX60-expressing vectors were transfected into HeLa cells with negative-control siRNA or siRNA for IPS-1. The cells
were infected with VSV at an MOI of 1. After 24 h, cells were stained with crystal violet (1), and the viral titers of culture media were determined

by a plaque assay (1).

AGA AGU GAA AGU G; and for the antisense strand, CAC UUU CAC UUC
UCC CUU UCA GUU U. The biotin is conjugated at the U residue at the 3’ end
of antisense strand (underlined). Biotinylated dsSRNAs were phosphorylated by
the use of T4 polynucleotide kinase (Takara). dSsSRNA was incubated for 1 h at
25°C with 10 pg of protein from the cytoplasmic fractions of cells that were
transfected with FLAG-tagged RIG-1 and/or TA-tagged DDX60-cxpressing vec-

empty vector  DDX60

tors. The mixture was transferred into 400 gl of lysis buffer (20 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 30 mM NaF, 5 mM
| fluoride [PMSF])
beads, rocked at 4°C for 2 h, collected
by centrifugation, washed three times with lysis bufler, and resuspended in SDS

NazVO;, 20 mM iod 2 mM ph
ining 25 pl of streptavidi h

sample buffer.
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RESULTS

Phylogenetic analysis of the DEXD/H box domain of
DDXG60. The DDXG60 protein contains a DEXD/I1 box RNA
helicase domain and long N- and C-terminal regions with no
typical domains or motifs (Fig. 1A). The DEXD/H box domain
is common in the human genome. Phylogenctic analysis using
amino acid sequences [rom this domain revealed that DDX60
is clustered within a group that includes RIG-1, MDAS,
DICERT, and SKIV2L (bootstrap probability, 93%) and is
most closely related to SKIV2L (bootstrap probability, 90%)
(Fig. 1B). The functions of RIG-I and MDAS have been de-
scribed above. Dicer is an evolutionarily conserved protein
required for RNAj and is known to perform antiviral functions
in Drosophila melanogasier (12, 48, 51). SKIV2L is a homolog
of §. cerevisiae Ski2, an antiviral protein that acts against
dsRNA virus. Thus, the DDX60 DEXD/H box domain is
found to cluster into a group composed of evolutionarily con-
served antiviral helicases.

Expression of DDX60 mRNA. We carried out the microarray
analysis using mousc bone marrow-derived dendritic cells
(BM-DCs) and found that RLRs and DDX60 were included in
the helicases whose expression had incrcased over 4-fold in
response Lo viral infection (Fig. 2A and B). We investigated the
expression profile of human DDX60 mRNA by Northern blot
analysis and detected a single mRNA band at approximately
5.5 kb in the human brain, lymph node, prostate, stomach,
thyroid, tongue, trachea, uterus, skeletal muscle, spleen, kid-
ney, liver, and small intestine (Fig. 2C). Next, we examined the
regulation of DDX60 cxpression. DDX60 mRNA was detected
in unstimulated cclls such as mouse BM-DCs, HeLa cells,
HEK293 cells, and RAW 264.7 cells (Fig. 2D to F). DDX60
expression was upregulated by stimulation with poly(I + C)
(Fig. 2D) or IFN-B (Fig. 2E). However, DDX60 expression
was not increased by tumor nccrosis factor alpha (TNF-a) or
interlcukin-18 (IL-1B) stimulation (Fig. 2E). Interestingly,
DDX60 mRNA levels were increased by infection with VSV
(Fig. 2F) or PV (Fig. 2G and ). Thus, DDX60 is an interfer-
on-inducible gene and is upregulated during VSV or PV in-
fection.

DDX60 associates with the components of the RNA exo-
some. Since the sequence of DDX60 is similar to that of RNA
cxosome cofactor SKIV2L, we examined whether the DDX60
protein associates with the RNA exosome core components in
the same manncr as the colactor proteins. The RNA exosome
core components form a tight protein complex (18); thus, it is
expected that one of the core components would be coimmu-
noprecipitated with other core components and cofactors of
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the RNA exosome. These core components include EXOSC1
and EXOSC4. DDX60 protein was observed to coimmunopre-
cipitate with EXOSC1 and EXOSC4 (Fig. 3A and B), indicat-
ing the physical interaction of DDX60 with EXOSCI and
EXOSC4. We used partial DDX60 fragments to identify the
region of DDX60 that binds to the RNA exosome. EXOSC4
was coimmunoprecipitated with the N-terminal 169-aa frag-
ment of DDX60, indicating that the RNA exosome binds to
the N-terminal region of DDX60 (Fig. 3C). All fragments were
localized in the cyloplasmic region (Fig. 3D).

Intracellular localization of DDX60. Next, we studicd the
intracelfular localization of the DDX60 protein by the use of
confocal microscopy. In resting cells, DDX60 was localized in
the cytoplasmic region but not in the nucleus before and after
poly(I - C) stimulation or viral infection (Fig. 4A and B).
EXOSC1, EXOSC4, and EXOSC5 were localized at both the
cytoplasm and nucleus. The DDX60 protein was partially co-
localized with the RNA exosome components at cytoplasmic
region (Fig. 4C to E). To observe the intracellular localization
of DDXG60 after viral infcction, we used HEK293 cell clones
slably expressing HA-tagged DDX60. Most DDX60 staining
was not colocalized with mitochondria, the endoplasmic retic-
ulum (ER), LC3 (autophagosome marker), and endosome
markers (EEA1) (Fig. 4F to I). However, the DDXG0-HA
protein was partially colocalized with the ER after VSV infec-
tion (Fig. 4F) and with the mitochondria after SeV infection
(Fig. 4G).

Antiviral activity of DDX60 is independent of the RNA exo-
some. DDXG60 expression was found to increase after viral
infection, and the RNA cxosome plays an antiviral role in
lower cukaryotes such as budding yeast. Therefore, we as-
sessed the antiviral activity of both DDX60 and the RNA
exosome. Under our experimental conditions, 70% 1o 90% of
cells expressed the proteins encoded by the transfected plas-
mids. Overexpression of three core components (EXOSCI,
EXOSC4, and EXOSC5) suppressed the cytopathic eflect
(CPE) (Fig. 5A) and reduced the viral titer in the case of a low
(0.1) multiplicity of infection (MOI) (Fig. 5B). Next, we per-
formed a short hairpin RNA (shRNA) knockdown assay. We
uscd shRNAs for EXOSC4 and EXOSCS, which were previ-
ously described as efficiently reducing expression of the target
mRNA (4). We confirmed that shRNAs for EXOSC4 and
EXOSC5  effectively reduced expression of their target
mRNAs and the proteins (Fig. 5C). A partial decrease in levels
of EXOSC4 in knockdown assays is known to reduce cell
growth (47). We observed that the presence of shRNA for
EXOSC4 and EXOSC5 reduced cell growth (Fig. 5D); how-

FIG. 7. Association of DDX60 with RLRs. (A to C) Vectors expressing HA-lagged DDX60 were transfected into HEK293FT cells with
FLAG-tagged LGP2, RIG-I, MDAS, IPS-1, IKK-¢, and/or Ubc13, and cell lysates were prepared. The lysates were treated with RNase I (B) or
RNasc A (C). Immunoprecipitation was carried out with anti-FLAG antibody, and the precipitates (IP) and 10% of whole-cell extract (WCE)
were analyzed using SDS-PAGL. Proteins were stained by Western blotting using anti-HA or anti-FLAG antibody. (D and E) HEK293FT cells
were transfected with empty or FiA-tagged DDX60-expressing vectors, and cells were stimulated with dsRNA or infected with VSV. Cell
lysates were prepared at the indicated times, and immunoprecipilation was performed with anti-HA antibody. The precipitates were analyzed using
SDS-PAGE, and Western blotting was carried out using anti-HA and anti-lHIMGB1 (D) or anli-RIG-I (E) antibodies. (F and G) Veclors expressing
HA-tagged DDX60 and FLAG-tagged RIG-1 (FF) or MDAS (G) were transfected into HelLa cells. After 24 h, cells were fixed and stained with
anti-HA or anti-FLAG antibody and then observed using confocal microscopy. (I) The upper panef shows a schematic diagram of RIG-1 partial
fragments. The lower panel shows results of an immunoprecipitation assay performed as described for panel A. DDX60 was found to bind to the

RIG-IC region.
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ever, knockdown of EXOSC4 or EXOSCS showed a marginal
cllect on VSV replication (Fig. SE), at least under our exper-
imental conditions. We do not exclude the possibility that
knockdown of EXOSC4 or EXOSCS is not an cfficient method
by which to reduce the antivirus role of the RNA cxosome.
Unexpectedly, the physical interaction between EXOSC4 and
DDX60 was reduced after VSV infection (Fig. 5F).

We next examined the antiviral activity of DDX60. Interest-
ingly, DDX60 overexpression suppressed the CPE induced by
VSV infection and reduced VSV replication in HEK293 and
HelLa cells (Fig. 6A to D). The suppression induced by DDX60
overcxpression was observed even in EXOSCS knockdown
cells (Fig. 6B). PV replication was also suppressed by overex-
pression of DDXG60 (Fig. 6E). Next, we performed a knock-
down assay using shRNA for DDXG60, which reduced expres-
sion of DDX60 mRNA and protein (Fig. 6F) (see also Fig. 11
and 12). Unlike the results scen with EXOSC4 and EXOSCS,
knockdown of DDX60 increased VSV replication and en-
hanced CPE and did not inhibit cell growth (Fig. SD and Fig.
GG and H). Because the interaction between DDXG60 and the
RNA exosome core component was reduced after viral infec-
tion, we examined the molecular mechanism by which DDX60
suppresses viral replication.

DDX60 associates with RIG-I-like receptors. To identily the
antiviral pathway in which DDX60 is involved, we used immu-
noprecipitation assays to search for the protein that binds to
DDX60. Because the RLR-dependent pathway plays an im-
portant role in the antiviral activity of the host cell, we exam-
ined the binding of DDX60 to proteins involved in this path-
way. Interestingly, DDX60 was coimmunoprecipitated with
RIG-I, MDAS, and LGP2 but not with IPS-1 or IKK-¢, which
arc downstream factors of RIG-T and MDAS (Fig. 7A). RNase
A or RNase III treatment did not abolish the interaction be-
tween DDX60 and RIG-I or MDAS (Fig. 7B and C), indicaling
that these associations are not mediated via RNA. DDX60 did
not bind to HMGBI before or after dsRNA stimulation or
VSV infection (Fig. 7D). To further confirm the binding of
DDX60 to RIG-I, we examined the interaction of DDX60 with
endogenous RIG-I by the use of anti-RIG-T monoclonaf anti-
body. RIG-I mRNA levels are known (o increase after viral
infection (59). We observed an increase in RIG-I protein levels
after poly(I - C) stimulation (data not shown). However, the
protein level in HEK293FT cells was not increased after VSV
infection in our experiment for unknown reasons (Fig. 7E).
Endogenous RIG-I was found to interact with DDX60 after
VSV infection but not in its absence (Fig. 7E), indicating that
interaction between DDX60 and endogenous RIG-I is depen-
dent on viral infection, although the interaction between over-
expressed RIG-I and DDX60 was independent of viral infec-
tion.

Next, we used confocal microscopy to examine the intracel-
lular colocalization of DDX60 with RIG-I and MDAS. Con-
sistent with the immunoprecipitation assay, confocal micro-
scopic analysis showed that DDX60 was partially colocalized
with overexpressed RIG-I1 and MDAS before and after VSV
infection or poly(l - C) stimulation (Fig. 7F and G). We tried
to observe endogenous RIG-I by confocal microscopy; how-
ever, we could not detect endogenous RIG-I in our tests for
technical reasons. We also used RIG-I partial fragments to
identify the region of RIG-I that binds to DDX60 (Fig. 711).
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RIG-IC, which includes a helicase domain and CTD, was co-
immunoprecipitated with DDXG60, while the N-terminal
CARD of RIG-I was not (Fig. 7H). These data indicate that
DDX60 binds to the RIG-IC {ragment.

The DDX60 helicase domain binds to viral RNA. In light of
the binding of DDX60 to viral RNA sensors RIG-1 and
MDAS, we hypothesized that the RNA helicase domain of
DDX60 binds to viral RNA. To test this hypothesis, we ex-
pressed a histidine-tagged DDX60 RNA helicase domain (aa
752 10 1337) in E. coli (Fig. 8A). The protein was purified using
nickel-nitrilotriacetic acid (Ni-NTA) resin, analyzed by SDS-
PAGE, and staincd with CBB. Protein purity was found to be
greater than 90% (Fig. 8B). VSV single- and double-stranded
RNA was synthesized in vitro. Binding of the DDX60 helicase
domain Lo in vitro-synthesized viral RNA was examined using
gel-shift assays. Single- or double-stranded VSV RNA mobility
was found to decrease as a result of the addition of DIDXG60
helicase (Fig. 8C and D). DDX60 was also found to bind to
dsRNA treated with alkaline phosphatase, suggesting that the
presence of 57 triphosphate is nonessential for this binding
(Fig. 8E). The mobility shift of ssSRNA was different from that
ol dsRNA; this difference might have been a result of the
stoichiometry assays. Interestingly, dsDNA was also shifted in
the presence of DDX60 protein (Fig. 8F). As a control we used
DDX6, a DEXD/H box RNA hclicase distantly related
to DDX60. DDX6 also bound to ssRNA (Fig. 8C); however,
DDXG6 only minimally reduced the mobility of dsRNA and
dsDNA compared (o DDX60 (Fig. 8D and F).

DDX60 promotes RIG-I- or MDAS-dependent expression of
type I IFN. Next, we examined whether DDX60 is involved
in RIG-I- or MDAS-mediated signaling. The prepared
poly(1 - C) solution contains various lengths of poly(I - C),
both shorter and longer than 1 kbp (data not shown), in a
mixture known (o activate both RIG-I and MDAS (20). Both
RIG-TI-mediated and MDAS5-mediated IFN-B promoter acti-
vation by poly(I - C) transfection were enhanced by DDX60
expression (Fig. 9A and B). As a control we used DDXG6, a
helicase distantly related to DDX60. Expression of DDX6
produced neither a positive nor a negative eflect on the RIG-
I-dependent IFN-B promoter activation (Fig. 9C). To address
the function of the DDX60 helicase domain, we introduced the
mutation (K791A) on the Walker type ATP binding site, which
is cssential for ATPase activity of RNA helicase (50). The
mutation reduced the enhancement of RIG-I-mediated IFN-8
promoter activation by DDX60 (Fig. 9C). Knockdown analysis
using sShRNA for DDX60 showed that IFN-B promoter acti-
vation by viral dsSRNA was reduced in DDX60 knockdown cells
compared with control cells (Fig. 9D). To exclude the off-
target eflect, we also uscd siRNA for DDX60, whose target
sequence is different from that of shRNA for DDX60. Expres-
sion of DDX60 was cfliciently reduced by siRNA for DDX60,
and the siRNA for DDX60 elficiently reduced IFN-B mRNA
expression by poly(1 - C) stimulation (Fig. 9E to G). These
knockdown results arc consistent with the overexpression re-
sults described above, providing further evidence that DDX60
promotes RLR-mediated IFN-@ expression,

In contrast, TICAM-1- and TLR3-mediated IFN-B pro-
moter activation was not increased by overexpression of
DDXG60 (Fig. 911 and I). In addition, poly(I + C) stimulation of
TLR3 without transfection resulted in normal expression
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FIG. 8. Binding of the DDX60 helicasc domain {o viral RNA. (A) Schematic diagram showing the helicase region of DDX60 used for the
following gel shift assay. (B) A His-tagged DDX60 helicase fragment was expressed in E. coli and purified using Ni-NTA resin. Purified products
were analyzed by SDS-PAGE and stained with CBB. Lane A represents the nonabsorbed [raction, lanc B represents the wash fraction, and lanes
1to 10 represent the eluted fractions. The lane 3 fraction contains DDX60 protein. (C to F) Purified DDX60 and DDX6 fragments were incubated
with in vitro-synthesized VSV ssRNA (C), dsRNA (D), dsRNA treated with calf intestinal alkaline phosphatase (CIAP) (E), or dsDNA (F), and
the products were analyzed using agarose gel. The gel was stained with ethidium bromide.

of IFN-B in DDXG60 knockdown cells (Fig. 9J). These data
suggest that DDXG60 is specific to the RLR pathway. Because
the knockdown of EXOSC4 or EXOSCS did not reduce the
promoter activation resulting from VSV infection or dsRNA
transfection (Fig. 9K and L), the data suggest that these pro-
teins do not play a major role in DDX60-mediated enhance-
ment of RIG-I or MDAS signaling, at Icast under our experi-
mental conditions. We also assessed the effect of DDX60
knockdown on IFN-B promoter activation by overexpressing
TBKI1, IPS-1, RIG-I CARDs, or MDAS to discover the step at
which DDXG60 plays a role in RIG-I-mediated signaling. All of
these procedures led 1o autoactivation, inducing transcription

from the IFN-8 promoter in the absence of RIG-I or MDAS
ligands (22). Although DDX60 knockdown reduces the TFN-8
promoter activation induced by dsSRNA transfection, it was not
found to affect this autoactivation (Fig. 9M and N). These data
suggest that shRNA suppression of DDX60 occurs upstream
of RIG-T and MDAS5 (Fig. 90).

To examine the effect of DDX60 on the binding of RIG-I to
dsRNA, we performed pulldown assays. The proteins were
exogenously expressed in HEK293FT cells, and the proteins
were recovered from cell lysates by the use of biotin-conju-
gated dsRNA and streptavidin Sepharose. RIG-I or DDXG0
protein was recovered from cell extracts, suggesting the bind-
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FIG. 9. DDX60 promotes RIG-I- or MDAS-mediated signaling. (A to C) Activation of the IFN- promoter was examined using a reporter gene
assay and p125iuc plasmid. Vectors expressing RIG-1 (A), MDAS (B), DDXG6 (C), and the wild type (WT) or DDX60-K791A (C) were transfected
into IIEK293 cells together with the reporter plasmid and Renifla luciferasce plasmid (internal control). After 24 h, the cells were left unstimulated
or stimulated with poly(I - C) by the use of DEAE-dextran for 4 h. Cell lysates were prepared, and luciferase activity was measured. (D) Control
or DDX60 knockdown HEK293 cells were transfected with the p12Sluc reporter, Renifla luciferase plasmid, and/or in vitro-synthesized VSV



— £€9¢ —

Vou. 31, 2011

ing of RIG-I or DDX60 to dsRNA. Because both RIG-T and
DDX60 can bind to dsRNA, the data do not imply an inter-
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DPDX60 reduced expression of IFN- and IP10 after HSV-1  those proteins (28, 32). Our study showed that another non- 1o} [ shDX60 shDDX80 2000
infection (Fig. 12E and F). RLR helicase, DDX60, is also involved in RLR-dependent g 3 ®
pathways. Thus, our reports and previous studies demonstraic 8 12 g § 1500
DISCUSSION the important roles of non-RLR helicases in RLR-mediated E 0 £ g
signaling and antiviral response. 5 8 2 2 1000
Here, we report that DDX60 is a novel antiviral factor in Because DDX60 protein does not contain CARDs, which 6 o
human cells. The amino acid sequence of DDXG60 is similar to are required for the interaction with IPS-1, it seems unlikely 4 500
that of Ski2 homologs, which are cofactors of the RNA exo- that DDX60 directly activates IPS-1 without RLRs. The results 2
some. DDX60 interacts with corc components of the RNA of knockdown studies suggest that DDXG60 is an upstream o X 0
exosome. After viral infection, the DDX60 protein binds to  factor of IPS-1, and the immunoprecipitation assay results LSRN L. T e e O e utter Sav tecio ™
endogenous RIG-1 protein and is involved in RIG-I-dependent suggest that DDX60 binds to the RLR upstream factors. On
pathway. The protein also binds to MDAS and LGP2. The the basis of these findings, we expected that DDX60 would ) 4 DDX60 expression (H), 5, DDXB0 expression L 0 DDX60 expression
35 BRshGEP I encre B shorp
: <ShDDXE0 2 ShDDXGO 12 JHA
@ g 10
825 215 g
dsRNA. Alfter 24 h, cell lysates were prepared and luciferase activity was measured. (E and F) siRNA for DDXG60 or control siRNA was transfected g2 g e 8
into TIEK293 cells. The cells were left unstimulated or stimulated with poly(1 - C), and expression of IFN-B and DDX60 mRNA was measured 5 15 b 1 T 5
by RT-qPCR. Expression values were normalized using GAPDEH. (G) siRNA for DDDX60 or the control was transfecled into HEK293 cells together 5 e 2
with DDX60-expressing vector. The DIDX60 protein was observed by Western blotting. (H) Vectors expressing TICAM-1 and/or DDX60 were € 0.5 4
transfected into HIEK293 cells together with the p125luc reporter and Renilla luciferase plasmids. After 24 h, the cell lysates were prepared and 05 2
luciferase activities were measured. (I) Veclors expressing TLR3 and/or DDX60 were transfected into HEK293 cells together with the p125luc L O AT o 0
reporler and Renilla luciferase plasmids. After 24 h, the cells were left unstimulated or stimulated with poly(I - C) for 4 h, the cell lysates were Time after VSV infection Time arﬂeer irniectionr 0 hr 1ahr 19 hr

Time after SaV infection

FIG. 11. Knockdown of DDXG60 decreases expression of type 1 IFN during viral infection in HeLa cells. (A to L) Control cells or FeLa cells
from a stable cell line expressing shRNA for DDX60 were infected with VSV (A 1o D), PV (E to H), or SeV (I to L). Total RNA was extracted
at the indicaled times. RT-qPCR was performed to measure expression of IFN-B (A, E, and 1), IFIT1 (B, F, and J), IP10 (C, G, and K), and
DDX60 (D, H, and L). The expression level of each sample was normalized to GAPDI expression.

prepared, and luciferase activity was measured. (J and K) Hel.a cells expressing ShRNA for DDX60 (J) or EXOSC4 (K) were stimulated with 50
pg/mi of poly(I - C) (no transfection) (J) or dsRNA (transfection) (K). RT-qPCR was performed to measure IFN-B mRNA expression. (L) Hela
cells expressing shRNA for GI'P, EXOSC4, or EXOSCS were infected with VSV at an MOI of 1. Levels of induction of IFN-B mRNA were
calculated as described for panel J. (M and N) Empty or IPS-1-cxpressing vector (M) and RIG-I CARD-, MDAS-, or TBK1-expressing vector (N)
were transfected into control or DDX60 knockdown HEK293 cells together with p125luc reporter and Renilla luciferase plasmids. After 24 h, cell
tysates were prepared and luciferase activity was measured. (O) shRNA for DDX60 did not inhibit the signaling from TLR3 (H to J). Although
DIDX60 promoles RILR-dependent signaling (A to L), shRNA for DDX60 did not reduce the signaling induced by RIG-I CARD, MDAS, IPS-1,
or TBK1 overexpression (M and N). These dala suggest (hal shRNA suppresses signaling upstream of RIG-T and MDAS.
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FIG. 12. Eflects of DDX60 knockdown on antiviral responses. (A to C) Control or DDX60 knockdown cells were stimulated with human IFN-B
(A) or infected with VSV at an MOI of 1 (B) or 0.1 (C), and expression of IFIT1 (A) and IFN-8 (B and C) mRNA was examined by RT-qgPCR.
(D) Control or DDX60 knockdown HEK293 cells were infected with VSV at an MOI of 1, and cell lysates were prepared at the indicated times.
Lysates were analyzed by native PAGL, and Western blot analysis was performed with anti-IRF-3 antibody. (E to G) Control or DDX60
knockdown IeLa cells were infected with HSV-1, and total RNA was extracted at the indicated times. RT-qPCR was performed to examine

expression of IFN- (1), IP10 (F), and DDX60 (G).

bind to viral RNA. The gel shift assay showed that DDX60
helicase can bind to dsRNA, and the pulldown assay showed
that coexpression of DDX60 with RIG-I increased the bind-
ing of RIG-I to dsRNA. Thus, we speculate that DDX60
binds to viral dsRNA and associates with RLRs during viral
infection. Further study is required to reveal the precise
molecular mechanism by which DDX60 activates the RLR-
dependent pathway.

The DDX60 helicase domain binds to dsDNA in vitro, and
DDXG60 was required for type T IFN expression during infec-
tion with HISV-1, a DNA virus. In human cells, RIG-I is in-
volved in the pathway activated by cytoplasmic B-DNA or
DNA virus infection (1, 6, 7). AT-rich dsDNA is transcribed by
RNA polymerase 111, and these transcripts are recognized by
RIG-I (1, 6). In contrast, Choi et al. reported that the RIG-1
protein associates with B-DNA and activates the signaling (7).
Previously, Takahasi ct al. reported that purified RIG-I protein

does not itsell bind to dsDNA (46). Therefore, RIG-I seems to
associate with B-DNA via another protein that directly binds
to dsDNA. HSV-1 was reported to produce considerable
amounts of dSRNA and to activate RIG-I1 and MDAS (25, 34,
52). Thus, we do not exclude the possibility that DDXG60 is
involved in recognition not of dsDNA but of dsRNA derived
from HSV-1. Although RIG-I and MDAS are involved in the
signaling induced by cytoplasmic B-DNA, IPS-1 is dispensable
for the signaling (23). Further study is required to reveal the
molecular mechanisin by which DDXG60 plays an important
role in the signaling induced by cytoplasmic B-DNA.

In addition to the DDX60 gene, the human genome includes
the closely related DDX60L gene, which is located 5’ upstream
of DDX60 on chromosome IV. However, the mouse genome
encodes only one DDX60 protein. Our phylogenetic analysis
indicated that the mouse gene is a shared ancestor of human
DDX60 and DDXG60L genes, and a pilot study has revealed that
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DDXG60L is expressed after viral infection (unpublished re-
sults). Therefore, DDXG0L is also expected to be an antiviral
protein. Considering that knockdown of DDX60 severely re-
duced type I IFN expression alter viral infection, there seem to
be functional differences between DDXG60 and 60L. Further
study is required to reveal the functional differences between
DDX60 and GOL.

The amino acid sequence of DDXG60 is weakly similar to
those of the exosome cofactors SKIV2L and SKIV2L2. In
immunoprecipitation experiments, DDX60 protein was found
to coimmunoprecipitate with core components of the RNA
exosome. However, we could not determine the physiological
role of the interaction between DDX60 and RNA exosome by
knockdown analysis. We examined whether or not knockdown
of DDX60 and the RNA exosome delays degradation of viral
genomic RNA. We found that knockdown of DDX60 or RNA
exosome components does not substantially delay degradation
of transfected viral RNA (unpublished results). This observa-
tion is consistent with our results showing that knockdown of
the RNA exosome does not increase viral titers. However, we
do not exclude the possibility that the RNA exosome is in-
volved in antiviral responses. There exist several antiviral nu-
cleases, such as RNase L and ISG20. Thus, it is possible that
those antiviral nucleases compensate for the defect of the
RNA exosome. This possibility is not surprising, because there
are several redundant pathways in the innate immune system.
For example, poly(I - C) is a ligand common to TLR3 and
MDAS,; thus, not single but double knockout is required to
abolish poly(1 - C)-dependent NK cell cytotoxicity (27). Type I
IFNs are produced from various kinds of cells, such as fibro-
blasts, dendritic cells, and macrophages; thus, we do not ex-
clude the possibility that the RNA exosome performs some
roles in DDXG0 antiviral activity in other cells. The RNA
exosome is required to maintain the integrity of host RNA and
to disrupt RNA that lacks a 5’ catabolite gene activalor protein
(CAP) or 3’ poly(A) tail. Thus, it is also possible that DDX60
is involved in host RNA integrity. Further study is required to
reveal the physiological role of the association of DDX60 with
the RNA cxosome.

In single-cell organisms such as budding yeast (S. cerevisiae),
Ski2 plays a major role in the antiviral responsc to dsRNA
virus. DDXG60, a homolog of Ski2, is conscrved among cu-
karyotes. For example, DDXG60 is also encoded by the Caeno-
rhabditis elegans genome. In a pilot study, we found nematode
DDXG60 expression to be increased after viral infection (un-
published results), leading us to predict that DDX60 possesses
anliviral activity in this species as well. Phylogenetic tree anal-
ysis has shown that antiviral helicases such as DDX60, RLRs,
and Dicer are clustered into one node. Considering that bud-
ding yeast uses Ski2 helicase for its antiviral activity, Ski2-
DDX60 protein might represent the most primitive antiviral
helicase, which has since diverged into several distinct but
similar proteins, such as Dicer and RLRs.
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RIG-I-like receptors, including RIG-I, MDAS and
LGP2, recognize cytoplasmic viral RNA. The RIG-I
protein consists of N-terminal CARDs, central RNA
helicase and C-terminal domains. RIG-I activation is
regulated by ubiquitination. Three ubiquitin ligases
target the RIG-I protein. TRIM25 and Riplet ubiquitin
ligases are positive regulators of RIG-I and deliver the
K63-linked polyubiquitin moiety to RIG-I CARDs and
the C-terminal domain. RNFI125, another ubiquitin
ligase, is a negative regulator of RIG-I and mediates
K48-linked polyubiquitination of RIG-I, leading to the
degradation of the RIG-I protein by proteasomes. The
K63-linked polyubiquitin chains of RIG-I are removed
by a decubiquitin enzyme, CYLD. Thus, CYLD is a
negative regulator of RIG-I. Furthermore, TRIM25
itself is regulated by ubiquitination. HOIP and HOIL
proteins are ubiquitin ligases and are also known as
linear ubiquitin bly complexes (LUBACs). The
TRIM25 protein is ubigquitinated by LUBAC and
then degraded by protcasomes. The splice variant of
RIG-I cncodes a protein that lacks the first CARD of
RIG-1, and the variant RIG-I protcin is not ubiquiti-
nated by TRIM25. Therefore, ubiquitin is the key regu-
lator of the cytoplasmic viral RNA sensor RIG-1.

Keywords: RIG-I/type I interferon/ubiquitin/virus.

Abbreviations: CARD, caspase activation and
recruitment domain; CTD, C-terminal domain;
dsRNA, double-stranded RNA; RLR, RIG-I-like
receptor; pDC, plasmacytoid dendritic cell; ¢cDC,
conventional dendritic cell;, MEF, mouse embryonic
fibroblast cell; BM, bone-marrow; MI, macrophage;
IFN, interferon; ISG, interferon-stimulated gene;
TRIM, tripartite motif; RNF, RING finger.

Recognition of viral RNA

Type 1 interferons (IFNs) are inflammatory cytokines
that possess strong anti-viral activity. During viral in-
fection, type I IFNs are produced from dendritic cells
(DC), macrophages (Mf) and fibroblast cells (Fig. 1A).
Viral RNA is mainly recognized by Toll-like receptors
(TLRs) and RIG-I-like receptors (RLRs). TLRs are

type I transmembrane proteins. TLR3, 7 and 8,
which are members of the TLR family, are localized
to endosomes, and are responsible for the recognition
of viral RNA (/). RLRs are DExD/H box RNA heli-
cases and recognize viral RNA in the cytoplasmic
region (Fig. 1B). There are three members of the
RLR family: RIG-I, MDAS and LGP2. RIG-I has
the ability to recognize various types of viruses, and
MDAS mainly recognizes picornaviruses (2). LGP2
promotes RIG-1 and MDAS-mediated signalling (3).

A cytoplasmic sensor for the detection
of viral RNA

RIG-1, a cytoplasmic sensor for viral RNA, is induced
by viral infection, polyIC and type I IFN stimulation
(4). This protein is composed of two N-terminal cas-
pase recruitment domains (CARDs), a central DExD/H
box helicase/ATPase domain and a C-terminal regula-
tory domain (CTD) (Fig. 2). N-terminal CARDs are
responsible for the binding to the adaptor molecule
IPS-1/MAVS/VISA/Cardif, which is located on the
outer membrane of the mitochondria (5—8). In the ab-
sence of viral RNA, RIG-I CTD represses the inter-
action between RIG-I CARDs and IPS-1 CARD (9).
RIG-I CTD recognizes the 5 triphosphate of short
double-stranded RNA. leading to multimerization of
RIG-I and IPS-1 (10—13). IPS-1 triggers signaling to
induce type I IFN and other inflammatory cytokines
through STING (also called MITA) protein, which is
localized to the endoplasmic reticulum or the mito-
chondria (/4—77). STING then activates transcription
factors, such as IRF-3, IRF-7 and NF-«xB (/5, /8).
Knockout of RIG-I abrogates the production of
type I IFNs and inflammatory cytokines from mouse
embryonic fibroblasts (MEFs). conventional DC and
Mfs in response to viral infections, including infections
caused by vesicular stomatitis virus (VSV), Sendai
virus (SeV), influenza A virus, Newcastle disease virus,
hepatitis C virus and Japanese encephalitis virus (2, 19).
However, RIG-] is not necessary for the production of
type I IFNs by plasmacytoid dendritic cells (pDCs),
which are strong inducers of type I IFNs in vivo (19).
In pDCs, TLR7 is responsible for the detection of viral
RNA (20). In addition, knockout of IPS-1 and STING
inhibits the production of type I IFNs from MEFs,
Mfs and ¢DCs, but not from pDCs (/5—18). Once
type I TFNs are produced from these cells, IFN pro-
duction is secondly amplified via the IFNAR (2/). The
deficiency of the RIG-I-dependent pathway causes a
reduction in early type I IFN production in vivo but
shows only a marginal effect on late type I IFN pro-
duction (/5—18). Knockout of RIG-I increases the

© The Authors 2011. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 5
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Fig. 1 Production of type I IFN in response to viral infection.
(A) Type I IFN is a cytokine that possesses strong anti-viral activity.
Type 1 IFN is produced from fibroblast cells, cDC, pDC and Mf in
response to viral infection. (B) TLR3, 7 and 8 are localized to
endosomes and are responsible for the recognition of viral RNA.
Viral RNA in the cytoplasmic region is recognized by RIG-1 and
MDAS, leading to the activation of the adaptor molecule IPS-1.
IPS-1 triggers the signal to induce type I IFNs. Type I IFNs binds to
an IFN receptor, IFNAR, leading to the activation of anti-viral
factors, such as PKR and RNaseL.

Nucleus

mortality due to viral infections (2, 79). Thus,
RIG-I-dependent pathways are necessary for efficient
early type I IFN production and are required for pro-
tection against viral infections (/8).

TRIM25 ubiquitin ligase is a positive factor
for the RIG-I activation

During viral infection, the RIG-I protein has a mod-
ified form of ubiquitin. TRIM25 (also called Efp)

6

RING-finger  Coiled-Coil
PRY SPRY

TRIM25 631aa
RING PRY SPRY
Riplet 432 aa
Zinc-Finger
RNF125 232 aa
CARD RNA helicase CTD

925 aa

Fig. 2 Domain structures of TRIM25, Riplet, RNF125 and RIG-1.
TRIM2S consists of RING finger, B-box, coiled-coil, PRY and
SPRY domains. Riplet is similar to TRIM2S and consists of
RING-finger, PRY and SPRY domains. RNF125 consists of
RING-finger and two zinc-finger domains. Three proteins mediate
the polyubiquitination of RIG-I. RIG-I consists of two N-terminal
CARDs, central RNA helicase and CTDs.

is a ubiquitin ligase (22, 23), and its domain structure
is described in Fig. 2. This protein interacts with the
first CARD of RIG-I (22, 24). T551 mutation of the
first CARD of RIG-I is found in RIG-I-deficient
HuH7.5 cells. TS5 of RIG-I is critical for the inter-
action between TRIM25 and RIG-I (9, 24, 25). Gack
et al. detected the polyubiquitination of the K99,
K165, K172, K181, K190 and K193 residues of
RIG-1 CARDs by mass spectrometry analysis (22),
and the K172R mutation alone causes a near-complete
loss of the polyubiquitination of RIG-I1 CARDs (22).
TRIM2S delivers the K63-linked polyubiquitin moiety
to the K172 residue of the second CARD of RIG-],
leading to efficient interaction with IPS-1/MAVS/
VISA/Cardif (22, 24). On the other hand, Zeng et al.
reported another mechanism of the activation of
RIG-T by ubiquitin. They reconstituted RIG-1 path-
way in vitro and showed that RIG-I CARDs sense un-
anchored polyubiquitin chains mediated by TRIM25,
and the binding of RIG-1 CARDs to the unanchored
polyubiquitin chains leads to the activation of RIG-I
(26). Knockout of TRIM2S abrogates IFN-B produc-
tion from MEF in response to viral infection (22).
Thus, ubiquitination or polyubiquitin binding is essen-
tial for the activation of RIG-I (Fig. 2).

The expression of a splice variant of RIG-I mRNA
is robustly up-regulated upon viral infection (24). This
splice variant encodes a protein that lacks the first
36—80 amino acid region within the first CARD of
RIG-I; therefore, the RIG-I splice variant (RIG-1
SV) protein loses TRIM25 binding, CARD ubiquitina-
tion and downstream signalling ability (Fig. 3) (24).
RIG-I SV inhibits the multimerization of the wild-type
RIG-I protein and IPS-1 interaction and shows a dom-
inant negative effect on the RIG-I-mediated anti-viral
IFN response (24). Thus, RIG-1 SV acts as the off
switch regulator of its own signalling pathway (24).
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In addition to the IPS-1 adaptor molecule, RIG-I
also binds to the inflammasome adaptor apoptosis-
associated speck-like protein containing a CARD
domain (ASC), also known as Pycard, in response to
viral infection (27). ASC activates caspase-1, leading to

RIG-| protein

viral dsRNA

NN
Ppp

Recognition of viral RNA

Mitochondria

IRF3 NF-7B

v

Type | IFN
Inflammatory cytokine

Regulation of RIG-1 by Ubiquitination

the proteolytic processing of pro-IL-1B into mature,
bioactive IL-1B (28). TRIM25 activity is dispensable
for caspase-1 activation through ASC (27). Thus,
RIG-I polyubiquitination by TRIM25 is dispensable
for ASC inflammasome adaptor activation (27).

Inactive RIG-|

De-ubiquitination

Degradation by proteasome

—> VUmye

1L

48-linked polyubiquitination

Degradation by proteasome

Activation of transcription factors

K48-linked polyubiquitin chain

g K63-linked polyubiquitin chain

@ Head to tail linear polyubiquitin chain

Fig. 3 Regulation of RIG-I by the ubiquitin chain. RIG-I binds to viral RNA together with other cofactors, such as DDX3. After the recognition
of viral RNA, RIG-1 changes its conformation and harbours K63-linked polyubiquitination by TRIM2S and Riplet. Polyubiquitination causes
the activation of IPS-1. leading to the production of type I IFN. CYLD, a deubiquitin enzyme, removes the polyubiquitin chain of RIG-1. CK2
and other unknown kinase phosphorylate RIG-I, and the phosphorylated RIG-1 protein is not polyubiquitinated by TRIM25. In addition, splice
variant RIG-I (SV RIG-I} is not polyubiquitinated by TRIM25, and the SV RIG-I protein acts as a dominant negative form. RNF125 mediates
the K48-linked polyubiquitinatioin of RIG-I, which causes the degradation of RIG-I by proteasomes. The LUBAC protein complex suppresses
TRIM25 function by mediating the head-to-tail polyubiquitination of TRIM2S.
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However, RIG-I polyubiquitination is essential for
NF-xB activation by RIG-I, which is required for
IL-1B mRNA expression; thus, knockout of TRIM25
reduces the production of mature IL-1B (4, 19, 27).

Riplet ubiquitin ligase is essential for the
activation of RIG-I

Riplet (also called Reul or RNF135) was isolated by
yeast two-hybrid screening to isolate RIG-I CTD bind-
ing proteins (29). The Riplet protein is composed of
N-terminal RING finger, C-terminal SPRY and PRY
domains, and is similar to TRIM25 (Fig. 2). However,
this protein lacks B-box, which is a typical feature of
TRIM family proteins. Thus, the protein does not
belong to the TRIM family. Riplet expression is ob-
served in various tissues and cells such as DC, Mfs and
MEF (29. 30). Hu et al. (37) detected endogenous
Riplet protein in human DC lysates. Riplet expression
is induced in mouse bone marrow-derived DCs
(BM-DCs) by polyIC stimulation, which is a double-
stranded RNA analog; however, its expression is not
changed in human fibroblast and HeLa cells (29).

The Riplet protein physically interacts with RIG-I
CTD, and in some experimental conditions, it binds to
RIG-T1 CARDs (29, 32). The Riplet C-terminal region
is responsible for this binding. Riplet mediates K63-
linked polyubiquitination of RIG-1 CTD, leading to
the activation of RIG-1 (Fig. 3) (29). The five CTD
lysine residues at 849, 851, 888, 907 and 909 are im-
portant for the polyubiquitination and activation of
RIG-I (29, 30). In contrast, Gao et al. (32) reported
that Riplet mediates K63-linked polyubiquitination of
K154, K164 and K172 of RIG-1 CARDs in their ex-
perimental conditions (Fig. 3).

In some strain backgrounds, RIG-I-deficient mice
are embryonic lethal, but Riplet knockout mice are
born at expected Mendelian ratios from Riplet*/~
mice (19, 30, 33). Moreover, the development of DCs
and Mfs is also normal in Riplet-deficient mice (30).
Douglas er al. (30, 34) reported that Riplet/RNFI135
haploinsufficiency causes an overgrowth syndrome and
learning disabilities in human: however, knockout of
the Riplet gene in mice does not cause any apparent
defects with regard to development. Knockout of
Riplet severely reduces the production of type I IFN
and abrogates the activation of RIG-I and RIG-I CTD
polyubiquitination (30). Riplet knockout mice are
more susceptible to VSV infection than wild-type
mice. As IPS-1 and STING, Riplet is necessary for
efficient, early type I IFN production in vivo, but it is
dispensable for late type I IFN productions (30). This
indicates the essential role that Riplet plays in the
RIG-I-dependent inpate immune response against
RNA virus infection. Genetic evidence shows that
knockout of either Riplet or TRIM25 destroyed the
RIG-I-dependent innate immune response; therefore,
both ubiquitin ligases are required for the activation of
RIG-I in response to RNA virus infection (22, 30).
RLR pathways contribute to type I IFN expression
in response to cytoplasmic DNA (35-37). However,

8

Riplet-independent type I IFN expression pathway in
response to cytoplasmic DNA exists in MEF (30).

Ubiquitin ligases target several proteins. For ex-
ample, TRIM2S5 targets the proteolysis of 14-3-3 G, a
negative cell cycle regulator that causes G2 arrest, and
thus, promotes breast tumour growth (23). Proteome
analysis reveals that Riplet binds to the TRK-fused
gene (TFG), which is a target of chromosome trans-
location in lymphoma (38—40). Pasmant et al. (41) re-
ported that the Riplet/RNF135 gene is down-regulated
in tumour Schwann cells from malignant peripheral
nerve sheath tumours, and their study suggested the
involvement of Riplet/RNF135 in an increased risk
of malignancy observed in NF1 microdeletion patients.
Thus, it is possible that Riplet targets not only RIG-I
but also other proteins.

Negative regulators of RIG-I

The RNF125 (also called TRACI) protein possesses a
RING finger domain and functions as a ubiquitin
ligase (42). Arimoto et al. (43) isolated RNF125 by
yeast two-hybrid screening to obtain the protein that
binds to UbcHS8, which is an E2 ubiquitin-conjugating
enzyme, and found that RNF125 also binds to RIG-1.
Unlike Riplet and TRIM25, RNF125 ubiquitin ligase
mediates K48-, but not K63-linked polyubiquitination
of RIG-I, leading to the degradation of RIG-I by pro-
teasomes (Fig. 3) (43). UbcH5¢ is possibly an E2
enzyme, which cooperates with RNF125, and UbcHS8
acts as a negative factor in the RNF125-mediated
polyubiquitination of RIG-I (43, 44). Furthermore,
RNF125 ubiquitinates MDAS, a member of RLRs,
and the expression of RNF125 impairs MDAS-
mediated signalling (43). RNFI25 expression is
induced by type I IFN and polyIC treatment. The in-
crease in RNF125 mRNA expression correlates tem-
porally with the decrease in RIG-I expression (43).
Knockdown of RNF125 increases the type I IFN ex-
pression in response to viral infection (43). Since
RNF125 is enhanced by type I IFN, the function of
RNF125 constitutes a negative regulatory loop circuit
for type I IFN production.

CYLD is a deubiquitinase that cleaves the K63-
linked polyubiquitin chain. This protein acts as a nega-
tive regulator of NF-kB and Jun N-terminal kinase
signalling pathways by cleaving the K63-linked poly-
ubiquitin chains of NEMO, TRAF2 and BCL3
(45—48). Friedman et al. (49) performed a microarray
analysis and found that the expression profile of RIG-I
is correlated with that of CYLD. Moreover, they found
that the CYLD protein physically interacts with
RIG-I, TBK1 and IKKe, and deubiquitinates these
proteins. CYLD inhibits SeV-induced type I IFN pro-
duction. Thus, it is expected that CYLD attenuates the
establishment of an anti-viral state (Fig. 3).

There are host and viral negative regulators for
TRIM25. HOIL-1L and HOIP are members of the
RING-IBR-RING (RBR) E3 ubiquitin ligase family
and form complexes (50). HOIL-1L and HOIP form
ubiquitin polymers through the linkage between the
C- and N-termini of the ubiquitin molecules in order to
assemble a head-to-tail linear polyubiquitin chain; thus,
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the protein complex is designated as LUBAC (linear
ubiquitin assembly complex) (50). LUBAC has the abil-
ity to induce polyubiquitination of TRIM2S; it specific-
ally suppresses TRIM25-mediated RIG-I ubiquitination
by inducing TRIM25 degradation and inhibiting
TRIM25 interaction with RIG-1 (Fig. 3) (1)
Excessive production of IFNs or inflammatory cyto-
kines is destructive rather than protective; thus, an ab-
solute regulation of the immune signalling pathway is
essential for a successful immune response against viral
infections. HOIL-1L- and HOIP-mediated suppression
of TRIM25 would be important for the absolute regu-
lation of an immune response (57).

Viruses have evolved sophisticated mechanisms to
evade the host IFN system. There are several virus-
encoded IFN antagonists that inhibit host innate
anti-viral responses. NS1 of the influenza A virus is
one of the IFN antagonists (52, 53). It sequestrates viral
dsRNA from cellular sensors including RIG-I (52). In
addition, it interacts with the coiled-coil region of
TRIM25 and blocks TRIM25 multimerization and
RIG-I CARD polyubiquitination (54).

Perspectives

Several ubiquitin-like proteins (UBLs) exist. ISG15is a
UBL and is induced in response to viral infection (55).
Several anti-viral proteins are modified by ISGIS5,
including RIG-1 (44, 55). UbcHS is an E2 enzyme that
promotes ISG1S conjugation to RIG-I (44). However,
ISG15 knockout mice do not either reduce immuno-
logical functions or decrease anti-viral activity (56).
Thus, the physiological role of ISG15 conjugation to
RIG-1 remains unknown.

In addition, the RIG-I protein is modified by phos-
phorylation. The T170 residue of RIG-1 is phosphory-
lated under normal conditions, and phosphorylation is
reduced after SeV infection (24). Phosphorylation of
RIG-I CARDs inhibits the TRIM25-mediated polyu-
biquitination (Fig. 3). Thus, Gack et al. suggested that
dephosphorylation of RIG-I permits the TRIM2S
binding and TRIM25-mediated polyubiquitination of
RIG-1, allowing RIG-I to form a stable complex with
IPS-1 in order to trigger an IFN-mediated anti-viral
innate immune response. However, the kinase and
phosphatase that target RIG-I N-terminal CARDs
are still unknown. In addition to RIG-I CARDs,
RIG-I CTD is regulated by phosphorylation. In rest-
ing cells, casein kinase II (CK2) phosphorylates T770,
and S854 and S855 (57). The phosphorylation of
RIG-I CTD suppresses the RIG-I-mediated signalling
(Fig. 3) (57). Following viral infection, phosphatases
cause dephosphorylation of the RIG-I CTD, leading
to the activation of RIG-I-mediated signalling (57).

RIG-I requires several cofactors. High mobility
group box proteins are required for the RIG-I to rec-
ognize viral RNA (58). DDX3 and DDX60 are
non-RLR helicases that are involved in RLR signal-
lings, and play pivotal roles in RIG-I-mediated signal-
ling (Fig. 3) (59—62). It remains to be determined
whether the post-translational modification of RIG-I
affects the interaction with those co-factors.

Regulation of RIG-1 by Ubiquitination

Riplet ubiquitinates RIG-1 CTD. The molecular
mechanism of how the Riplet-dependent polyubiquiti-
nation of RIG-1 CTD triggers the downstream signal-
ling remains to be determined yet. RIG-I CTD has two
functions. In the absence of viral RNA, RIG-I CTD
suppresses the activation of RIG-I CARDs. Following
viral infection, RIG-1 CTD binds to viral RNA, lead-
ing to the conformational changes and ultim-
ately removal of the suppression. It is possible that
CTD polyubiquitination affects both functions of
RIG-1 CTD.
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Introduction

Lipids have long been known to play dual roles in biological
systems, [unctioning in structural (in biological membranes) and
energy storage {in cellular lipid droplets and plasma lipoproteins)
capacitics. Rescarch over the past few decades has identified
additional functions of lipids related to  cellular signaling,
microcdomain organization, and membrane traffic. There are also
strong indications of the important role of lipids in various stages of
host-pathogen interactions [1].

Sphingomyelin (SM) is a sphingolipid that interacts with
cholesterol and glycosphingolipid during formation of the raft
domain, which can be extracted for study as a detergent-resistant
membrane (DRM) fraction [2]. Recently, raft domains have
drawn attention as potential platforms for signal transduction and
pathogen infection processes [3,4]. For instance, raft domains may
serve as sites for hepatitis C virus (HCV) replication [5,6].
Additionally, in itro analysis indicales that synthetic SM binds to

@ PLoS Pathogens | www.plospathogens.org

the nonstructural 5B polymerase (RdRp) of HCV [7]. This
association allows RdRp to localize to the DRM fraction (known
to be the site of HCV replication) and activates RdRp, although
the degree of binding and activation differs among HCV
genotypes [7,8]. Indeed, suppression of SM biosynthesis with a
scrine palmitoyltransferase (SPT) inhibitor disrupts the association
between RdRp and SM in the DRM fraction, resulting in the
suppression of HCV replication [7,9].

Multiple reports have indicated that HCV modulates lipid
metabolism (e.g., cholesterol and [fatty acid biosynthesis) to
promote viral replication [10-12]. However, the effect of HCV
infection on sphingolipid metabolism, especially on endogenous
SM levels, and the relationship between HCV replication and
endogenous SM molccular species remain o be clucidated as
there are technical challenges in measuring SM levels (for both
total and individual molccular species) in hepatocytes.

To address these questions, we first utilized mass spectrometry
(MS)-based techniques and analyzed uninfected and HCV-
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infected chimeric mice harboring human hepatocytes. Second, we
developed a hepatotropic SPT inhibitor, NA808, and used this
ool to clucidate the effects of inhibition of sphingolipid
biosynthesis on hepatocyte SM levels. Third, we tested the
inhibitor’s anti-HCV activity in humanized chimeric mice, and
demonstrated the relationship between HCV and endogenous SM
in human hepatocytes. Finally, we identified the endogenous SM
molecular species carried by the DRM fraction, defining the
association between these molecular species and HCV replication.

Results

HCV upregulates SM and ceramide levels in hepatocytes
of humanized chimeric mice

Tirst, we examined the effects of HCV infection on SM
biosynthesis in hepatocytes using humanized chimeric mice. The
study employed a previously described mouse model (SCID/uPA)
into which human hepatocytes were transplanted (see Materials
and Methods). The average substitution rate of the chimeric
mouse livers used in this study was over 80% [13], and HCV
selectively infected human hepatocytes. This model supports long-
term HCV infections at clinically relevant titers [13,14]. Indeed,
the HCV-RNA levels reached (at 4 wecks post-infection) 10°- 10’:
copies/mL in the genotype la group (Figure 1A) and 105-107
copies/mL in the genotype 2a group (Figure 1B).

Once serum HCV-RNA levels had plateaucd, we observed
clevated expression of the genes (SGMST and 2) encoding human
SM synthases 1 and 2; this pattern was HCV-specific, as
demonstrated by the fact that the increasc was not seen in
hepatitis B virus-infected mice (Figure 1C and Figure S1). SM
synthases convert ceramide to SM, so we next examined SM and
ceramide levels in hepatoeytes of both  HCV-infected and
uninfected chimeric mice. SM and ceramide levels were assessed
using MS spectrometry, which allows analysis of samples at the
single lipid specics level as well as at the whole lipidome level. MS
analysis showed that the level of ceramide, the precursor to SM,
was increased in hepatocytes obtained from chimeric mice infected
with HCV of cither genotype (Figure 1D). Further, MS analysis
showed that infection of chimeric mice with HCGY (genotype 1)
was associated with increased SM levels in  hepatocytes
(Figure 1E). Similarly, SM levels were elevated in the hepatocytes
of HCR24 (genotype 2a)-infected chimeric mice. These results
indicate that infection with HCV increases total SM and ceramide
levels in human hepatocytes.

@ PLoS Pathogens | www.plospathogens.org
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MS analysis was conducted to determine which of several
molecular species of SM [15] are present in HCV-infected
hepatocytes. SM - molecular species were analyzed in extracts
obtained from a human hepatocyte cell line (HuH-7 K4) and
from hepatocytes derived from the humanized chimeric mice.
We identified four major peaks as SM molecular species (d18:1-
16:0, 418:1-22:0, 18:1-24:0, and 418:1-24:1), and other peaks
as phosphatidylcholine (Figure 1F). Infection-associated in-
creases were seen for all ceramide molecular species, with
significant changes in three of four species (excepting d18:1-
16:0; $p<<0.05) with genotype la, and in all four species with
genotype 2a (#<0.05) (Figure 1G). Upon infection with HCV
of cither genotype, hepatocytes tended to show increased levels
of all four identificd SM molecular species, but the changes
were significant only for one species (/18:1-24:1; p<<0.05) i
genotype la and for two species (d18:1-16:0 and 418:1-24:1;
£<0.01) in genotype 2a (Figure 1H). In ccll culture, negligible
amount of SM was likely increased by HCV infection. With
respect to cach molecular species, d18:1-16:0 SM was likely
increased by HCV infection (Figure $2). These results indicate
that HCV infection increases the abundance of several SM and
ceramide molecular species.

Relationship between the SGMS genes and HCV infection

To clarify the relationship between SGMS1/2 and HCV, we
investigated the correlation between SGMS1/2 expression and
liver HCV-RNA in humanized chimeric mice. We found that
SGMS1, but not SGMS2, had a correlation with liver HCV-RNA
in HCV-infected humanized chimeric mice (Figures 2A and
2B).

Next, to clarify whether HCGV infection of human hepatocytes
imcreases the expression of the genes (SGMST and SGMS2), we
examined (he cffect of silencing HCV genome RNA on the
expression of these genes in HCV-infected cells (Figures 2C and
2D). We found that silencing the HCV genome RNA decreascs
the expression of SGMS! and SGAMS2.

The above results motivated us to examine the relationship
between SGMS1/2 and HCV replication. Therefore, we exam-
ined the effect of SGMS1/2 mRNA silencing on HCV replication
using subgenomic replicon cells [7,16]. We observed that silencing
SGMST mRNA suppressed HGV replication, whercas silencing
SGMS2 mRNA had no such cifect (Figures 2E and 2F). These
results indicate that SGMS1 expression has a correlation with
HCV replication.

Characterization of the hepatotropic SPT inhibitor NA808

Bascd on our data, we hypothesized that HCV might alter the
mectabolism ol sphingolipids, providing a more conducive envi-
ronment for progression of the viral life cycle. To explore the
relationship between HCV and sphingolipids, we investigated the
cffect of sphingolipid biosynthesis inhibition on HCV and the lipid
profiles of SM and ceramide using HCV-infected chimeric mice
harboring human hepatocytes. To inhibit the biosynthesis of
sphingolipids, we used NA808, a chemical derivative of NA255,
which is an SPT inhibitor derived from natural compounds [7].
We found that NA808 (Figure 3A) suppressed both the activity of
SPT (Figure 3B) and biosynthesis of sphingolipids (Figure 3C) in
a dosc-dependent manner.

The conventional SPT inhibitor myriocin is not clinically
beneficial due to immunosuppression through restriction of T-cell
proliferation [17,18]. However, NA808 showed little immunosup-
pressive effect at the concentration at which NA808 suppressed
HCV replication (Figures 3D and 3E). Morcover, pharmaco-
kintic analysis using ['*C]-labeled NA808 in rat models showed

August 2012 | Volume 8 | Issue 8 | e1002860
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Figure 1. HCV alters sphingolipid metabolism. (A, B) Time-course studies of humanized chimeric mice inoculated with human serum samples
positive for HCV genotype 1a (A) or 2a (B). (C) mRNA expression of SGMST and SGMS2 in uninfected (white, n=5) and HCV genotype 1a-infected
(black, n=7) chimeric mice. (D, E) Effects of HCV infection on hepatocyte SM and ceramide fevels in humanized chimeric mice. Relative intensity of
total ceramide (D) and total shingomyelin (SM) (E) in uninfected mouse hepatocytes (white bar, n=4), HCV genotype 1a-infected mouse hepatocytes
(black bar, n=5), and HCV genotype 2a-infected mouse hepatocytes (dark gray bar, n=3). (F) Mass spectrum of SM in Bligh & Dyer extracts of a
human hepatocyte cell line (HuH-7 K4). (G, H) Effects of HCV infection on hepatocyte SM and ceramide levels in humanized chimeric mice. Relative
intensity of individual ceramide molecular species (G) and individual SM molecular species (H) in uninfected mouse hepatocytes (white bar, n=3),
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error bars indicate SDs. *p<0.05 and **p<<0.01 compared with uninfected hepatocytes.

doi:10.1371/journal.ppat.1002860.9001
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doi:10.1371/journal.ppat.1002860.9002

that NA808 mainly accumulated in the liver and small intestine
(Table $1). These results indicate that NA808 suppressed SPT
activity, with hepatotropic and low immunosuppressive propertics.

Bascd on these results, we then examined the cffects of
mhibition of sphingolipid biosynthesis with NA808 on HCV
replication using subgenomic replicon cells [7,16]. The luciferase

). PLoS Pathogens | www.plospathogens.org

activity of FLR3-1 showed that replication was suppressed by
NA808 in a dose-dependent manner with no effect on cell
viability, as measured by the WST-8 assay (Figure 3E). Similarly,
western blot and immunofluorescence analysis showed that
NA808 cffectively suppressed HCV replication (Figures 3F
and 3G).
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Inhibition of sphingolipid biosynthesis impedes HCV
infection of chimeric mice

To evaluate the ellects of inhibition of sphingolipid biosynthesis
in an animal model, we administered NA808 or pegylated
interferon-o. (PegIFN-a) via intravenous or subcutaneous injection
to HCV-infected chimeric mice harboring human hepatocytes
(Table S2). In chimeric mice infected with HCV genotype 1a,

. PLoS Pathogens | www.plospathogens.org

NA808 treatment led to a rapid decline in serum HCV-RNA
(approximately 2-3 log units within 14 days). On the other hand,
PegIFN-o produced less than a 1 log unit reduction, despite being
delivered at 20 times the typical clinical dose (Figure 4A).
Furthermore, results of 21-day NA808 treatment (5 mg/kg) in
individual mice indicated that serum HCV RNA continued to
decrease in all chimeric mice without viral breakthrough
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doi:10.1371/journal.ppat.1002860.9003

(Figure 4B). Notably, in 2 of 5 chimeric mice, serum HCV-RNA chimeric mice. Pharmacokinetic analysis in a rat model indicated
was not detectable at the end of the 21-day regimen, Consistent with that NA8B08 has hepatotropic properties (Table S1). Consistent
this observation, the levels of both hepatic HCV-RNA and HCV with this analysis, our study in chimeric mice also indicated that

core protein decreased significanty (p<<0.01 and p<<0.05, respec- the NA808 concentration was much higher in the liver than in
tively) following NA808 (reatment, these cffects being  dose scrum (Figure $5). Furthermore, we observed that serum SM
dependent (Figure 4C). Immunofluorescence analysis and immu- content was not decreased by NA808 treatment (Figure $6), in
nohistochemistry confirmed the reduced abundance of HCV core contrast to the effects previously observed for myriocin, another

protein after 14 days of treatment (Figure 4D and Figure 8$3). SPT inhibitor [19].

Tn genotype 2a-infected chimeric mice, NAB08 decreased serum In HCV-infected chimeric mouse hepatocytes, MS analysis
HCV-RNA by approximately 3 log units within 14 days (Figure 4E). indicated that HGV infection resulted in increased ceramide and
NAB08-treated mice displayed a corresponding reduction in hepatic SM levels. However, treatment of infected animals with NA808
HCV-RNA (Figure 4F). NA808 did not aflect body weight or (5 mg/kg) attenuated this increase in ceramide and SM levels in

human serum albumin levels (Figures S4A and $4B). Furthermore, hepatocytes, and the change in SM was significant (<0.03)

hematoxylin and cosin (H&E) staining revealed litle morphological compared (o the level observed in HCV-infected chimeric mice
change in response (o treatment with NA808. Immunofluorescence with no treatment. This effect of NA808 on ceramide and SM

analysis also indicated that NA808 did not aflect the production of levels was dose-dependent (Figures 5A and 5B). We also found
human albumin (Figure S$4C). Thus, inhibition of sphingolipid that SM levels and hepatic HCV-RNA were correlated
biosynthesis by an SPT inhibitor impeded HCV replication in an (Figure 5C).

animal infection modl, regardiess ol HCV genotype. Interestingly, treatment with NA808 cﬂccuvcly decreased two

. . . specific SM and ceramide molecular species (418:1-22:0 and
Inhibition of SPT decreases ceramide and SM levels in d18:1-24:0), slightly decreased one other species (418:1-24:1), and
hepatocytes of humanized chimeric mice hardly decreased another (418:1-16:0). Further, we found that

We next investigated the effects of sphingolipid biosynthesis among SM and ceramide molecular species, 418:1-16:0 did not
inhibition on SM and ceramide levels in hepatocytes of humanized change (Figures 5D and 5E). These results indicate that the
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effects of sphingolipid biosynthesis inhibition varied among the
molecular species.

Considering these results, we found a discrepancy in SM
molecular species which were considered to be important for HCV
replication. To clucidate the relationship between SM molecular
species and HCV replication, we attempted to identify endogenous
SM molecular species comprising the DRM  fraction and to
evaluate the effects of HCV infection and inhibition of sphingo-
tipid biosynthesis on SM levels of the DRM.

Relationship between endogenous SM molecular species
constituting the DRM and HCV replication

We previously reported that SM interacts with RdRp, allowing
it to localize to the DRM fraction where HCV replicates and
activates RdRp [7,8], and that suppression of SM biosynthesis
disrupts the association between RdRp and SM in the DRM
fraction, resulting in suppression of HCV replication [7,8]. In the
present study, treatment with NA808 decreased SM levels in the
DRM fraction; the decreased presence of SM correlated with
decreased RdRp abundance, but the same effect was not scen for
HCV nonstructural protein 3 (Figures $7A-C). Given these
results, we investigated whether HCV replication was induced by
clevated SM levels. Specifically, we compared SM levels in the
DRM fraction between HCV-infected hepatocytes and uninfected
hepatocytes. MS analysis showed that HCV increased SM levels in
the DRM fraction more remarkably than in whole cells
(Figure 6A). Next, we identified SM molecular species composing

. PLoS Pathogens | www.plospathogens.org

the DRM [raction and found that the composition ratio of SM
molecular species was distinct between whole cells and DRM
fractions in both HCV-infected and uninfected hepatocytes
(Figure 6B and Figure 88). The DRM was composed primarily
(69%) of d18:1-16:0, followed (in decreasing order) by 418:1-24:0,
d18:1-22:0, and ¢18:1-24:1; the abundance of all SM molecular
species ncreased upon HCV infection (Figure 6C). Further,
NA808 treatment decreased all SM molecular species in the DRM
fraction. Consistently, NS3 protease inhibitor decreased all SM
molecular species in"the DRM fraction of subgenomic replicon
cclls (Figure 89).

To address the association between RdRp and the endogenous
SM molccular species composing the DRM, we used high-
performance liquid chromatography (HPLC) to separate cach SM
molecular species from bulk SM derived from bovine milk and
brain. We evaluated the relationship between RdRp and these
endogenous SM molecular species using in vitro analysis. Enzyme-
linked immunosorbent assay (ELISA) indicated that these endog-
enous SM molecular species bound to RdRp more readily than
the bulk SM derived from milk as a positive control (Figure 6D).
Further, i vitro HCV transcription analysis showed that three SM
species (418:1-16:0, d18:1-22:0, and 18:1-24:1) increased in vitro
RdRp activation by approximately 5-fold, whereas the d18:1-24:0
specics increased activation by 2-fold (Figure 6E). In a previous
study, the soluble RdRp without its C-terminal hydrophobic 21-
amino-acid sequence was used in #n vitro analysis [8], and whether
the relationship between RdRp and SM proved in this analysis

August 2012 | Volume 8 | Issue 8 | 1002860
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reflected the state in the membranous replication complex remains
1o be clucidated. Therelore, we atternpted to examine the elfect of
endogenous SM molecular species on HCV replicase activity i
vivo using digitonin-permeabilized semi-intact replicon cells, which
permit monitoring of the function of the active HCV replication
complex (Figure 6F) [20]. This in vivo analysis also enabled us to
deliver the extrinsically added SM molecular species directly to the
cytosol. This RNA replication assay indicated that the endogenous
SM molecular species (d18:1-16:0 and  418:1-24:0) enhanced
HCV-RNA replication, these species being consistent with the
two SM molecular species that primarily constitute the DRM and
are decreased significantly by NA808 treaument (Figures 6G and
6H). These results suggest that HCV infection modifics the levels
of specific endogenous SM molecular species, which in turn
enhance HCV-RNA replication by interacting with RdRp.

Discussion

In this study, we showed that HCV alters sphingolipid
metabolism, resulting in a better environment for viral replication.
Specifically, HCV increased SM content in the DRM [raction; this
step is essential for viral replication since M is a key component of
the membranous replication complex and interacts with RdRp.

@ PLoS Pathagens | www.plospathogens.org

Employing MS analysis, we identified endogenous SM molecular
species (located in the DRM fraction) that increased upon HCV
infection, and demonstrated that these endogenous SM molecular
species interact directly with RdRp, enhancing HCV replication.
Thus, we concluded that HCV meodulates sphingolipid metabo-
lism to promote viral replication.

We found that the expression levels of SGMS1/2 and the
content of SM and ceramide in HCV-infected humanized
chimeric mouse livers was increased (Figure 1). Our measurement
revealed that chronic HCV infection promoted sphingolipid
biosynthesis. HCV is known to induce cellular stress [21,22]. A
variety of cell stressors increase mtracellular ceramide content
during the execution phase of apoptosis [23,24], indicating that
ceramide is a proapoptotic lipid mediator. Furthermore, activation
of ceramide-metabolizing enzymes such as glucosylceramide
synthase and SM synthase can attenuate apoptosis by decreasing
the intracellular ceramide content [25,26]. We found that HCV
mlection correlated with increased mRNA levels of the genes that
encode human SM synthases (SGMS1/2) and glucosylceramide
synthase ([/GCG) (data not shown). Thus, the increase in ceramide
levels observed in our study was likely to activate enzymes that
wansfer ceramide o other sphingolipids. On the other hand,
Diamond et al. reported on lipidomic profiling performed over the
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time course of acute HCV infection in cultured Huh-7.5 cells and
observed that specific SM molecular species were decreased 72 h
after HCV infection [27]. Given that their study focused on acute
HCV infection, the reason for this discrepancy may be due to the
severity of infection, suggesting that the influence of HCV
infection on sphingolipid metabolism differs between acute and
chronic infections. We also demonstrated that HCV infection
correlates with increased abundance of specific SM and ceramide
molccular species, with the profiles of individual lipids differing for
infection by HCG9 (genotype 1a) and HCR24 (genotype 2a). The
precise mechanism and meaning of these differences remain (o be
clucidated.

Our results indicated that SGMS]1 expression had a correlation
with HCV replication. This indicates that SM synthesized by
SGMS!1 conuributes to HCV replication. A previous report
revealed (hat in cultured cell lines, SGMS1 localizes in Golgi
apparatus while SGMS2 localizes in the plasma membrane [28].
Thus, the results of this previous report suggest (hat SMs
synthesized by SGMS1 can be casily incorporated into membra-
nous replication complexes. As for SGMS2, we found that HCV
infection  significantly increased the expression of SGMS2,
although the relationship between SGMS2 and HCV replication
was hardly scen in this study. The relationship between SGMS2
and HCV propagation, thus, is an issuc that should be clucidated
in future studies.

We also demonstrated in this study that reduction of SM
molccular species by NA808, a hepatotropic SPT inhibitor with
lile immunosuppressive activity, inhibits HCV replication i
humanized chimeric mice regardless of viral genotype (Figure 4).
Notably, trcatment with NA808 (5 mg/kg) restored SM and
ceramide levels in the liver to the levels observed in uninfected
chimeric mice (Figure 5). Apparently, a slight reduction in SM had
a significant influence on HCV, indicating that SM plays an
important role in the HCV life cycle. SM is required for many
viral processes in host-pathogen interactions [29-31]. For instance,
viral envelopes of human immunodeficiency virus type 1 (HIV-1)
and herpes simplex virus (HSV) are enviched with SM, which is
necessary for efficient virus infectivity [32,33]. With regard 1o
HCV, in addition to cflicient virus infectivity [34], SM is present in
the raft domain, which serves as a site of virus replication, together
with other sphingolipids and cholesterol [6]. Morcover, SM is a
component of VLDL whose assembly component and pathway is
required for HCV morphogenesis and sceretion [34,35]. The
above-mentioned observations suggest that SM plays a multifac-
cted role in the HCV life cycle; therefore, SM is likely to be a good
therapeutic target,

HCV is thought to replicate in a specialized compartment
characterized as a DRM (designated as the membranous
replication complex) [6]. SM, cholesterol, and phosphatidylinositol
(PI) are thought to be the lipids that make up the membranous
replication complex. With regard 1o PI, several siRNA screening
have recently identfied type TIT phosphatidylinositol 4-kinases
(PI4K) as crucial host [actors for HCV replication [36-39]. In
HCV replicon containing cells, PI4P distribution is altered and

). PLoS Pathogens | www.plospathogens.org

enriched in the membranous replication complex by PI4KIIo
synthesis. Although the ability of PI to influence membrane
bending and regulate intracellular processes (e.g. vesicle fusion,
budding, and sorting) has been reported, the role of PI4P in the
formation of the membranous replication complex remains to be
clucidated. SM and cholesterol organize the solid membrane
characterized as the DRM, where HCV replicates {6]. In fact, we
and other groups demonstrated that reduction of SM and
cholesterol suppressed HCV' replication [7,9,12,40]. We per-
formed the immunofluorescent analysis using lysenin. However,
lysenin did not co-localize with N$4B protein, To date, it has been
reported that lysenin-binding to SM is increased in the form of SM
clusters, and that glycosphingolipids hinder lysein-binding to SM
[41] Lipid rafis form of HCV replication complex do not have the
characters of lysenin-hinding to SM.

Further, the role of SM is not only to act as a constituent of the
membranous replication complex, but also to bind and activate
RdRp [7,8]. In this study, to gain further insight into the HCV
membranous replication complex, we attempted to analyze which
SM molecular species comprise the membranous replication
complex, given that the diversity of molecular species is believed
o be responsible for the physiochemical propertics of the
biomembrane [42] (Figure 6). We found that the composition
ratio of SM molecular species observed in this study was quite
different between the whole cell and DRM fractions. Further, to
identify whether these SM molecular species contribute to HCV
replication, we conducted rescue experiments using HCV
replicon-containing  cells (carrying intact RdRp and active
membranous replication complexes) in which cach SM molecular
species was extrinsically added to replicon cells treated with
NAB808. However, in this experiment, addition of SM caused cell
death. Therefore, we used digitonin-permeabilized semi-intact
replicon cells, which enabled us to deliver the extrinsically added
SM molecular species directly to the cytosol without catalytic effect
and permitted monitoring of intact RdRp and replication
complexes. We demonstrated that the specific endogenous SM
molecular species (418:1-16:0 and 418:1-24:0) enhance HCV-
RNA replication, these species being consistent with the two SM
molecular species which mainly constitute the DRM. Collectively,
these results suggest that the HCV replication complex charac-
terized as DRM is the specialized compartment that is composed
of SM molecular species. These findings will provide new insights
into the formation of the HCV replication complex and the
involvement of host lipids in the HCV life cycle.

Materials and Methods

Ethics statement

This study was carried out in strict accordance with both the
Guidelines for Animal Experimentation of the Japanese Associa-
ton for Laboratory Animal Science and the recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All protocols were approved by the
cthics committce of Tokyo Metropolitan Institute of Medical
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Science. The patient with HCV infection who provided the serum
samples gave written informed consent hefore blood collection.

Cells

The HCV subgenomic replicon cells FLR3-1 (genotype 1b,
Con-1) was cultured at 37°C in Dulbecco’s modified Eagle’s
medium GlutaMax-T (Invitrogen, Carlshad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS) and 0.5 mg/mL G418.
HuH-7 K4 cells (cured of HCV by IFN treatment) and the JFH/
K4 cells persistently infected with the HCV JFH-1 strain were
maintained in DMEM containing 10% FCS and 0.1 mg/mL
penicillin and streptomyein sulfate. MH-14 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 U/mL nonessential amino acids, 0.1 mg/
ml penicillin and streptomycin sulfate, and 0.5 mg/ml. G418.

siRNA assay

siCONTROL, siSGMS]1, and siSGMS2 were purchased from
Dharmacon RNA Technologics (Lafayette, CO, USA). The
siCONTROL Non-Targeting siRNA #3 was used as the negative
control siRNA. We used siRNAs against the HCV genome (siE-
R7) [16]. The chemically synthesized siRNAs were transfected
into cells using Lipofectamine RNAIMAX (Invitrogen) and Opti-
MEM (Invitrogen) by reverse-transfection. Cells were character-
ized at 96 h after transfection.

Serine palmitoyltransferase activity

We assessed SPT activity in the liver as previously described,
with minor modifications [43]. Brielly, frozen cells were homog-
enized in HEPES buffer (10 mM HEPES, 2mM sucrose
monolaurate, and 0.25 M sucrose, pH 7.4), and homogenates
were centrifuged at 10,000xg for 20 min. From the resulting
supernatant, samplcs comammq 200 pg protein were assayed for
SPT activity using [*CJ-serine and palmitoyl-CoA (Sigma-
Aldrich, St. Louis, MO, USA) as substrates.

Proliferation assay

Human peripheral blood cells (AliCells, Emeryville, CA, USA)
were plated onto 96-well plates and treated with phytohemagglu-
tinin with or without immunosuppressant reagents. Afier 2 days off
stimulation, [*H}-thymidine-containing growth medium was
added, and the cultures were incubated for another 18 h. T-cell
proliferation was assessed by comparing the level of thymidine
incorporation to that in the stimulated control.

Anti-hepatitis C virus assay in Huh-7 cells harboring
subgenomic replicons

Replication was determined after 72 h with a Bright-Glo
luciferase assay kit (Promega, Madison, WI, USA). The viability
of replicon cells was determined using a cell counting kit (Dojindo,
Kumamoto, Japan) according to the manufacturer’s instructions.

Western blot analysis

Cells were resuspended in lysis buffer (10 mM Tris, pH 7.4
containing 1% SDS, 0.5% Nonidet P-40, 150 mM NaCl, 0.5 mM
EDTA, and 1 mM dithiothreitol). Ten micrograms of the resulting
protein sample were electrophoresed on a 10% sodium dodecyl
sulfate-polyacrylamide gel and subsequently transferred o a
polyvinylidene difluoride membrane (Immobilon-P; Millipore,
Billerica, MA, USA). HCV nonstructural protein 3 (NS3) and
nonstructural 5B polymerase (RdRp) were detected with rabbit
anti-NS3  polyclonal antibody (R212) and mouse anti-RdRp
monoclonal antibody (5B-14) prepared in our laboratory. B-Actin

). PLoS Pathogens | www.plospathogens.org

Specific Sphingomyelin’s Role for HCV Replication

was detected with anti-B-actin monoclonal antibody (Sigma-
Aldrich).

Immunofluorescent staining of hepatitis C virus replicon
cells

Afier treatment with 25 nM NA808 for 96 h, FLR3-1 cells were
probed with anti-NS3 polyclonal antibody (R212; the primary
antibody). Next, an anti-rabbit IgG-Alexa 488 conjugate (Invitro-
gen) was applied as the secondary antibody.

Thin-layer chromatography analysis

Thin-layer chromatography (TLC) analysis was performed as
described previously [9]. Briclly, cells were incubated with [M*C]-
serine in Opti-MEM  (Invitrogen). Cells extracts were obtained
using the Bligh & Dyer method [44] and were spotted onto Silica
Gel 60 TLC plates (Merck, Darmstadt, Germany) for separation.
Radioactive spots were detected using a BAS 2000 system (Fuji
Film, Kanagawa, Japan).

Membrane flotation assay

Cells were lysed in TNE buffer (25 mM Tris-HCI, 150 mM
NaCl, 1 mM EDTA) and passed 20 times through a 25-gauge
needle. Nuclei and unbroken cells were removed by centrifugation
at 1,000xg for 5 min. Alter ensuring that the amount of total
protein was equivalent across all samples, cell lysates were treated
with 1% Triton on ice for 30 min and then subjected (o a sucrose
gradient (10%, 30%, and 40%). The sucrose gradient was
centrifuged at 247, 220 xgin a Beckman SW41 Ti rotor (Beckman
Coulter Inc., Brea, CA, USA) for 14 h at 4°C. Fractions {1 mL)
were collected from the top of the gradient,

Infection of mice with hepatitis C virus genotypes 1a and
2a

Chimeric mice infected with HCV were prepared as previously
described [45]. Briclly, approximately 40 days after the transplan-
tation procedure, mice were intravenously injected with 5x10°
copics/mouse of HCGY (genotype 1a) or HCR24 (genotype 2a)
that had been collected from patient serum,

Quantification of HCV RNA by real-time polymerase chain
reaction

Total RNA was purified from 1 pL of chimeric mouse serum
using SepaGene RV-R (Sanko Junyaku Co. Ltd., Tokyo, Japan)
and from liver tissue using Isogence (Nippon Gene Co TLud., Tokyo,

Japan). HCV RNA was quantified by quantitative real-time

polymerasc chain rcaction (PCR) using previously reported
techniques [9]. For serum, this technique has a lower limit of
detection of 4000 copies/mL. Therefore, samples in which HCV
RNA was undetectable were assigned this minimum value.

Quantification of HCV core protein by ELISA

Liver specimens were homogenized in TNE buller. Aliquots of
5 ug of total protein were assayed for core protein levels with an
Ortho HCV core protein BLISA kit (Eiken Chemical, Tokyo,

Japan).

Indirect immunofluorescence analysis

The primary antibody lor immunofluorescence analysis of liver
sections was anti-HCV core protein monoclonal antibody (5E3)
[46]. Monoclonal antibody labeling was followed by staining with
anti-mouse IgG Alexa-488. The nuclei were stained using 4',6-
diamidino-2-phenylindole (IDAPI).
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Gene expression analysis

To measure mRNA levels, total RNA samples were extracted
from the mousc livers and cDNA was synthesized using a High-
Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). The cDNA solution was assessed by
quantitative PCR performed with TagMan Gene Expression
Assays (Applicd Biosystems) and an ABI 7700 Sequence Detection
System {Applied Biosystems).

Quantification of SM and ceramide in liver

We quantified liver SM and ceramide levels using a mass
spectrometer (MS). Electrospray ionization (ESI)-MS analysis was
performed using a 4000Q3 TRAP quadrupole-linear ion trap
hybrid MS (AB SCIEX, Foster City, CA, USA) with an UltiMate
3000 nano/cap/micro-liquid chromatography system (Dionex
Corporation, Sunnyvale, CA, USA) combined with an HTS
PAL autosampler (CTC Analytics AG, Zwingen, Switzerland).
The total lipid fractions expected to contain SM and ceramide,
were subjected direedy to flow injection and were selectively
analyzed by ncutral loss scanning of 60 Da (HCOg+CHs) from
SM [M+HCOO]™ in the negative ion mode, and multiple-
reaction monitoring using a combination of ceramide [Cer—
H,O+H]" and the product {long-chain basc) [LCB—H,O+H]" in
the positive ion mode [47,48]. The mobile phase composition was
acetonitrile:methanol:water at 6:7:2 (0.1% ammonium formate,
pH 6.8) and a flow ratc of 10 pL./min. The typical injection
volume was 3 pL of total lipids, normalized by protein content.

LC/ESI-MS analysis was performed using quadrupole/time of
{light (Q-TOF) micro with an ACQUITY UPLC system (Waters
Corporation, Milford, MA, USA) in the negative ion mode and an
Agilent 6230 with an Agilent 1290 Infinity LC system (Agilent
Technologies, Inc., Loveland, CO, USA) in the positive ion mode.
Reversed-phase LC separation was achieved using an ACQUITY
UPLC BEH column {150 mm x1.0 mm i.d., Waters Corporation)
at 45°C. The mobile phase was acctonitrile:methanol:water at
19:19:2 (0.1% formic acid+0.028% ammonia) (A) and isopropanol
(0.1% formic acid+0.028% ammonia) (B), and the composition
was produced by mixing these solvents. The gradient consisted of
holding A:B at 90:10 for 7.5 min, then linearly converting to A:B
at 70:30 for 32.5 min, and then linearly converting to A:B at 40:60
for 50 min. The detailed procedure for LC/ESI-MS was described
previously [49,50].

Separation of SM molecular species by HPLC

Bovine milk or brain SM (Avanti Polar Lipids. Inc., Alabaster,
AL, USA) was dissolved in chloroform:methanol (2:1), then
separated according to molecular species by reversed-phase
HPLC. The 418:1-16:0, 22:0, and 24:0 molecular species of SM
were isolated from bovine milk SM, while the 418:1-24:0 and 24:1
molecular species were isolated from brain SM. Bovine milk and
brain SM were then separated on Senshu PAK ODS (C18)
columns  (Senshu Scientific Co., Lid., Tokyo, Japan) using
methanol as the cluting solvent at a flow rate of 1 mL/min. The
fatty acid compositions of the purified fractions were analyzed by
LC/ESI-MS, The amount of SM in cach [raction was quantified
using an SM assay kit (Cayman Chemical, Ann Arbor, MI, USA).
We confirmed that the purity of cach molecular species was
approximately 90% without 418:1-24:1 (about 70%) (data not
shown).

in vitro HCV transcription
In vito HCV transcription was performed as previously
described [8].
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SM binding assay using ELISA

An SM binding assay was performed as previously described [8]
using rabbit ant-HCV RdRp sera (1:5000) and an HRP-
conjugated anti-rabbit IgG antibody (1:5000). Optical density at
450 nm (ODys0) was measured on a Spectra Max 190 spectro-
photometer (Molecular Devices, Sunnyvale, CA, USA) using the
TMB Liquid Substrate System (Sigma).

RNA replication assays in permeabilized replicon cells

The analysis using digitonin-permeabilized replicon cells was
performed as previously described [20] with minor modifications.
Briefly, MH-14 cells of about 80% confluency were pre-cultured
for 2h in complete Dulbeceo’s modilied Eagle’s medium
containing 5 pg/mL actinomycin D (Nacalai Tesque, Kyoto,
Japan), then washed with cold buffer B (20 mM HEPES-KOH
(pH 7.7 at 27°C), 110 mM potassium acetate, 2 mM magnesium
acetate, | mM EGTA, and 2 mM dithiothreitol). The cells were
permeabilized by incubation in buffer B containing 50 pg/mL
digitonin for 5 min at 27°C,, and the reaction was stopped by
washing twice with cold buffer B. The permeabilized cells were
then incubated for 4 h at 27°C in the reaction mixture with or
without cach lipid. The reaction mixture consisted of 2 mM
manganese(I) chloride, 1 mg/mL acetylated bovine serum
albumin (Nacalai Tesque), 5 mM phosphocreatine (Sigma), 20
units/mL creatine phosphokinase (Sigmay), 50 pg/mL actinomycin
D, and 500 pM cach of ATP, CTP, GTP, and UTP (Roche
Diagnostics, Basel, Switzerland) in buffer B (pH 7.7). Total RNA
was purified by the acid guanidinium-phenol-chloroform method.
In this assay, considering that the estimated SM content in human
hepatocytes is 3-4 nmol/mg protein, as demonstrated by MS
analysis (Figure $10), the amount of SM we added in the
replicase assay was 0.3-1 uM. (i.e. 0.03-0.3 nmol/0.3 mL/
0.1 mg protein/12 well; the reaction volume in the replicase
assay was 0.3 mL/12 wells and each well of the 12 well cell culture
plates contained approximately 0.1 mg protein.)

Statistical analysis

Statistical analysis was performed using the Student’s ttest
cquipped with Excel 2008 (Microsoft, Redmond, WA, USA). To
measure the strength of the association, Pearson correlation
coeflicient was calculated using Txcel 2008. A p-value<<0.05 was
considered statistically significant.

Supporting Information

Figure S1 Impacts of HBV infection on expression of
sphingomyelin (SM) biosynthesis genes. mRNA expression
of SGMSI and SGMS2 genes (encoding SM synthases 1 and 2,
respectively) in uninfected (white) and infected (black) chimeric
mice (n=35 per group).

j26)

Figure 82 Effect of HCV infection in cultured cells.
Comparison of the relative amounts of SM, as measured by MS
analysis, in mock-infected (HuH-7 K4 cclls) (white) and HCV
(JFH-1)-infected cells JFH/K4 cells) (black) (n=1 per group).
(rG)

Figure 83 The expression of HCV core protein in HCV-
infected chimeric mice. Histological analysis using immuno-
histochemical labeling of HCV core protein.

114

Figure $4 Effects of NA808 on HCV-infected chimeric
mice. (A) Average body weight of mice during treatment. (B)
Average human albumin concentrations in the sera of mice during
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treatment. (C) Histological analysis using H&E staining and
immunofluorescent labeling of human albumin (ved). In all cases,
error bars indicate SDs.

Jre)

Figure 85 Concentrations of NA808 in chimeric mice
receiving NA808 treatment. Concentration of NA80S in the
liver (gray) and serum (black) of chimeric mice treated with 5 mg/
kg or 10 mg/kg NA808. Stars indicate that NA808 level was not
detected.

(PG)

Figure S6 Sphingomyelin (SM) levels in the serum of
chimeric mice receiving NA808 treatment. SM levels in the
serum of chimeric mice (n=3 per group) that were uninfected
(HCV-), or infected (HCVH) but untreated or treated with 5 or
10 mg/kg NA808. Error bars indicate SDs.

(PG)

Figure 87 Effects of NAB08 on associations between the
HCYV nonstructural 5B polymerase (RdRp) and sphingo-
myelin (SM). (A) Comparison of SDS-PAGE and TLC results
for replicon cells receiving no treatment (Control) or NAS08
treatment (NA808). NA808 dosage was 2.5 nM (for TLC) or
25 nM (for SDS-PAGE). (B) Relative band intensities of RdRp
and NS3 in detergent-resistant membrane (DRM) fractions from
cells receiving no treatment (Control) or 25 nM NA808 treatment
(NAB08). (C) Relative band intensities of SM in DRM fractions
from cells receiving no treatment (Control) or 2.5 nM NA808
treatment (NA808).

0PG)

Figure S8 Composition ratio of SM molecular species in
whole cells and DRM fraction of uninfected cells.
JrG)

Figure S9 Effect of NS3 protease inhibitor on SM
molecular species in the DRM fractions of subgenomic
replicon cells. (A) Effect of NS3 protease inhibitor (VX950) on
HCV replication (dark grey bars) and cell viability (light grey bars)
in FLR3-1 replicon-containing cells. Error bars indicate SD. (B)
Effect of NS3 protease inhibitor (VX950; 3 pM) on SM molecular
species of DRM fractions of FLR 3-1 replicon-containing cells.
Error bars indicate SDs.

(148

Figure $10 The estimated SM content in human hepa-
tocytes. Left bar (white) indicates the intensity of SM internal
standard (SM d18:0-12:0; 1 nmol) by mass spectrometer. Right
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bar indicates the intensity of 1 mg protein of human hepatocyte
(HuH-7 K4).
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Table S1 Distribution of radioactivity in tissues after a
single intravenous administration of ['*C] NA808 at
2 mg/kg to non-fasting male rats.

(PDF)

Table $2 Treatment administration for HCV-infected
chimeric mice. Administration of reagents was started at day 0.
The amount of NA808 was adjusted according to the body weight
of the mice. Dose began at 5 mg/kg or 10 mg/kg and was
reduced by halfat each 10% reduction in body weight (half circle).
At 20% veduction, administration was discontinued. Open circle
indicates cach manipulation was performed as required.

(PDF)

Text S1 Materials and methods for supporting infor-
mation. Methods for “Infection of chimeric mice with hepatitis B
virus”, “Quantification ol human albumin”, “Histological staining
and indirect immunofluorescence analysis”, and “Quantification
of sphingomyelin (SM) in serum” are described.

(DOCX)
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