mDC TICAM-1 pathway efficiently links CTL/NK activation
by mDCs. Missing the cell surface-specific TLR, TLR22, and
conserving ER-resident TLR, TLR3, in mDCs may cause the
functional specialization of the TICAM-1 pathway on evok-
ing cellular immunity in mammals. Although the signaling
pathway by which type I IFN is induced has been elucidated
in each cell type, the exact pathway that drives NK activation
or CTL induction by mDCs has not been identified.

Effector induction in transgenic mice with TLR22 for
surface dsRNA recognition

Upon transfection of fgTLR22 or fgTLR3 into human or
mouse cells, fgTLR22 functions as an RNA sensor for IFN
induction in these mammalian cells, suggesting that mice and
human TICAM-1 are compatible with fish TLR22 and TLR3
(37). With this finding in mind, we have generated TLR22
transgenic (Tg) mice to test fish TLR22 antiviral function and
NK activation in mouse. TLR22 is ubiquitously expressed in
all the organs tested in the Tg mice (A. Matsuo, H. Oshiumi,
T. Seya, unpublished data). Its expression profile is similar to
that in fish, in which endogenous fish TICAM-1 is ubiqui-
tously expressed. Polyl:C or poliovirus were used as type I
IFN inducers for in vitro mouse embryonic fibroblasts (MEF)
stimulation studies. TLR22-expressing MEFs produce high
levels of type I IFN within 6 h, a time period during which
control MEFs still do not produce type I IEN. Rapid induction
and three- to fivefold higher levels of IFN-f in the supernatant
are characteristic features of TLR22-expressing MEFs. Similar
results were obtained with BMDCs.

The levels of NK activation induced by BMDCs do not differ
significantly between TLR22-expressing BMDCs and control
BMDCs. We believe that TLR22 differs from TLR3 in its ability
to activate cellular immune responses. However, further
investigation is necessary to establish the final conclusion.

Virus infection studies were performed on Tg mice using
influenza virus and poliovirus in an in vivo mouse model
(A. Matsuo, H. Oshiumi, T. Seya, unpublished data). Both
Tg and control mice died of influenza infection within
7 days. It appeared that TLR22 did not protect mice from
influenza. By contrast, Tg mice expressing the poliovirus
receptor (PVR) and TLR22 were relatively resistant to
poliovirus infection compared with TLR22-negative control
PVR-Tg mice. Wildtype mice died within 5 days, but Tg
mice survived for a significant longer period. Hence,
TLR22 harbors antiviral activity against acute infection of
dsRNA or positive-stranded RNA viruses. This TLR22 func-
tion is conserved in TLR22-positive cells of Tg mice. We

© 2009 The Authors e Journal compilation © 2009 Blackwell Munksgaard ¢ Immunological Reviews 227/2009
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support the interpretation that TLR22 is lost in mammals
the TLR22
dsRNA-generating viruses. The summary of this issue on
TLR22-Tg mice is illustrated in Fig. 6.

Although cell surface activation of TLR3 or TLR22 may not

so that supplement recovers resistance to

be associated with induction of cellular immunity, these
molecules efficiently suppress acute viral infection by generat-
ing type I IEN. Development of the endosomal RNA recogni-
tion system in mDCs would be essential in mammals for
enhancing the induction of cell-mediated and long-lasting
immunity in viral infection. Although to what extent TLR22
participates in the induction of cellular immunity by virus
infection remains largely unsettled, fish unequivocally develop
the endosomal RNA recognition system involving TLR3. Cell
surface RNA recognition by TLR3 exerts some toxic features
(7, 53), which may facilitate limited usage of TLR3 on mem-
brane surface. Part of the linking between TLRs and cellular
immune responses should have been established before

human and fish ancestors diverged.

Prototype of the vertebrate TLR system

The phylogenetic tree of vertebrate TLR family members
strongly supports the notion that non-mammalian vertebrate
TIRs emerged during the Cambrian period together with
other mammalian TIRs (13, 14, 36, 49); thus, the human
ancestor probably possessed both contemporary TLR subsets
and those of non-mammalian vertebrates. Based on our
knowledge of the functional coverage of vertebrate TLR fam-
ily members, the expected TLR subsets that the vertebrate

Summary on fgTLR22 of the TICAM-1 pathway

Fish have two arms of TLRs, TLR3 and TLR22, for the TICANM-1

¢ Fish TICAMY induces PN in 8 different manner with mammals’

o

& Fish TLR22 resides on cell surface and recognizes dsBNA

F

The TICAR-T pathway of Fish TLR22 functions ag an antivirus pathway

& The antiviral tunclion of TLR2Z is reproducible in mammais

TLR22 Tg

_________ seed ;Nﬁ
urvival against
) dsie BNA vituses

Fig. 6. Summary on fgTLR22 of the TICAM-1 pathway. (i) Fish have
two arms of TLRs, TLR3, and TLR22, for the TICAM-1. (ii) Fish TICAM-1
induces IFN in a different manner with mammals. (iii) Fish TLR22
resides on cell surface and recognizes dsRNA. (iv) The TICAM-1 pathway
of fish TLR22 functions as an antivirus pathway. (v) The antiviral func-
tion of TLR22 is reproducible in mammals.
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common ancestor would have possessed would include at
least the following 10 TLR members: TLR2, TLR3, TLR4,
TLRS, TLR7, TLR8, TLR9, TLR21, TLR21, and TLR22 (13)
(Table 1). Prior to the evolution of mammals, gene duplica-
tions would have occurred, especially in TLR2 subfamily
members. Furthermore, some TLR genes were lost in some
lineages, although the reason remains unknown. For exam-
ple, TLR21 was diminished in the mammalian lineage, and
TLR22 was lost when the mammalian ancestor began to live
on land (36). Why did our human ancestor lose TLR21 and
TIR22 during evolution? There are two possible explana-
tions. First, mammals need to recognize patterns in the
endosome to link the acquired responses so that non-
mammalian TLRs present on the cell surface would become
dispensable in the innate system. This scenario is conceiv-
able, because the acquired system in mammals is far more
sophisticated than that of teleosts. Second, the mammalian
lineage happened to lose the non-mammalian TLRs. This

observation is not surprising because loss of genes, which

are useful for the descendant, has occurred occasionally
during vertebrate evolution. For example, the vertebrate
ancestor probably possessed broader spectral opsin genes for
light sensing, keener auditory sensors for sound hearing, and
more olfactory genes for smell sensing than humans, but the
mammalian ancestor lost these outstanding genes since their
divergence from reptiles (54); thus, many mammalian
species are less sensitive to distal light wavelength of light,
high frequency of sound, and faint smell than other non-
mammalian vertebrates. If mammals had successfully repro-
duced TLR2?2 in their genomes, innate immunity in humans
would have been stronger. Optional environmental pressure
by pathogens may have led to the divergence of the immune
system, resulting in variations. In any case, TLRs linked cellu-
lar immunity a long time ago: a common ancestor of fish
and human already had a prototype. Based on this view, it
appears that our immune system is not ideal but is just an
example of how infections with certain pathogens have been

prevented over a long time period.

. Honda K, Taniguchi T. IRFs: master regula-
tors of signalling by Toll-like receptors and

Cytoplasmic recognition of RNA. Adv Drug
Deliv Rev 2008;60:841-846.
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RIG-I (retinoic acid-inducible gene-I), a cytoplasmic RNA
helicase, interacts with IPS-1/MAVS/Cardif/VISA, a protein on
the outer membrane of mitochondria, to signal the presence of
virus-derived RNA and induce type I interferon production.
Activation of RIG-I requires the ubiquitin ligase, TRIM25,
which mediates lysine 63-linked polyubiquitination of the RIG-I
N-terminal CARD-like region. However, how this modification
proceeds for activation of IPS-1 by RIG-I remains unclear. Here
we identify an alternative factor, Riplet/RNF135, that promotes
RIG-I activation independent of TRIM25, The Riplet/RNF135
protein consists of an N-terminal RING finger domain, C-termi-
nal SPRY and PRY motifs, and shows sequence similarity to
TRIM25. Immunoprecipitation analyses demonstrated that the
C-terminal helicase and repressor domains of RIG-1 interact
with the Riplet/RNF135 C-terminal region, whereas the CARD-
like region of RIG-I is dispensable for this interaction. Riplet/
RNF135 promotes lysine 63-linked polyubiquitination of the
C-terminal region of RIG-I, modification of which differs from
the N-terminal ubiquitination by TRIM25. Overexpression and
knockdown analyses revealed that Riplet/RNF135 promotes RIG-
I-mediated interferon-B promoter activation and inhibits propa-
gation of the negative-strand RNA virus, vesicular stomatitis virus.
Our data suggest that Riplet/RNF135 is a novel factor of the RIG-1
pathway that is involved in the evoking of human innate immunity
against RNA virus infection, and activates RIG-I through ubiquiti-
nation of its C-terminal region. We infer that a variety of RIG-1-
ubiquitinating molecular complexes sustain RIG-I activation to
modulate RNA virus replication in the cytoplasm.

Cytoplasmic viral RNA sensors induce production of type I
interferon (IFN)? (1, 2). Representative cytoplasmic sensors,
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RIG-I-like receptors (RLRs) of RIG-1, MDA5, and LGP2, belong
to the DEA(D/H) box RNA helicase family (3—6). RIG-1 recog-
nizes the 5" end triphosphate of the virus RNA genome or dou-
ble-stranded RNA (6-8) to sense infection by various RNA
viruses (3, 5). The RIG-I protein consists of two N-terminal
CARD-like domains, an RNA helicase region and a repressor
domain (RD) (9). After recognition of positive or negative sin-
gle-stranded viral RNA, RIG- interacts with its adaptor mole-
cule IPS-1/MAVS/Cardif/VISA leading to type I IFN produc-
tion, thereby protecting host cells from amplified viral
replication (10—13). However, only a few copies of viral RNAs
usually penetrate the cell membrane to enter the cell at an early
infection, and these RLRs are barely present in intact as well as
early virus-infected cells (6). The early viral RNA recognition
facility should be different from that of the late phase when
RIG-I protein is abundant in the cytoplasm and easily re-orga-
nizes the virus RNAs. What molecular mechanism is responsi-
ble for initial sensing of viral RNA thus remains unknown.

Other RLRs, MDAS5 and LGP2, are structurally similar to
RIG-I in their having the helicase domain (5, 14). However,
MDAS5 lacks the RD domain although it possesses CARD-like
region at the N terminus like RIG-I. LGP2 does not have a
CARD-like region but possesses RD at its C terminus (9). RIG-1
and MDAS5 recognize different kinds of RNA viruses and in
some cases play a redundant role in sensing virus infection,
such as influenza B (15). In contrast, LGP2 rather negatively
regulates virus replication. LGP2 expression suppressed RIG-1
or MDAS signaling (14, 16), and [gp2 gene disruption conferred
high susceptibility to virus infection on mice (4).

Recently, the majority of proteins involved in the type L IFN-
inducing system were found ubiquitinated. For example, the
tumor necrosis factor receptor-associated family members,
TRAF3 and TRAF6, are ubiquitin ligases to induce ubiquitina-
tion of proteins and implicated in activation of IFN regulatory
factor (IRF) 3 or nuclear factor (NF) kB (13, 17-19). In contrast,
a deubiquitinating enzyme, DUBA or A20, suppresses these
signals (19, 20). In addition to ubiquitin, ubiquitin-like protein,
ISG15, is also conjugated to proteins involved in the IFN-induc-
ing pathway (21, 22). Recent studies have revealed that viral
RNA sensors are also ubiquitinated. TRIM25 (ZNF147 or EFP),
a member of the ubiquitin-protein isopeptide ligase family,
which possesses a RING finger domain, ubiquitinates the

multiplicity of infection; VSV, vesicular stomatitis virus; IRF, IFN regulatory
factor; Ub, ubiquitin; ORF, open reading frame; RD, repressor domain.
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CARD-like domains of RIG-I thereby facilitating the RIG-I-
mediated activation of type I IFN signaling (23, 24), although
Shimotohno and co-workers (25) previously reported that
TRIM25 (EFP) does not polyubiquitinate the RIG-I CARD-like
region as far under their conditions. Expression of TRIM25
increases RIG-I CARD-like region-mediated signaling; how-
ever, it remains to be determined whether the activation of
full-length RIG-I requires other ubiquitin ligase (23). Another
ubiquitin ligase RNF125 mediates lysine 48-linked polyubig-
uitination of RIG-I, which leads to degradation of RIG-I
through the proteasome (25).

Here we examined what molecular complex participates in
an early RIG-I-mediated RNA recognition and IFN signaling by
yeast two-hybrid screening. Here we detected two novel RING
finger proteins that bound to RIG-I, and we found that one,
RNF135, facilitated RIG-I-mediated type I IFN induction via
ubiquitinating RIG-I. RNF135 plays a crucial role in the RIG-I
response to minimal copies of viral RNA, and by binding to the
C-terminal helicase and RD regions of RIG-I, RNF135 facili-
tates RIG-I C-terminal ubiquitination to up-regulate RIG-I-
mediated IFN signaling and suppress viral replication. Hence,
we renamed it as RNF135 Riplet (RING finger protein leading
to RIG-I activation). To our knowledge, this is the first study
demonstrating that C-terminal ubiquitination of RIG-I is
important for full IFN induction by RIG-L.

EXPERIMENTAL PROCEDURES

Cell Cultures—HEK?293 and Vero cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% fetal calf serum
(Invitrogen), and HelLa cells were in minimum Eagle’s medium
with 2 mMm L-glutamine and 10% fetal calf serum (JRH Bio-
sciences). HEK293FT cells were maintained in Dulbecco’s
modified Eagle’s high glucose medium containing 10% heat-
inactivated fetal calf serum (Invitrogen).

Plasmids—cDNA fragment encoding a C-terminal region of
Riplet was isolated by yeast two-hybrid screening using human
lung ¢DNA library. The 5’ region encoding the remaining
N-terminal region was amplified by PCR using primers Rip-
let-F1 and Riplet-R1, and human lung' cDNA library was used
for its template. Two cDNA fragments, which cover the entire
ORF of Riplet, were joined by PCR using primers Riplet-F1, R1,
F2, and R2 and then inserted into pCR-blunt vector (Invitro-
gen). The primers sequences are as follows: F1, GCCTCGAG-
GCCACCATGGCGGGCCTGGGCCTGGG; R1, CGGCCAG-
GTCCTGCAGTAGC; F2, GCACCTGCGGAAGAACACGC;
and R2, GGGGATCCCACCTTTACTTGCTTTATTATC-
AGG. The obtained cDNA was cloned into XhoI-NotI restric-
tion sites of pEF-BOS expression vector, and the HA tag was
fused at the C-terminal end of Riplet. Riplet-DN (dominant
negative) expression vector was constructed by amplifying the
relevant Riplet cDNA fragment using the primers Riplet-X-F-C
and- Riplet-R2 and subcloned into pEF-BOS. The primer
sequence of Riplet-X-F-C was as follows: GCTCGAGGCCAC-
CATGCCGCACCTGCGGAAGAACACGC. Riplet-1.248fs ex-
pression vector was made by deleting 1 base at position 742 by
standard PCR-mediated site-directed mutagenesis methods
with primers Riplet-L248fs-F and Riplet-L248fs-R as follows:
Riplet-L248fs-F, CCAGAGCCACCCTGCATCAGGAGAGC-
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TTCTCGG, and Riplet-L248fs-R, CCGAGAAGCTCTCCTG-
ATGCAGGGTGGCTCTGG. All cloned RIPLET ¢cDNA frag-
ments were sequenced, and it was confirmed that there were no
mutations. Full-length RIG-1 expressing vector, Gal4-IRF-3,
Gal4-DBD, and p55 UASG-Luc reporter plasmids were gifts
from Dr. T. Fujita (Kyoto University, Kyoto, Japan). p125 luc
reporter plasmid was a gift from Dr. T. Taniguchi (University of
Tokyo, Tokyo, Japan). RIG-I RD expressing vector was made
with primers RIG-I RD-F and RIG-I RD-R; the RIG-I dRD
c¢DNA fragment, which encodes ORF of RIG-I from the 1- to
754-amino acid region, was made by using primers RIG-1-(1~
754)F and RIG-I-(1-754)R. The obtained ¢<DNA fragments
were sequenced, and it was confirmed that there were no muta-
tions caused by PCR. The primers sequences are as follows:
RIG-IRD-F, GAT GAT AAA GGT ACCACCGGTAGC AAG
TGCTTCCTT CTG; RIG-IRD-R, AAG GAAGCA CTT GCT
ACC GGT GGT ACCTTT ATC ATC ATC ATC; RIG-1-(1-
754)F, GC AGA GGA AGA GCA AGA TGA TAT CAG GTC
CTCAAT CTT C; and RIG-I-(1-754)R, ATT GAG GAC CTG
ATATCA TCT TGC TCT TCC TCT GCC TC.

Northern Blotting—Human RIPLET 1092-bp ¢DNA frag-
ment (208 —~1299) was used for the probe for Northern blotting,
The Northern blot membranes, human 12-lane MTN blot and
MTN blot IlI, were purchased from Clontech. The homology of
human RIPLET and TRIM2S in the probe region was 46%. We
used a stringent condition for Northern blotting to exclude the
cross-hybridization between the RIPLET and TRIM25 genes.
Briefly, the probe was labeled with [a-*?P]dCTP using
Rediprime Il Random Prime labeling system (GE Healthcare).
The labeled probe was hybridized to the membrane with
ExpressHyb hybridization solution (Clontech) at 68 °C for 1 h.
The membrane was washed with washing solution I (2X SSC,
0.05% SDS) for 40 min, and then washed with washing solution
I1 (0.1X SSC, 0.1% SDS) for 40 min. Riplet mRNA bands were
detected with x-ray film,

Reporter Gene Analysis—HEK293 cells were transiently
transfected in 24-well plates using. FUuGENE HD (Roche
Applied Science) with expression vectors, reporter plasmids,
and internal control plasmid coding Renilla luciferase. The
total amounts of plasmids were normalized with empty vector.
For poly(I-C) stimulation, 24 h after transfection, cells were
stimulated with medium containing poly(I-C) (50 pg/ml) and
DEAE-dextran (0.5 mg/ml) for 1 h, and then the medium was
exchanged with normal medium and incubated for an addi-
tional 3 h. Cells were lysed with lysis buffer (Promega) and
luciferase, and Renilla luciferase activities were measured by
the dual luciferase assay kit (Promega). Relative luciferase activ-
ities. were calculated by normalizing luciferase activity by
Renilla luciferase activity, and dividing the normalized value by
control in which only empty vector, reporter, and internal con-
trol plasmid were transfected. Values are expressed as mean
relative stimulations ® S.D. for a representative experiment,
and each was performed three times in duplicate (unless other-
wise indicated in the legends).

RNA Interference—Reporter and siRNA (20 nu final concen-
tration) for Riplet or control were transfected into HEK293
cells with Lipofectamine 2000 (Invitrogen) by the standard
method described in the manufacturer’s protocol. Empty vec-
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(silencer negative control 1 siRNA,
AM4611) were purchased from

AD:Riplet

TRIM25

Applied Biosystems. siRNA sequen-

“ SO-WLHA

mTRIM25 ()]
Q0D

© Z{TRIM25

hTRIM2

mRiplet y
rHiplet VD

hRiplet

FIGURE 1. Isolation of Riplet by yeast two-hybrid screening. A, yeast cells carrying both RIG- and Riplet can
grow in selective media (SD-WLH, SD-WLHA), whereas yeast cells carrying RIG-1 alone only grow in nonselective
media {(SD-WL), indicating the physical interaction of RIG-I with Riplet. 8, human Riplet protein sequence is
60.8% identical to human TRIM25. The RING finger domains and SPRY motifs show higher sequence similarities
between the two proteins. aa, amino acids. G, phylogenetic tree constructed by the Neighbor-Joining method
shows that Riplet is similar to TRIM25. h, m, r, or zf represent human, mouse, rat, or zebrafish, respectively. The
numbers on the node are bootstrap probabilities (n = 1000). D, Hela cell, human primary-cultured fibroblast
cell, MRCS5, or bone marrow-derived mouse dendritic cell (BM-DC) were stimulated with poly(1-C) (50 g/mi) for
indicated hours. Total RNA was extracted with TRizol reagent, and then RT-PCR was carried out using primers
shown under “Experimental Procedures.” GAPDH, glyceraldehyde-3-phosphate dehydrogenase. £, Northern
blot membranes containing 1 pg of poly(A)* RNA per lane from human tissues were blotted with human Riplet

probe.

tor was added to normalize the final plasmid amount. 48 h after
transfection, cells were stimulated with poly(I-C) for 4 h. For
VSV infection, 24 h after transfection; cells were infected with
VSV-at n.0.. = 1, and cell lysate was prepared after 12 h for
reporter gene-assays. The degree of gene silencing was con-
firmed by RT-PCR using RNA extracted from cells 24 h after
transfection. PCR prirmers used for the RT-PCR were Riplet-F3
(ACTGGGAAGTGGACACTAGG) and Riplet-R3 (ACTCAT-
ACAGAAGCTTCTCC). siRNAs were purchased from Funa-
koshi Co., Ltd. (Tokyo Japan), and the siRNA sequences of Rip-
let siRNA were GACUAUGGACUCUUGUUGUGU (sense)
and ACAACAAGAGUCCAUAGUCCU (antisense). Control
siRNA sequences were CUGUUGGUUUAGUAAGCCUGU
(sense) and AGGCUUACUAAACCAACAGUC (antisense).
Another siRNA, Riplet si-1, and control negative siRNA

pCEUEN
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polyh:C (MRCS)
GAPDH

Riplet 5
polyl:C {mouse BM-DC)

Riplet
Bractin] e s

ces were Riplet si-1 GGGAAAGCU-
UGCCUUCUAUATJT (sense) and
AUAGAAGGCAAGCUUUCCCd-
TdC (antisense).

Virus Preparation and Infection—
VSV Indiana strain and poliovirus
were amplified using Vero cells.
HEK293 cells were transfected in
24-well plates with plasmid encod-
ing RIG-I, Riplet, or no insert. 24 h
after transfection, cells were in-
fected with viruses for 24 h, and the
titers of virus in culture supernatant
were measured by plaque assay
using Vero cells. For RNA interfer-
ence assay, cells were transfected
with siRNA with Lipofectamine
2000. 24 h after transfection, cells
were infected with viruses at m.o.i. =
0.001 for 18 h, and the titer in cul-
ture supernatant were determined
by plaque assay.

Immunoprecipitation—HEK293FT
cells were transfected in 6-well plates
with plasmids ‘encoding FLAG-
tagged RIG-1 and/or HA-tagged Rip-
let. The plasmid amounts were nor-
malized by the addition of empty
plasmid. 24 h after transfection, cells
were lysed with lysis buffer (20 mm
Tris-HCl (pH 7.5), 125 mm NaCl, 1
mm EDTA, 10% glycerol, 1% Nonidet
P-40, 30 mm NaF, 5 mu NagVO,, 20
mu iodoacetamide, and 2 mmM phen-
ylmethylsulfonyl fluoride), and then
proteins were immunoprecipitated
with rabbit anti-HA: polyclonal
(Sigma) or anti-FLAG: M2 mono-
clonal antibody (Sigma). The precipi-
tated samples were analyzed by SDS-
PAGE and stairied with anti-HA (HA1.1) (Covance) or anti-FLAG
M2 monoclonal antibody. For ubiquitination assay of RIG-I, the
plasmid encoding two multiple HA-tagged ubiquitins was used.
HEK293FT cells were transfected with plasmids encoding FLAG-
tagged RIG-L, Riplet; or 2X HA-tagged ubiquitin. 24 h after trans-
fection, cells were lysed, and then RIG-I was immunoprecipitated
as described above. The samples were analyzed by SDS-PAGE and
stained with anti-HA polyclonal antibody (for detection of ubiq-
uitination) or anti-FLAG monoclonal antibody (for detection of
RIG-I). Reproducibility was confirmed with additional experi-
ments (see supplemental figures).

Construction of RIG-I 3KA and S5KA Mutant Genes—The
C-terminal three or five lysine residues were mutated into ala-
nines (designated as 3KA and 5KA). RIG-1 3KA has K8884,
K907A,; and K909A, whereas RIG-1 5KA has K849A, K851A,

631 aa

polyl:C (HsLa)
62480 0 2 4 Bf

0248
oS40 oycle
w8 a5 oyle
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K888A, K907A, and K909A. The mutant rig-I genes were made
by PCR-mediated site-directed mutagenesis. The primers used
for the PCR were as follows: K907—-909A-forward, GTT CAG
ACA CTG TAC TCG GCG TGG GCG GAC TTT CAT TTT
GAG AAG, and K907-909A-reverse, CTT CTC AAA ATG
AAA GTC CGC CCA CGC CGA GTA CAG TGT CTG AAG;
K888A-forward, GAC ATT TGA GAT TCC AGT TAT AGC
AAT TGA AAG TTT TGT GGT GGA GG, and K888A-re-
verse, CCT CCA CCA CAA AAC
TTT CAA TTG CTA TAA CTG
GAA TCT CAA ATG TC; K849
851A-forward, GAG TAG ACC
ACA TCC CGC CCA GCG CAG
TTTTCAAGT TTT G, and K849 —
851A-reverse, CAA AAC TTG
AAA ACT GCG CTG GCG CGG
GAT GTG GTC TAC TC. PCR was
carried with Pyrobest Tag polymer-
ase, and the obtained clones were
sequenced to exclude the clones
harboring PCR error. To construct
the plasmid-expressing mutant
RIG-I protein, the wild-type RIG-I @
gene on pEF-BOS vector was
replaced with the mutant rig-I gene.
Real Time PCR—Quantitative PCR
analyses were carried out using
iCycler iQ real time detection system
with Platinum SYBR Green qPCR

Relative luciferase activity

=
<

Relative luciferase activity

00 pi125-uc {IFN-B)

Riplet

[

we isolated a clone that encoded a partial ORF of a gene
expressed in a dendritic cell line, DC12, whereas the C-terminal
region of RIG-I (557-925 amino acids) resulted in the isolation
of two cDNA clones, which encoded partial C-terminal regions
of ZNF598 and RNF135 (Fig. 14 and data not shown). Prelim-
inary expression studies showed that the RNF135 segment
affected the RIG-1 IFN-B inducing activity, whereas the other
two proteins had no effect (data not shown). We confirmed the
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GAG GGA TCT CG; hIFN-B-gF,
TGG GAG GAT TCT GCA TTA
CC, and hIFN-B8-qR, CAG CAT
CTG CTG GTT GAA GA; hMxl1-
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RESULTS

RIG-I-binding Proteins—To iso-
late the proteins that bind to RIG-I,
we performed yeast two-hybrid
screening using a human lung
¢DNA library. Using the RIG-I cen-
tral region (213-601 amino acids),
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interaction of RIG-I with ZNF598 or RNF135 in HEK293FT
cells by immunoprecipitation (data not shown). RNF135 was
previously annotated by the genome project and was recently
found to be a cause of a genetic disease, neurofibromatosis,
although its protein function was unknown. We renamed the
protein Riplet (RING finger protein leading to RIG-1 activation)
based on the following functional analyses. Riplet was most
similar to TRIM25 (60.8% sequence homology), in particular
between their RING finger domains PRY or SPRY (Fig. 1B).
Phylogenetic analysis also supported the notion that Riplet was
similar to TRIM25 (Fig. 1C). Thus, we hypothesized that, like
TRIM25, Riplet is a ubiquitin ligase.

Expression of Riplet—RIG-1 mRNA is induced by type 1 IFN
or poly(I-C): stimulation in mammalian cells. Unlike RIG-I,
however, Riplet mnRNA was basally expressed in HeLa and pri-
mary-cultured MRC-5 cells irrespective of stimulation (Fig. 1D
and data not shown). On the other hand, when we treated bone
marrow-derived dendritic cells with poly(I-C), the basal level of
Riplet mRNA was increased by the stimulation (Fig. 1D), sug-
gesting that the regulatory mechanism of Riplet expression
somewhat differs among cell types, and that Riplet is expressed
before virus infection in some cell types. Next we performed
Northern blotting of human tissue RNA. Riplet mRNA was
detected as a single band of 2.4 kbp, which is slightly longer than
the RNF135 cDNA sequence deposited in GenBank™ (acces-
sion number AB470605). Human RIPLET is expressed in
human skeletal muscle, spleen, kidney, placenta, prostate,
stomach, thyroid, and tongue and also weakly expressed in
heart thymus, liver, and lung (Fig. 1E).

Riplet Enhances RIG-I-mediated IFN-B Induction—At first
we characterized the role of Riplet in RIG-I-mediated IFN
inducing signaling by reporter gene analyses. When RIG-1 was
expressed in HEK293 cells, reporter auto-activation was
observed even in the absence of exogenous stimulation (Fig,
24) as reported previously (25, 26). Stimulation with poly(I-C)
further enhanced the promoter. Co-expression of Riplet with
RIG-I potentiated activation of the IFN-B promoter, whereas
expression of Riplet alone resulfed in only marginal activation
(Fig. 24). Detection of endogenous IFN-8 mRNA confirmed
that Riplet enhariced RIG-I-mediated activation of IFN-( tran-
scription (supplemental Fig. S1). The enhancing role of Riplet
in IEN-B promoter activation was also supported by activation
of IRF-3 and NF-«kB by Riplet (Fig. 2, B'and C). In contrast,
expression of a Riplet partial fragment (Riplet-DN) (70-432

A RIG-I Complement Factor, Riplet

amino acids) that lacked the N-terminal RING finger domain
reduced promoter activation (Fig. 2E). The Riplet-L249fs
mutant protein, which was isolated from neurofibromatosis
patients (27), did not increase the RIG-I-mediated promoter
activation (Fig. 2D). These data indicate that Riplet augments
RIG-I-mediated IFN-B promoter activation, and that both the
RING finger domain and the C-terminal region encoding the
SPRY and PRY motifs are important for its function. Riplet
(residues 70 ~432) acted as a dominant-negative form (hereaf-
ter called Riplet-DN) (Fig. 2, E and F, left panel). This functional
feature of Riplet-DN was confirmed in Fig. 2, B and C, and was
later confirmed through RIG-I co-precipitation and ubiquitina-
tion analyses (see Fig. 5C and supplemental Fig. S4C). Expres-
sion of Riplet-DN did not reduce TLR3 or MDA signaling (Fig.
2F), suggesting that Riplet-DN is specific for RIG-I signaling.
Interestingly, the Riplet-DN only partially suppressed the func-
tion of the C-terminal deleted RIG-I (dRD), which is a consti-
tutively active form (Fig. 2F, right panel), and RIG-1 CARD-like
region (dRIG-I)-mediated signaling in high or low dose trans-
fection of dRIG-I was barely inhibited by overexpression of Rip-
let-DN (Fig. 2F, center panel). These data suggest that Riplet
requires the RIG-1 C-terminal domain (RD) and partial helicase
region to activate RIG-I signaling.

Endogenous Riplet Promotes the RIG-I Signaling—We per-
formed Riplet knockdown by siRNA Riplet using Lipo-
fectamine 2000 reagents, instead of FuGENE HD, to reveal the
function of endogenous Riplet. Two siRNAs (Riplet siRNA and
Riplet si-1) that target different sites of the Riplet mRNA and
two control siRNAs were used for knockdown analyses. The
two siRNA or control siRNA were co-transfected with HA-
tagged Riplet expression vector into HEK293 cells, and after
48 h, cell lysate was prepared and analyzed by Western blotting
with anti-HA antibody detecting Riplet. The two siRNAs tar-
geting Riplet abolished exogenously expressed Ripelt-HA, but
control siRNA did not (supplemental Fig, $3). Likewise, both
Riplet siRNA and Riplet si-1 specifically down-regulate the
level of endogenous Riplet mRNA (Fig. 3, A and B).

Using the siRNA, we examined whether Riplet knockdown
reduces RIG-I signaling. As expected, RIG-I-mediated [FN-8
promoter activation was reduced by Riplet siRNA or Riplet si-1
compared with control siRNA (Fig. 3, A and B), indicating that
Riplet is required for full activation of the RIG-I signaling.
Vesicular stomatitis virus (VSV) is a negative-stranded RNA
virus that induces IFN-8 production via RIG-I (3). Although the

FIGURE 2. Riplet enhances IFN-B signaling mediated by RIG-. A, Riplet enhances the promoter activation by RIG-1. HEK293 cells were transfected with
plasmids encoding empty vector, RIG-I (0.1 1g) and Riplet (0.025, 0.05, or 0.1 ug) together with p125-luc (IFN-B promoter) reporter plasmid in 24-well plates.
24 h after transfection, the cells were treated with mock or poly{l-C) (50 pg/mi) for 4 h as described under “Experimental Procedures,” and then luciferase
activities of cell lysates were measured. Closed or open boxes represent poly(I-C) or mock stimulation, respectively. B, to examine the activation of IRF-3, RIG-1(0.1
ug), Riplet (0.1 ug), and/or Riplet-DN (0.1 pug),expressing vectors were transfected into HEK293 cells with reporter plasmids, GAL4 fused IRF-3 (0.05 pg), and the
p55 UASG-luc reporter gene (0.05 ug), in: which luciferase reporter gene is fused downstream of GAL4 protein-binding site, and therefore activated IRF-3
promotes the transcription of luciferase reporter gene. The cells were stimulated with poly(I-C) as described above (34). The total amount of transfected DNA
{0.5 ng/well) was kept constant by adding empty vector (pEF-BOS). C, HEK293 cells were transfected with RIG- (0.1 ug), Riplet (0.1 ng), and/or Riplet-DN (0.1
1g) expressing vectors together with the NF-«B reporter plasmid (0.1 pg), and 24 h later, the luciferase activities of cell lysates were measured. D, Riplet-1248fs,
which lacks the C-terminal region, did not enhance the activation at all. HEK293 cells were transfected with the plasmids expressing wild-type Riplet (0.1 g}
or Riplet-L248fs (0.1 ug) together with RIG-I expressing vector (0.1 pg) and p125-luc reporter (0.1 1.g). 24 h after transfection, cell were stimulated with poly(I-C),
and the luciferase activities of cell lysates were determined as described above. E, RIG-1 (0.1 pg), MDAS (0.1 ug), or TLR3 (0.1 ng) expressing vectors were
transfected into HEK293 cells with the plasmid encoding the Riplet-DN fragment (0.1, 0.2, or 0.3 ug) in 24-well plates. After 24 h, the cells were stimulated with
50 ug of poly(I-C) for4 h, and relative luciferase activities were determined. F, Riplet-DN (100 ng) was co-transfected with full-length RIG-1 (0, 50, 100, or 200 ng),
RIG-I CARD-like region (dRIG-1) (0, 50, 100, or 200 ng), 6r C-terminal deleted RIG-I (RIG-1 dRD) (0, 50, 100, or 200 ng) into HEK293 cells in 24-well plate, and reporter
gene assays were carried out.
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FIGURE 3. Knockdown analyses of Riplet. A, p125 luc reporter plasmid (0.1 pig), RIG- expressing vector (0.1
1), and Riplet siRNA or controlf siRNA (10 pmol), which were purchased from Funakoshi Co. Ltd., were trans-
fected into HEK293 cells in a 24-well plate with Lipofectamine 2000, and 48 h after transfection, the cells were
stimulated with poly(I-C) for 6 h; and the cell lysate was prepared, and luciferase activities were measured.
RT-PCR was carried out using total RNA extracted from cells 48 h after transfection. B, p125 luc reporter plasmid
(0.1 g), RIG-l expressing vector (0.1 1g), and siRNA, Riplet si-1, or control si-1 (10 pmol), which were purchased
from Applied Biosystems, were transfected into HEK293 cells with Lipofectamine 2000. 48 h after transfection,
the cells were stimulated with poly(I-C) for 6-h. The cell lysate was prepared, and luciferase activities were
measured. RT-PCR was carried out using total RNA extracted from cells 48 h after transfection. C, HEK293 cells
were transfected with the plasmids expressing RIG- (0.1 pg) and/or Riplet (0.1 pg) with p125 luc reporter
plasmid (0.1 ug) in 24-well plates. After 24 h, the celis were infected with VSV (m.o.i. = 1) for 12 h. The luciferase
activities of the cell lysates were measured. Expression of Riplet strongly enhanced IFN-3 promoter activation
by VSV through RIG-1. D-F, siRNA (control si- or Riplet si-1) were transfected into HEK293 cells, and after 48 h,
the cells were infected with VSV at m.o.i. = 1. RNA was extracted at the indicated hours, and the quantitative
PCR were carried out to detect the expression of IFN-8 (D), IFIT-1 (), or Mx1 (F) mRNA. *, p < 0.05. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

Riplet was silenced by siRNA and
then VSV infected the cells. VSV-
derived up-regulation of IFN-8
mRNA was started around 6 h post-
infection, and Riplet siRNA signifi-
cantly suppressed the increase of
IFN-B mRNA at 6 h (Fig. 3D).
Because VSV infection is mainly
sensed by RIG-I, this is consistent
with the notion that Riplet pro-
motes the RIG-I signaling. Other
IFN-inducible genes, IFIT1 and
MX1, were expressed >8 h post-in-
fection, and their expressions were
also suppressed by Riplet siRNA
(Fig. 3, Eand F).

Riplet Exerts Protective Activity
against Viral Infection—Next we
examined the role of Riplet during
viral infection. Riplet and/or RIG-1
were transiently expressed in the
human cells by FuGENE HD
reagents, and then the cells were
infected with VSV or poliovirus (a
positive-stranded RNA virus). The
viral titer of the supernatant was
determined 24 h post-infection.
Under our conditions, expression of
RIG-I weakly inhibited VSV propa-
gation. Co-expression of Riplet with
RIG-I significantly suppressed VSV
replication especially at low m.o.i,
whereas Riplet alone did not sup-
press VSV (Fig. 4, A and B, upper
panel). Therefore, a sufficient
amount of RIG-I protein is required
for Riplet to exert antivirus activity.
This requirement of RIG-I is also
observed in reporter gene analyses
(Fig. 2). Under a similar setting, the
antiviral effect of Riplet was margin-
ally: “observed : against poliovirus,
which induces IFN-B largely via
MDAS5 (Fig. 4B, lower panel). To
assess the importance of endoge-
nous Riplet for antivirus effect of
human cells, Ripletknockdown cells
were infected with viruses. In Riplet
knockdown cells, the VSV titer was
consistently increased compared
with the control (p < 0.05) (Fig. 4C,
left panel). In addition, infection of
Riplet knockdown cells with polio-
virus resulted in only a slight
increase in the poliovirus titer com-

[EN-B promoter was only minimally activated by RIG-I in pared with the control (p > 0.05) (Fig. 4C, right panel). Because polio-
response to VSV (m.o.i. = 1) during the early phase of infection  virus is mainly recognized by MDAS5 but not RIG-, this marginal

(<12 h), the activity was increased by RIG-1 and Riplet (Fig. 3C).

NGO
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effect of Riplet on poliovirus infection was within expectation (3, 28).
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FIGURE 4. Suppression of RNA viruses by Riplet. A, HEK293 cells were
transfected with RIG-1 (0.1 ug) and/or Riplet (0.1 j1g) expressing vectors.
The total amount of transfected DNA (0.5 g/well) in each well was kept
constant by adding empty vector (pEF-BOS). 24 h after transfection, the
cells were infected with VSV at m.o.i. = 0.1, and after 0, 18, or 24 h, CPEwas
observed by microscope. B, RIG-1(0.1 pg) and/or Riplet (0.1 ig) expressing
plasmids were transfected to HEK293 cells in 24-well plates and incubated
for 24 h. The total amount of transfected DNA (0.5 pg/well) in each well
was kept constant by adding empty vector (pEF-BOS). The cells were
infected with VSV (upper panel) or poliovirus (PV) (lower panel) at the indi-
cated m.o.i. The viral titers in the culture media were measured 24 h after
infection by plaque assay. Error bars represent standard deviation (n = 3).
* p < 0.05. C, control or Riplet knockdown HEK293 cells were infected with
VSV (left panel) or poliovirus {right panel) at m.o.i. = 0.1. The viral titers in
the culture media were measured 26 h after infection by plaque assays.
Knockdown of Riplet induced higher VSV titers compared with control
{p < 0.05), but the increase observed in poliovirus-infected Riplet knock-
down cells was not significant {p > 0.05).
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Riplet and Riplet-DN Bind the Helicase and RD Regions of
RIG-I—Yeast two-hybrid analysis showed that a C-terminal
region of Riplet bound to the C-terminal region of RIG-L This
cytoplasmic interaction between Riplet and RIG-1 was con-
firmed by confocal microscopy in HeLa cells (supplemental Fig,.
$2). To further confirm the physical binding of Riplet to RIG-I
in human cells, we carried out immunoprecipitation analyses.
Full-length Riplet was co-immunoprecipitated with RIG-I (Fig.
5B), indicating that Riplet binds directly to RIG-I in human
cells.

To determine the region responsible for the RIG-I-Riplet
interaction, we constructed a RIG-I and Riplet deletion series as
shown in Fig. 54. Riplet-DN also bound to RIG-I (Fig. 5, B and
C), indicating that the RING finger domain is dispensable for
the RIG-I-Riplet interaction. This is consistent with the notion
that the RING finger domain in ubiquitin ligase proteins is
required for their interactions with ubiquitin-conjugating
enzymes (29). Unlike TRIM25, Riplet and Riplet-DN failed to
co-precipitate the two CARD domains of RIG-I (dRIG-I) (Fig.
5D). However, co-precipitation of the RIG-IC or RIG-RD frag-
ments was observed (Fig. 5, E and F). RD-deleted RIG-I (RIG-1
dRD) weakly associated with Riplet (Fig. 5G). Taken together,
Riplet preferentially binds the RD and also weakly associates
with the helicase region of RIG-I with its C terminus. Reporter
gene analyses show that Riplet-DN only weakly suppresses
RIG-I signaling and barely suppresses dRIG-I, which contains
neither helicase nor RD region. Therefore, the physical interac-
tion is correlated with the results of reporter activity.

Riplet Promotes Ubiquitination of RIG-I—Because Riplet
shares 60% sequence similarity with TRIM25, we hypothesized
that Riplet ubiquitinates RIG-1 and that this modification leads
to activation of RIG-I signaling. To test this hypothesis, we
examined RIG-I ubiquitination. As expected, ubiquitination of
RIG-1 was increased by co-expression of Riplet under two dif-
ferent conditions (Fig. 6, A and B). The quantity of RIG-I ubig-
uitination was significantly high in the presence of Riplet (Fig.
6C). RIG-1 ubiquitination was suppressed if 