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RIG-I senses intracellular virus-specific nucleic acid structures and initiates an antiviral response that
induces interferon (IFN) production, which, in turn, activates the transcription of RIG-I to increase RIG-I
protein levels. Upon intracellular poly(I:C) stimulation, however, the levels of RIG-I protein did not correlate
with the expression patterns of RIG-I transcripts. When the ISG15 conjugation system was overexpressed,
ISG15 was conjugated to RIG-I and cellular levels of the unconjugated form of RIG-I decreased. The
ISGylation of RIG-I reduced levels of both basal and virus-induced IFN promoter activity. Levels of uncon-
jugated RIG-I also decreased when 26S proteasome activity was blocked by treatment with MG132, ALLN, or
Lactacystin. In the presence of MG132, ISG15 conjugation to RIG-I increased, and hence, the unconjugated
form of RIG-I was reduced. In UbelL ™/~ cells, which lack the ability to conjugate ISG15, basal levels of both
RIG-I protein and transcripts were increased compared to those in wild-type cells. As a result, enhanced
production of ISGs and enhanced IFN promoter activity in UbelL ™'~ cells were observed, and the phenotype
was restored to that of wild-type cells by the overexpression of UbelL. Based on these results, we propose a
novel negative feedback loop which adjusts the strength of the RIG-I-mediated antiviral response and IFN

production through the regulation of RIG-I protein by IFN-induced ISG15 conjugation.

Mammalian cells are equipped with two distinct innate im-
mune machineries that detect viral infections and trigger the
induction of type I interferons (IFNs) and proinflammatory
cytokines (17). Extracellular viral nucleic acids are recognized
by Toll-like receptors (3, 7, 8, and 9) in the endosome, while
intracellular nucleic acids, such as double-stranded RNA
(dsRNA) and 5'-triphosphate RNA, are recognized by the
retinoic acid-inducible gene I (RIG-I)/melanoma differentia-
tion-associated gene 5 (MDAS, or Helicard) protein in the
cytoplasm (2, 11-13, 31, 34). Extracellular dsSRNA activates
NF-«B and IFN regulatory factor 3 (IRF3)/IRF7 via Toll-like
receptor 3 and the adaptor protein TRIF, and intracellular
dsRNA activates NF-kB and IRF3/IRF7 through RIG-I and
the mitochondrial adaptor protein MAVS/VISA/Cardif/IPS-1;
both pathways induce type I IFN production (1, 18, 28, 35, 40).

RIG-I protein is a cytosolic DEXD/H box RNA helicase
with dsRNA or 5'-triphosphate RNA binding properties (13,
31, 42). RIG-I activates type I IFN production in response to
the presence of an intracellular viral RNA genome, such as
that of the Sendai virus or hepatitis C virus (38, 42), and plays
central roles in the regulation of IFN production in response to
viral infection in fibroblasts and conventional dendritic cells
(15). The antiviral response to RNA virus infection is abol-
ished in RIG-I-deficient murine embryonic fibroblast (MEF)
cells, and conversely, viral replication is restricted in cells over-
expressing RIG-I (42). Additionally, RIG-I/MDAS-mediated
antiviral signaling can be disrupted by various viral proteins
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derived from hepatitis C virus, paramyxoviruses, or the influ-
enza virus (3, 8, 29).

Type I IFN plays a central role in mediating antiviral innate
immunity in mammals. IFN-a and IFN-B signaling is initiated
by IFN-o/B binding to the IFN receptor, followed by the acti-
vation of Janus-activated kinase (JAK)-STAT signaling path-
ways and the induction of IFN-stimulated genes (ISGs). The
ability of IFN to confer antiviral immunity depends largely
on the production of ISG proteins, including RIG-I protein,
dsRNA-dependent protein kinase (PKR), the 2'-5"-oligoade-
nylate (2-5A) system, the MxA proteins, and ISG15 (22, 37,
42). The expression of ISG15, one of the earliest ISG proteins
to be identified (7), is strongly induced by IFN-«/B or lipopoly-
saccharide (LPS) stimulation, as well as by the presence of
dsRNA or viral or bacterial infections (5, 7, 10). ISG15 is a
ubiquitin (Ub)-like protein which is conjugated to intracellular
proteins via an isopeptide bond (25). Similar to ubiquitination,
the conjugation of ISG15 (ISGylation) requires a three-step
process, involving an E1 activating enzyme (UBEI1L), an E2
conjugating enzyme (UbcM8/HS), and an E3 ligase (19). Re-
cently, HERC5/Ceb1 has been identified as an IFN-inducible
ISG15-specific E3 ligase (6, 39) and UBP43 (USP18) has been
identified as an IFN-inducible ISG15-specific deconjugating
protease (27). The components of the ISGylation system iden-
tified thus far, including UBE1L, UbcM8/HS8, HERCS5/Cebl,
UBP43, and ISG15, are all IFN inducible (6, 19, 22, 27, 39).

Although ISG15-deficient mice were initially reported to
exhibit normal IFN signaling and resistance to vesicular sto-
matitis virus (VSV) and lymphocytotic choriomeningitis virus
(LCMYV) infections, these mice were recently shown to have
increased susceptibility to influenza, herpes, and Sindbis viral
infections (23, 30). The antiviral role of ISG15 has also been
supported by the observations that the overexpression of
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ISG15 represses Sindbis virus replication in multiple organs of
IFN-«/B receptor-deficient mice and protects the host against
virus-induced lethality (22). Among the recently identified cel-
lular targets of ISG15 are several IFN-induced antiviral pro-
teins, including PKR, MxA, HuP56, and RIG-I, suggesting that
ISG15 conjugation may play an important regulatory role in
IFN-mediated antiviral responses (26, 43). However, UbelL-
deficient mice that fail to produce ISG15 conjugates exhibited
normal IFN-«/B signaling and antiviral responses to VSV and
LCMV infections (20).

RIG-I protein senses intracellular viral components and ini-
tiates an antiviral response, which stimulates the production of
IFN. IFN, in turn, activates the transcription of RIG-I, thus
generating a positive feedback loop leading to the accumula-
tion of RIG-I protein during the antiviral immune response. At
the same time, the IFN-inducible Lgp2 interferes with the
recognition of dsSRNA by RIG-I protein and, hence, functions
as a negative regulator (33, 41, 42). Here, we report an addi-
tional negative feedback loop that controls cellular levels of
RIG-I protein through protein ISGylation, which is induced by
antiviral or IFN-o/p signals. These results have revealed a
mechanism by which RIG-I-mediated signaling strength can be
fine-tuned to maintain a balance between innate defense and
hypersensitivity during antiviral responses.

MATERIALS AND METHODS

Plasmids. Full-length mouse ISG15 cDNA was obtained from livers of LPS-
treated mice by reverse transcriptase PCR (RT-PCR) and subsequently cloned
into the EcoRI/Xhol sites of the pCS2-MT plasmid. PCR primer sequences were
as follows: 5'-CCGGAATTCGCAGCAATGGCCTGGGAC-3" and 5'-CCGCT
CGAGGGCACACTGGTCCCCTCC-3'. Full-length human RIG-I cDNA was
isolated from pEF-BOS-Flag-RIG-I (provided by Takashi Fujita) and subcloned
into the pcDNA3.1/Hygro plasmid (Invitrogen). A Flag-RIG-I (K172R) point
mutation was introduced with the QuikChange site-directed-mutagenesis kit
according to the instructions of the manufacturer (Stratagene). The pCAGGS-
HA-UBEIL and pFlag-CMV-UbcMS plasmids were kindly provided by Dong-Er
Zhang (The Scripps Research Institute), and the hemagglutinin (HA)-Ub, Flag-
human ISG15, and Flag-UBP43 plasmids were provided by Chin Ha Chung
(Seoul National University, Korea). The pEGFP-N (Clonetech) and pISRE-luc
(Stratagene) plasmids were purchased, and the pPRDIII-I luciferase plasmid was
kindly provided by Katherine A. Fitzgerald (University of Massachusetts).

Cell culture and transfection. All cell lines, with the exception of HepG2, were
maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum (FBS; HyClone, Logan, UT) and penicillin-streptomycin (Invitrogen).
HepG?2 cells were maintained in minimum essential medium containing 10%
FBS and penicillin-streptomycin. For cytokine stimulation, 1,000-U/ml human
IFN-a2a or human IFN-B (R&D Systems) was used. For dsRNA stimulation,
cells were transiently transfected with poly(I:C) (Amersham Biosciences) by
using Lipofectamine 2000 (Invitrogen) or Metafectene (Biontex, Germany) ac-
cording to the manufacturer’s instructions. For transient transfection, Lipo-
fectamine 2000 was used. To make the total amounts of plasmids for transfection
equal under every condition, cells were always cotransfected accordingly with
empty vector. Cells were treated with MG132 (Sigma), ALLN (Calbiochem), or
Lactacystin (Calbiochem) under the conditions indicated below. Newcastle dis-
ease virus (NDV; the La Sota strain) was obtained from the National Veterinary
Research Quarantine Service, South Korea.

Antibodies and Western blotting. Cells were lysed in lysis buffer (150 mM
NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate,
25 mM Tris-HCI, pH 7.5) containing 1 mM dithiothreitol, 0.57 mM phenylmeth-
ylsulfonyl fluoride, 5 pg of leupeptin/ml, 2 g of pepstatin A/ml, 5 pg of apro-
tinin/ml, and 1 mM benzamidine. All chemicals were purchased from Sigma.
Total cell lysates were analyzed using denaturing (SDS) polyacrylamide gels.
Antibodies against Flag (M2; Sigma), HA (Roche), Myc (Roche), actin (Santa
Cruz Biotechnology), glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Chemicon), green fluorescent protein (GFP; Santa Cruz Biotechnology), and
RIG-I protein (R37; Immuno-Biological Laboratories Co.) were purchased, and
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the anti-human RIG-I antibody was described previously (14). Immunoreactive
signals were developed using the Super Signal reagent (Pierce).

Immunoprecipitation. Total cells lysates (1 mg) were precleared with mouse
immunoglobulin G (IgG) and protein G/protein A-agarose beads (Calbiochem,
La Jolla, CA) and then incubated with anti-Flag or mouse IgG overnight at 4°C.
The beads were washed with wash buffer (150 mM NaCl, 1% NP-40, 0.1% SDS,
0.5% deoxycholate, 1 mM EDTA, 50 mM Tris-HCI, pH 8.0) and analyzed on
SDS-polyacrylamide gels. Input controls consisted of 5% of the lysates (whole-
cell extracts).

Luciferase reporter assays. COS-7, HepG2, and MEF cells were cotransfected
with the pISRE or pPRDIII-I luciferase reporter plasmid and appropriate ex-
pression vectors. To normalize transfection efficiency, cells were cotransfected
with pRL-CMV. At 48 h posttransfection, a dual luciferase assay (Promega) was
performed. For stimulation, cells were treated with poly(I:C) (10 pg/ml) or NDV
(10° 50% egg infective doses/ml) at 42 to 48 h posttransfection for the times
indicated in the figures.

Generation of stable cell lines. HEK293 cells were transfected with
pcDNA3.1/Hygro or pcDNA3.1/Hygro-Flag-RIG-I expression vectors, and sta-
ble transfectants were selected in 0.2 mg of hygromycin (Invitrogen)/ml for 3
weeks.

RNA isolation and analysis. Total RNA was extracted from HepG2 or MEF
cells using the TRIzol reagent (Invitrogen) and subjected to real-time or conven-
tional RT-PCR. Total RNA (1 pg) was reverse transcribed using the Improm-II
reverse transcription system (Promega). The primer sequences used for RT-PCR
were as follows: mouse UbelL, 5'-CGGATGCAGCTTC TGAGGATG and 5'-CG
TCCAGGGTTTCCTGCAGTT; mouse RIG-I, 5'-CGGTCGCTGATGAAGGCA
and 5'-TACGGACATTTCTGCAGG; mouse ISG15, 5'-CCGGAATTCGCAGCA
ATGGCCTGGGAC; human LGP2, 5'-GATCCTGTGGTCATCATCAACA and
5'-TCAGTCCAGGGAGAGGTC-3'; and mouse IFN-B, 5'-CAGCTCCAGCTC
CAAG and 5'-CTGAAGATCTCTGCTC-3'. Primer sequences for real-time PCR
were as follows: RIG-I, 5'-GCCATTACACTGTGCTTGGAGA and 5'-CCAGTT
GCAATATCCTCCACCA,; IFN-B, 5'-TGCTCTCCTGTTGTGCTTCTCC and 5'-
CATCTCATAGATGGTCAATGCGG; the oligoadenylate synthetase (OAS)
gene, 5'-GCAGCGCCCAACCAAGCT and 5'-CCAGTTCCAAGACGGTCCG;
ISG15, 5'-CCTCTGAGCATCCTGGT and 5'-AGGCCGTACTCCCCCAG; MxA,
5'-CCTGGAAGAGTCTGCTGTG and 5'-AACCTGGTCCTGGCAGTAG;
mouse IFN-B1,5'-GGAATGAGACTATTGTT and 5'-CTGAAGATCTCTGCTGC;
mouse RIG-1, 5'-TCCCAGCAATGAGAATCCT and 5'-GTCAATGCCTTCATC
AGC; mouse UbelL, 5'-CGGATGCAGCTTCTGAGGATG and 5'-CACGCCAC
ACAGTCTTGCCAG; LGP2, 5'-GATCCTGTGGTCATCAACA and 5'-TCAGT
CCAGGGAGAGGTC; and the actin gene, 5'-TCATGAAGTGTGACGTTGAC
ATCCGT and 5'-CCTAGAAGCATTTGCGGTGCACGATG.

Pulse-chase experiment. For 3°S metabolic labeling, Flag-RIG-I-transfected
cells were preincubated in Dulbecco’s modified Eagle’s medium (containing 10%
FBS) lacking methionine (Sigma) for 1 h at 37°C. Cells were pulse-labeled with
[*S]methionine (PerkinElmer) for 90 min and were chased with complete cul-
ture medium for the times indicated below. Poly(I:C) was added during the chase
period only. After the indicated times, cells were lysed in radioimmunoprecipi-
tation assay lysis buffer and subjected to immunoprecipitation. Metabolically
labeled RIG-I protein was analyzed by using autoradiography.

NDV replication analysis. After infection with NDV (10° 50% egg infective
doses/ml) for various times, total RNA was prepared from infected MEF cells
using TRIzol reagent. Total RNA (5 pg) was reverse transcribed using the
NDV-specific primer (5'-GCTGATCATGAGGTTACCTC-3’) (21), and the
presence of the NDV genome was assessed by PCR using NDV F gene-specific
primers 5'-TTGATGGCAGGCCTCTTGC-3" and 5'-GGAGGATGTTGGCA
GCATT-3" (36). For the control of equal loading levels, total RNA (1 pg) was
reverse transcribed using oligo(dT) and subjected to PCR using actin gene
primers at the same time.

RESULTS

Levels of RIG-I protein oscillate in cells stimulated with
poly(I:C), a synthetic dsRNA. RIG-I protein senses intracellu-
lar dsRNA and activates IFN production. IFN, in turn, acti-
vates the transcription of RIG-I and increases RIG-I protein
levels. The presence of this positive feedback loop predicts that
intracellular levels of RIG-I protein will increase exponen-
tially, as long as the viral signal exists. We examined the levels
of endogenous RIG-I protein over time during the antiviral



1476 KIM ET AL.

A
+Poly I:C (hours)
0 357 91131517 19 21 23 25 27

| ..._.......-—---—-||B:R|G-|

| ‘\-—--- ———— —-————-||BGAPDH

B

< 12000 JFNB mRNA RIG-I mRNA } i 1400
é 10000 B RIG-I protein fr200§
£ 8000 10005
® 6000 o a
2 J600 —
£ 4000 100
T 2000 1200 ¥
X o

0 3 5 7 9 1 131517 19 21 23 25 27
Time after Poly I:C (hours)

C _spomcm + polyIC (h
0 9 121518 2124 0 3 5 7 9 11 13 15
8| _--| |-- P e ,|
; 1 1 011124193 49 1 0.4 0.2 0502 0.2 06 03
e e T e e
+  IB:RIG-/GAPDH IB:Flag/GAPDH
— E
O me e = - - - IPIgG  Flag-RIG-I
m(',, 1 1106 09 1.0 1.8 22 polyl:C - - - - + +
S|[Msamensameline.] Chase(h) 0 0 3 7 3 7
*  IB:RIG-/GAPDH | mom———
% Remain 100 97 98 67 64
+IFNa—2a (h) G
0 3 6 12 24 36 48 +IFNo-2a (h)
0 3 6 12

- ™ ew o, .
1 12 0.7 06 1.2 1.3 1.2

S 8 8 a8 B:GFP

IB:Flag/GAPDH

FIG. 1. Cellular levels of RIG-I protein oscillate in response to
intracellular poly(I:C). (A) HepG2 cells were harvested at the indi-
cated times after transfection with 10 pg of poly(1:C)/ml, and total cell
extracts were probed with antibodies against RIG-I protein and
GAPDH. Levels of RIG-I protein were quantified by measuring the
immunoblot (IB) band intensity using ImageJ (NIH) and normalized
to GAPDH protein levels. A line representing the degree of induction
(n-fold) of RIG-I protein, compared to the protein level in untreated
cells (time zero), is superimposed over the line representing RIG-I
transcript levels in panel B. (B) Total RNA was isolated from HepG2
cells at the indicated times after transfection with 10 g of poly(I:C)/
ml. RIG-I and IFN-B transcripts were quantified by real-time RT-PCR,
and the results were normalized to levels of B-actin gene transcripts.
The degree of induction (n-fold) compared to the level in untreated
cells (time zero) is shown. Duplicate sets of cells were treated at the
same time for panels A and B. (C) HepG2 cells were transiently
transfected with empty or Flag-RIG-I expression vectors and har-
vested at the indicated times after transfection with 10 pg of poly(I:
C)/ml. Total cell extracts were probed with antibodies to RIG-I protein
(top panel) and GAPDH (bottom panel). Relative amounts of RIG-I
protein are shown below the RIG-I immunoblot. The experiment was
repeated twice, with similar results. (D and F) HEK293 cells stably
expressing Flag-RIG-I were stimulated with 10 pg of poly(I:C)/ml
(D) or 1,000 U of IFN-a2a/ml (F) for the indicated times. Levels of
exogenous Flag-RIG-I protein were quantified with antibodies against
Flag (top panels) and GAPDH (bottom panels). (E) Pulse-chase anal-
ysis of Flag-RIG-1. Cells were metabolically labeled with [**S]methi-
onine for 90 min. For poly(I:C) stimulation, cells were transfected with
poly(I:C) at the beginning of the chase. Cells were harvested at the
chase end points, and RIG-I protein was immunoprecipitated (IP) with
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response. We transfected cells with poly(I:C) to mimic intra-
cellular dsRNA infection, and levels of RIG-I protein were
examined every 2 h over 24 h (Fig. 1A). A single dose of
poly(I:C) was sufficient to induce RIG-I protein production,
which was sustained over 24 h. However, RIG-I protein levels
did not increase continuously, as initially expected; instead,
levels declined slightly at 17 and 21 h after poly(I:C) treatment.
We then examined IFN-B and RIG-I mRNA levels over 24 h
following poly(I:C) transfection (Fig. 1B). Duplicate sets of
cells were treated with poly(I:C), and samples from each cul-
ture were prepared at the same time points. Total RNA was
isolated every 2 h over 24 h, and transcript levels were quan-
tified using real-time RT-PCR. IFN-B mRNA reached a max-
imum level by approximately 5 h after poly(I:C) stimulation. In
contrast, RIG-I mRNA began to increase by 5 h posttransfec-
tion, reached peak levels by approximately 7 h, and then de-
clined. Thus, the overall pattern of RIG-I mRNA induction did
not correlate with the pattern of RIG-I protein induction. To
confirm this observation, separate sets of cells were transfected
with poly(I:C), and RIG-I protein and mRNA levels were
measured every 6 h over a 72-h time period. Again, the induc-
tion patterns of RIG-I protein did not agree with the mRNA
expression pattern (data not shown). We repeated these assays
at least three times, and the fluctuating patterns of RIG-I
protein production were repeatedly observed.

These data suggest that cellular levels of RIG-I protein are
controlled posttranscriptionally during antiviral responses. To
test this hypothesis, HepG2 cells were transiently transfected
with Flag-RIG-I and the level of Flag-RIG-I after poly(I:C)
stimulation was examined (Fig. 1C). Since the expression of
Flag-RIG-I is under the control of the cytomegalovirus pro-
moter, it should overwhelm the transcriptional contribution by
poly(I:C) or IFN stimulation. Stimulating Flag—-RIG-I-express-
ing cells with intracellular poly(I:C) had an effect similar to
that observed with endogenous RIG-I; the levels of Flag—
RIG-I declined at 12 h after poly(I:C) transfection. We also
used HEK293 cells stably expressing Flag-RIG-I and observed
similar patterns of Flag—RIG-I protein levels after poly(I:C)
stimulation (Fig. 1D). Furthermore, to examine whether the
stability of RIG-I protein is altered after poly(I:C) treatment,
we metabolically labeled cells with [**S]methionine and per-
formed a pulse-chase experiment with the cells treated with or
without poly(I:C) (Fig. 1E). RIG-I protein was stable, as little
or no degradation at 3 and 7 h of chase was observed. How-
ever, with poly(I:C) stimulation, levels of *3S-labeled RIG-I
were decreased, and about 67 and 64% of the protein re-
mained at the end of 3 and 7 h of chase, respectively. This
result indicates that stimulation with poly(I:C) leads to the
degradation of the RIG-I protein. We then tested whether
treatment with IFN-a can elicit a similar effect in Flag-RIG-
I-expressing HEK293 cells (Fig. 1F). Flag-RIG-I levels de-

Flag antibody. Percentages of remaining RIG-I protein relative to the
amount at time zero (100%) are shown at the bottom. —, absent; +,
present. (G) HEK293 cells stably expressing Flag-RIG-I were trans-
fected with pCMV-GFP. After 24 h, cells were stimulated with 1,000 U
of IFN-a2a/ml for the indicated times. Levels of GFP were analyzed
with antibodies against GFP (top panel) and GAPDH (bottom panel).
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FIG. 2. Cellular levels of RIG-I protein are decreased by ISG15 conjugation. (A) COS-7 cells were transfected with the indicated plasmids.
Cells were harvested at 48 h posttransfection and subjected to immunoprecipitation (IP) with anti-Flag (lanes 7 to 11) or with mouse IgG (lane
6), followed by immunoblotting (IB) with anti-HA (top panel) or anti-Myc (bottom panel). The arrow and asterisk indicate the ubiquitinylated and
ISGylated forms of RIG-I protein, respectively. Lanes 1 to 5, whole-cell extracts (WCE). —, absent; +, present. (B) COS-7 cells were transfected
with 1 pg each of E1/E2, HA-UbelL, and Flag-UbcMS expression vectors, as indicated. To make the total amounts (4 pg/transfection) of plasmids
for transfection equal under every condition, cells were cotransfected accordingly with empty vector. Total cell extracts were analyzed by
immunoprecipitation with anti-Flag or with mouse IgG, followed by immunoblotting with anti-Myc, anti-Flag, or anti-GAPDH. The asterisk
indicates the ISGylated form of RIG-I protein. The experiment was repeated at least three times, with similar results. (C) COS-7 cells were
transfected with the indicated expression vectors. At 48 h posttransfection, total cell extracts were subjected to immunoblotting with anti-Flag,
anti-GFP, anti-Myc, or antiactin. (D) COS-7 cells were transfected with the indicated plasmids. At 36 h posttransfection, cells were stimulated with
IFN-a2a (1,000 U) for 12 h. Cells were harvested and subjected to immunoprecipitation with anti-Flag, followed by immunoblotting with the
appropriate antibodies. (E) COS-7 cells were transfected with expression constructs, as indicated, harvested at 48 h posttransfection, and analyzed
by immunoblotting with anti-Myc and anti-Flag. WT, wild type. (F) COS-7 cells were transfected with the indicated plasmids. At 48 h posttrans-
fection, cells were harvested and subjected to immunoprecipitation with anti-Flag, followed by immunoblotting with the appropriate antibodies.

creased slightly by 6 to 12 h after IFN-«a treatment, suggesting
that IFN-a-mediated signaling pathways may be responsible
for the negative regulation of RIG-I protein stability. To con-
firm that the cytomegalovirus promoter itself was not respon-
sive to the IFN-a signal, levels of GFP in the cells transiently
transfected with pCMV-GFP were examined after IFN-a
treatment (Fig. 1G).

Cellular levels of RIG-I are diminished by overexpression of
the ISG15 conjugating system. To investigate the molecular
mechanism of the negative regulation of RIG-I, we specifically
examined the effect of posttranslational modifications that are

induced by IFN signaling. We examined ISGylation, which is
strongly induced by IFN stimulation, and ubiquitination, since
ISGylation utilizes a similar enzymatic cascade. Moreover,
RIG-I protein has been identified as a cellular target of ubig-
uitination (4, 9). Cells were transfected with either HA-Ub or
Myc-ISG15, together with the Flag-RIG-I expression plasmid,
and the ubiquitination or ISGylation of RIG-I protein was
assayed by immunoprecipitation (Fig. 2A). Although the over-
expression of HA-Ub alone was sufficient to induce ubiquitin
conjugation to RIG-I protein (Fig. 2A, lane 11), cellular levels
of unconjugated RIG-I protein did not decrease but rather
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were increased by the overexpression of ubiquitin. In contrast,
ISG15 conjugation to RIG-I protein was barely detectable
when ISG15 alone was overexpressed (Fig. 2A, lane 10), even
though RIG-I protein was previously reported to be a cellular
target of ISG15 (43). We reasoned that the ISG15 conjugating
system may be limiting in the cell lines assayed. Thus, we
transfected cells with UBE1L and UbcMS expression plasmids
to provide the ISG15 E1 activating enzyme and the E2 conju-
gating enzyme and subsequently subjected total cellular ex-
tracts to immunoprecipitation with an anti-Flag antibody (Fig.
2B). In the presence of the ISG15 conjugating system, the
ISGylated form of RIG-I protein clearly increased (Fig. 2B,
lane 7). Interestingly, cellular levels of RIG-I protein, presum-
ably the unconjugated form, dramatically decreased as the
ISG15-conjugated form of RIG-I protein increased (Fig. 2B,
lanes 3 and 7). The negative effect of ISGylation was specific to
RIG-I protein, as levels of GFP in cotransfected cells were not
altered (Fig. 2C). These data indicate that ISGylation may be
one of the mechanisms responsible for controlling cellular
levels of free (or unconjugated) RIG-I protein.

Levels of ISGylated RIG-I protein were slightly reduced
with increasing HA-Ub expression in the absence (data not
shown) or presence (Fig. 2D) of IFN treatment, indicating that
ubiquitin and ISG15 may compete for RIG-I protein. Since a
K172R mutation in the caspase recruitment domain of RIG-I
protein causes the near-complete loss of ubiquitination of the
protein (9), we constructed a RIG-I K172R mutant protein to
test whether ISG15 uses the same site as ubiquitin for conju-
gation (Fig. 2E). However, in the presence of the ISGylation
conjugating system, cellular levels of the unconjugated K172R
mutant form decreased to levels comparable to those of the
wild type, indicating that K172 is not a site for ISGylation.
Lastly, we examined the effect of UBP43. UBP43 is an isopep-
tidase that is able to deconjugate ISG15 from target proteins.
When cells were cotransfected with a UBP43 expression plas-
mid, ISG15 conjugation to RIG-I protein was reduced and the
overall levels of cellular ISGylation decreased. However, levels
of unconjugated RIG-I protein did not recover when UBP43
was overexpressed (Fig. 2F).

ISGylation negatively controls RIG-I-mediated signaling.
We next addressed the molecular function of ISGylated
RIG-I in RIG-I-mediated signaling events. We performed
luciferase reporter assays using constructs under the control
of IFN-stimulated response elements (pISRE-luc) or the
IFN promoter (pPRDIII-I-luc) in cells cotransfected with
RIG-I, ISG15, UBEIL (E1), and UbcMS8 (E2) expression
vectors. RIG-I-mediated signaling was positively correlated
with cellular levels of unconjugated RIG-I protein, as lucif-
erase activity elicited in the presence of RIG-I overexpres-
sion was significantly reduced by the coexpression of the
ISG15 conjugating proteins (Fig. 3A and B). We then stim-
ulated cells with NDV, and RIG-I-mediated IFN promoter
activity was measured using the pPRDIII-I-luc reporter con-
struct (Fig. 3C). Both basal and induced levels of IFN pro-
moter activity were lower in cells overexpressing the ISG15
conjugating system. We also used HepG2 cells, which ex-
press a relatively high level of endogenous RIG-I protein, to
confirm the effect of ISGylation (Fig. 3D). Both pPRDIII-I
luciferase activity and the level of unconjugated endogenous
RIG-I protein were clearly reduced by the coexpression of

J. VIROL.

A B
5|pISRE-luc S[pPRDII--uc .
z — z
g4 3
< o
53 E
22 . 2
Stm | 2
['4 0 0
Flag-RIGT - - - - + + +
-RIG- - - - + + +
W‘glggg_ St MyclsGis - - + + - +
ENE2 - + - - - + E1ED - + - + - -
== |IB:Flag-RIG-| [ W8N|BFlagRIGH
A s IB:Myc1SG15 [ & &svyoisers
IB:Flag-UbcM8 @ @B & B:Flag-UbcM8
—— ———— —— |IB:GAPDH
C D
4

[PPRDII-Huc

*

w
Relative Luc Activity
OS2 N WA OO

-

ISG15/E1/E2 - - - +
polylC(h)0 1 2 0

o — - - |IB:RIG-I

Relative Luc Activity
N

RIG-1+ + + + o+ +
ISGIS/E1/ER - - -  + + + L i e  1BeHA-UbeL
NDV(h)02 6 0 26

IB:Flag-UbcM8
1B:Myc-ISG15
|- - - - i IB:GAPDH

FIG. 3. Overexpression of the ISG15 conjugating system negatively
affects RIG-I-mediated IFN signaling. (A and B) COS-7 cells were
cotransfected with the indicated expression vectors and pISRE-luc
(A) or pPRDIII-I-luc (B). Cells were harvested at 48 h posttransfec-
tion and analyzed using a dual luciferase assay. The values shown are
the means of results for triplicate samples, and the standard deviation
(SD) is indicated. Representative results from one of three indepen-
dent experiments are shown. IB, immunoblot; —, absent; +, present.
(C) COS-7 cells were cotransfected with pPRDIII-I-luc and the indi-
cated expression vectors. Cells were infected with NDV 42 h posttrans-
fection, and luciferase activity was measured at the indicated times
after infection. (D) HepG2 cells were transiently transfected with
pPRDIII-I-luc and the indicated expression vectors. At 48 h posttrans-
fection, cells were transfected with poly(I:C) for the indicated times.
Total cell extracts were assayed for luciferase activity and probed with
anti-RIG-I protein to examine endogenous levels of RIG-I protein.
Student’s ¢ test: *, P < 0.05; #x, P < 0.01.

the ISG15 conjugating system, as observed earlier. When
stimulated with poly(I:C), IFN promoter activity began to
increase as early as 1 h poststimulation and reached approx-
imately fourfold induction at 2 h poststimulation. In con-
trast, when cells were cotransfected with the ISG15 conju-
gating system, the basal level of IFN promoter activity and
the level in the early phase of infection were low but the
level of activity began to rise by 2 h poststimulation. This
later induction of RIG-I-mediated IFN activity may result
from the poly(I:C)-induced transcriptional induction of
RIG-I. These results suggest that ISGylated RIG-I protein
may be nonfunctional in transmitting antiviral signals and
that IFN-induced ISGylation controls IFN production
through negatively regulating cellular levels of unconjugated
RIG-I protein.

Treatment with a proteasome inhibitor reduces levels of
unconjugated RIG-I protein. The inhibition of proteasomal
activity enhances the levels of ISG15 conjugates through in-
creased de novo conjugation (24). Therefore, we examined
whether treating cells with a proteasome inhibitor also altered
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FIG. 4. Cellular levels of RIG-I protein decrease in response to treatment with proteasome inhibitors. (A) COS-7 cells were transfected with
a Myc-ISG15 expression plasmid and treated with dimethyl sulfoxide (DMSO) or 10 uM MG132 for 15 h. Total cellular levels of ISG15-conjugated
proteins (upper panels) or unconjugated free ISG15 (lower panels) were visualized by immunoblotting (IB) using anti-Myc. —, absent; +, present.
(B) COS-7 cells were transfected with a Flag-RIG-I expression plasmid. At 36 h posttransfection, cells were treated with MG132 (10 uM), ALLN
(10 pM), or Lactacystin (5 wM) for the indicated times, harvested, and analyzed by immmunoblotting with anti-Flag or anti-GAPDH. (C) COS-7
cells were transfected with a Flag-RIG-I expression plasmid alone or together with expression vectors for components of the ISG15 conjugating
system. At 36 h posttransfection, cells were treated with 10 M MG132 for the indicated times. Immunoblotting was performed using the indicated
anti-Myc and anti-Flag antibodies. For loading control analysis, the membrane was stripped and reprobed with anti-GAPDH antibody. (Bottom
panel) Cellular levels of remaining RIG-I protein following MG132 treatment. Levels of RIG-I protein were quantified by measuring the
immunoblot band intensity using ImageJ (NIH) and normalized to GAPDH protein levels. Percentages of remaining RIG-I protein relative to the
level of RIG-I protein at time zero (100%) were calculated. Values are averages (=SD) of results from three independent experiments. (D) COS-7
cells were transfected with various expression vectors, as indicated. Total cell extracts were subjected to immunoprecipitation (IP) with anti-Flag
or with mouse IgG, followed by immunoblotting with anti-Myc, anti-Flag, or anti-GAPDH. WCE, whole-cell extracts. (E) HepG2 cells were
transfected with Flag-p53 expression plasmid. After 36 h, cells were treated with 10 uM MG132 for the indicated times. Total cell extracts were
harvested at the end of the incubations, and immunoblotting was performed using anti-Flag antibody. (F) HepG2 cells were transfected with the
indicated plasmids and, at 36 h posttransfection, were treated with 10 uM MG132 for the indicated times. Total cell extracts were harvested at
the end of the incubations, and immunoblotting was performed using the indicated antibodies.

cellular levels of conjugated or unconjugated RIG-I protein. inhibition of the 26S proteasome machinery induced clear re-
Treating cells with the 26S proteasome inhibitor MG132 dra- duction in the levels of unconjugated RIG-I protein, compared
matically enhanced ISGylation (Fig. 4A). We treated cells with to those occurring after MG132 treatment alone. We next
MG132 and measured the accumulation of RIG-I protein as a performed immunoprecipitations to examine whether the de-

function of time after drug treatment (Fig. 4B). Quite surpris- crease in RIG-I protein was due to an increase in the ISG15
ingly, the inhibition of proteasomal activity was accompanied conjugation of RIG-I protein (Fig. 4D). With MG132 treat-
by a decrease in the levels of unconjugated RIG-I protein. ment, the ISG15 conjugation of RIG-I protein was clearly
Cells were exposed to two other 26S proteasome inhibitors, enhanced, while unconjugated RIG-I protein decreased con-

ALLN and Lactacystin, and similar decreases in RIG-I protein comitantly. MG132 worked at the concentrations used, since
were observed. To further investigate the effect of proteasomal treatment with MG132 stabilized transfected p53 protein (Fig.
activity on the regulation of RIG-I, cells were treated with 4E). Finally, we examined the effect of MG132 on endogenous
MG132 in the presence or absence of overexpressed compo- RIG-I protein in HepG2 cells. With MG132 treatment, endog-
nents of the ISG15 conjugating system (Fig. 4C). The coex- enous RIG-I protein levels decreased slightly, and the decrease
pression of the ISG15 conjugating proteins together with the was more extensive with the coexpression of the ISG15 conju-
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FIG. 5. The RIG-I-mediated antiviral signaling response is enhanced in UbelL-deficient MEFs. (A) Ubel1L*/* and UbelL~'~ MEF cells were
analyzed for RIG-I expression. (Left panel) Immunoblot (IB) assay with anti-RIG-I protein and anti-GAPDH. (Right panel) RT-PCR analysis to
measure RIG-I, UbelL, and B-actin gene transcripts. —RT, without reverse transcriptase. (B and C) UbelL"* and UbelL~'~ MEF cells were
analyzed for IFN-stimulated gene expression. Total RNA was extracted from MEF cells, and levels of ISG15, OAS1A, MxA, PKR, and Lgp2 gene
transcripts were measured by conventional (B) or real-time (C) RT-PCR. The degree of induction (n-fold) of each transcript compared to the level
in wild-type cells is shown. (D) UbelL"™* and UbelL ™/~ MEF cells were analyzed for basal IRF activity. MEFs were transfected with the
PISRE-luc or pPRDIII-I-luc reporter plasmid, and total extracts were assayed for luciferase activity. Representative results from one of three
independent experiments are shown. Error bars indicate SDs for the three experiments. (E) UbelL*/* and UbelL '~ MEF cells were analyzed
for virus-induced IFN promoter activity. At 45 h posttransfection, MEFs were infected with NDV for 3 h and total extracts were assayed for IFN
promoter activity. Error bars indicate SDs for results from three experiments. Student’s ¢ test: *, P < 0.05; s=#, P < 0.01. (F) UbelL™* and
UbelL™'~ MEF cells were analyzed for IFN-B transcripts. MEFs were infected with NDV for 3 h, and IFN-B transcripts were quantified by
real-time RT-PCR. (G) UbelL*"* and UbelL ™/~ MEF cells were analyzed for the levels of NDV replication. MEFs were infected with NDV for
6 or 14 h, and transcripts of the F gene were analyzed by RT-PCR. (H) MEFs were transfected with poly(I:C) for the indicated times, and total
extracts were immunoassayed for endogenous RIG-I protein. (I) UbelL*'* and UbelL '~ MEF cells were treated with 10 uM MG132 for 12 h,
and levels of endogenous RIG-I protein were analyzed by immunoblotting. DMSO, dimethyl sulfoxide.

gating system (Fig. 4F). Also, increased levels of UbelL and
ISG15 proteins were repeatedly observed in the cells treated
with proteasome inhibitor. These results indicate that the in-
hibition of proteasome activity increases ISG15 conjugation as
previously reported (23) and increases ISGylated RIG-I pro-
tein and, thus, reduces the level of unconjugated RIG-I pro-
tein.

The RIG-I-mediated antiviral signaling response is en-
hanced in UbelL-deficient MEF cells. If ISG15 conjugation is
the key event regulating levels of RIG-I protein, then the basal
levels of RIG-I protein should be higher in cells deficient in
ISG15 conjugating components. Therefore, we compared basal
levels of RIG-I protein and transcripts in UbelL ™/~ and wild-

type MEF cells (Fig. S5A). Levels of RIG-I protein in UbelL-
deficient cells were much higher than those in wild-type MEFs.
However, RIG-I transcript levels were not enhanced as dra-
matically as the protein levels in UbelL ™'~ cells, suggesting
that the higher RIG-I protein levels in UbelL-deficient cells
were due to posttranslational control. Since UbelL ™" cells
expressed a higher level of RIG-I, we hypothesized that RIG-
I-mediated antiviral signaling may be intensified in cells defi-
cient in ISG15 conjugating components. We therefore mea-
sured basal levels of transcripts of ISGs, such as ISGIS,
OASI1A, MxA, PKR, and Lgp2 genes, in UbelL ™'~ MEF cells
(Fig. 5B and C). Basal levels of ISG15, OAS1A, and Lgp2
transcripts were higher in UbelL-deficient cells than in wild-
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type MEFs. In addition, UbelL-deficient cells exhibited con-
stitutively higher IFN signaling-related transcription factor ac-
tivity, as assayed by pISRE and pPRDIII-I reporter activity
(Fig. 5D). When cells were infected with NDV, both basal and
virus-induced levels of IFN promoter activity in UbelL ™/~
MEEF cells were significantly increased compared to those in
wild-type cells (Fig. SE). More importantly, UbelL ™/~ MEF
cells produced higher levels of basal and NDV-induced IFN-3
transcripts (Fig. 5F). However, the actual levels of NDV rep-
lication were not affected dramatically, as judged by NDV F
gene-specific RT-PCR analysis of the cells infected with NDV
for 6 and 14 h (Fig. 5G). In UbelL"’* MEF cells, levels of
unconjugated RIG-I protein initially decreased and then in-
creased upon poly(I:C) stimulation, as previously observed in
HEK?293 and HepG?2 cells (Fig. SH). However, levels of RIG-I
protein in UbelL-deficient cells were not altered after
poly(I:C) stimulation, confirming that the downregulation of
RIG-I protein observed during poly(I:C) treatment was due
primarily to ISGylation activity. We also treated cells with the
proteasome inhibitor MG132, which enhances the ISGylation
of RIG-I protein (Fig. 5I). Again, unconjugated RIG-I protein
was reduced to undetectable levels in wild-type cells but no
reduction was observed in cells deficient in ISG15 conjugation
system components.

Both basal and LPS-induced levels of IRF7 and ISG15 tran-
scripts in UbelL. ™/~ and UbelL*/* macrophages were similar
(20). Since we observed that basal levels of some ISG proteins
were enhanced in UbelL™/~ MEFs, we examined whether the
cells were stressed under the culture conditions we used, pos-
sibly leading to artifactual results. We transfected MEF cells
with a UbelL expression plasmid and examined whether
the UbelL. ™/~ phenotype could be abolished. In the presence
of UbelL overexpression, basal levels of RIG-I protein in
UbelL ™'~ MEF cells were clearly reduced (Fig. 6A). Further-
more, basal levels of ISG15 and OAS1A gene transcripts in
HA-UbelL-overexpressing UbelL™'~ MEF cells were de-
creased (Fig. 6B), confirming that the enhanced levels of
RIG-I protein in UbelL-deficient cells were due to the lack of
ISGylation.

DISCUSSION

In the present study, we demonstrated that IFN-inducible
ISG15 conjugation of RIG-I protein negatively regulates RIG-
I-mediated signaling. Intracellular viral signals are initially rec-
ognized by RIG-I protein and induce the synthesis of type I
IFN, which activates the transcription of RIG-I, LGP2, and
components of the ISG15 conjugation system. Newly synthe-
sized RIG-I protein binds to intracellular viral RNAs, if
present, to further upregulate IFN synthesis and, thus, forms a
positive feedback loop for the propagation of antiviral signals
(42). Concomitantly, IFN activates the transcription of LGP2,
the product of which binds dsRNAs but fails to signal down-
stream and, hence, forms a negative feedback loop regulating
RIG-I-mediated signals (32). In addition to these regulatory
circuits, we have identified a novel negative feedback loop that
controls cellular levels of RIG-I protein. IFN induces ISG15
conjugation to RIG-I protein and lowers cellular levels of
unconjugated RIG-I protein and, thus, negatively regulates
RIG-I-mediated antiviral signaling. Although the negative reg-

REGULATION OF RIG-I SIGNALING BY ISGYLATION 1481
A B
500
~I- 400
HA-UbelL= + = 200
= « |IB:RIG-I < 200 I:I
o 100
™ =(B:HA € s
[ = =] IB:Gapdh °
2
0
HA-Ubel1L - + - +
C Ube1L+/+ Ube1L-/-
Negative ~Non-self RNA  Positive OUbell TOAS1A m ISG15
Feedback Feedback
Lo
e T IRIG-H————
I Negative
|sé,15 Feedback
UBE1L 1o
RNF125 1
LGP2
IFNo/B T

Transcriptional control
Post-translational control

FIG. 6. Overexpression of UbelL restored the wild-type phenotype
to UbelL™"~ MEFs. (A) UbelL*'" and UbelL™'~ MEF cells were
transfected with an HA-UbelL expression plasmid. After 48 h, total
extracts were immunoassayed for endogenous RIG-I protein and HA-
UbelL expression. The experiment was repeated more than three
times, with similar results. IB, immunoblot; —, absent; +, present.
(B) UbelL** and UbelL ™/~ MEF cells were transfected with an
HA-UbelL expression plasmid. After 48 h, levels of ISG15, OASIA,
and UbelL gene transcripts were quantified by real-time RT-PCR.
The degree of induction (n-fold) compared to the level in untreated
wild-type MEFs is shown. (C) Proposed RIG-I signaling pathway reg-
ulated by multiple positive and negative feedback loops.

ulation of RIG-I by IFN-induced ISGylation is a novel finding,
it is not the only posttranslational feedback control regulating
RIG-I protein levels. Recently, studies have shown that RIG-I
protein can be ubiquitin conjugated by at least two different E3
ligases, TRIM25 and RNF125 (4, 9). While the ubiquitination
of RIG-I protein at Lys 172 by TRIM2S5 is required to mediate
antiviral signaling responses, ubiquitination by RNF125 con-
trols the proteasomal degradation of RIG-I protein, thereby
negatively regulating RIG-I-mediated signaling pathways. The
expression of RNF125 is enhanced 24 to 36 h after poly(I:C)
stimulation, providing another negative feedback loop for IFN
production by controlling cellular levels of RIG-I protein. The
presence of multiple positive and negative feedback loops reg-
ulating RIG-I indicates that maintaining optimal levels of
RIG-I protein is critical to balance defense reactions and hy-
persensitivity in antiviral responses (Fig. 6C). Because IFN
stimulates the transcription of components that are mutually
inhibitory, the outcome of the viral infection may be deter-
mined by competition between negative and positive regulators
whose activity depends on the basal levels of proteins and
transcripts, the kinetics of IFN-inducible transcription and pro-
tein modifications, and the intracellular levels of viral compo-
nents over the time course of the infection.

When we treated cells with MG132, we observed an increase
in total ISG15 conjugates, as previously reported (24). ISG15
conjugation to RIG-I protein increased, and therefore, the
unconjugated form of RIG-I protein decreased. This result is
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somewhat controversial, as RIG-I protein is degraded by the
overexpression of the ubiquitin E3 ligase RNF125 (4). Based
on the observation that RIG-I was not stabilized by treatment
with MG132 alone, we propose that proteasome-dependent
degradation of RIG-I protein occurs only after RNF125-me-
diated ubiquitination, which requires intracellular poly(I:C)
and/or IFN signals. We initially reported that levels of RIG-I
protein did not correlate with levels of RIG-I transcripts over
time in response to intracellular poly(I:C) (Fig. 1). Given the
negative control by poly(I:C) and IFN-induced ISGylation and
ubiquitination (by RNF125), this result should be reinter-
preted as a dynamic modulation of levels of unconjugated
RIG-I protein by posttranslational modification during antivi-
ral responses. Free or unconjugated RIG-I protein may be
functional and is presumably a target for TRIM25-mediated
ubiquitination. In the experimental scheme we used, it was not
possible to quantify the exact amount of total RIG-I protein
(the sum of unconjugated and conjugated forms) over the time
course of the viral infection. Similarly, we do not yet know the
molecular fate of the ISGylated RIG-I protein. Since RNF125-
mediated ubiquitination degrades RIG-I, it will be of interest
to determine whether ISGylated RIG-I protein can be ubig-
uitinated by RNF125. When we examined the effects of UBP43
on ISG15-mediated RIG-I protein control, decreased levels of
unconjugated RIG-I protein were not restored to former levels
by the overexpression of UBP43 (Fig. 2). We have hypothe-
sized that ISGylated RIG-I protein becomes subject to an
irreversible biochemical process, such as proteolysis or protea-
someal degradation, and hence, the overexpression of UBP43
was unable to alter levels of RIG-I protein. Alternatively, over-
expressed UBP43 functions as a negative regulator of IFN
signals, and therefore, levels of RIG-I protein were unchanged.
Lastly, it is possible that our proposed mechanism is due to
indirect effects of ISGylation, which require as-yet-unidentified
proteins to control the stability of RIG-I.

We observed that the basal levels of RIG-I and ISG proteins
were higher in UbelL-deficient MEF cells (Fig. 5). Together
with enhanced IFN-stimulated response element and IFN pro-
moter activity, these data indicate that UbelL-deficient MEF
cells have elevated levels of antiviral components in the ab-
sence of viral infection. Since there is no negative regulation by
ISGylation in UbelL-deficient MEF cells, RIG-I-mediated an-
tiviral responses should be enhanced upon viral infection.
Based on these observations, we hypothesized that UbelL-
deficient mice would exhibit hyperresponses to viral infections,
due to unregulated RIG-I protein accumulation and the con-
sequent hyperproduction of antiviral molecules. In contrast,
however, Kim et al. reported that UbelL-deficient mice pre-
treated with IFN-B exhibit normal responses to LCMV and
VSV (20). In addition, basal levels of ISG15 were unchanged
in UbelL-deficient macrophages. There are several explana-
tions for these discrepancies. First, RIG-I is essential for IFN
induction in response to intracellular viral infection in fibro-
blasts and conventional dendritic cells, but not in macrophages
(15). The reason we observed a dramatic effect in UbelL-
deficient MEFs, but not in UbelL-deficient macrophages, may
be this cell-specific contribution of RIG-I during the antiviral
response. Secondly, RIG-I protein senses specific types of
RNA viruses, such as NDV, Sendai virus, and influenza virus,
to mediate antiviral responses (16). Therefore, antiviral signal-
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ing in LCMV infection may be RIG-I independent. It is note-
worthy that ISG15 knockout mice exhibited normal responses
to LCMV and VSV infections but showed hyperresponsiveness
to influenza, herpes, and Sindbis viral infections (23, 30). Fi-
nally, virus- or IFN-induced transcriptional induction of RIG-I
may overcome the negative regulatory effect of ISGylation.

In summary, our findings reveal a novel regulatory mecha-
nism of IFN production through the negative control of RIG-
I-mediated antiviral responses by IFN-induced ISGylation. A
complete understanding of this regulation will require eluci-
dating the relationship between the ubiquitination and the
ISGylation of RIG-I protein and the functional interactions of
these processes during antiviral responses.
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