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The RIG-I–like receptors, retinoic acid inducible gene-1 (RIG-I), mel-
anoma differentiation-associated protein 5, and laboratory of ge-
netics and physiology-2, are cytoplasmic sensors for RNA viruses
that mediate the antiviral innate immune responses. We demon-
strate that really interesting new gene-finger domain- and K ho-
mology domain-containing MEX3C regulates RIG-I function. MEX3C
colocalizes with RIG-I in the stress granules of virally infected cells,
and its overexpression causes the lysine-63–linked ubiquitination of
RIG-I and activates IFN-β promoter. Embryonic fibroblast cells, mac-
rophages, and conventional dendritic cells derived from Mex3c-
deficient mice showed defective production of type I IFN after
infection with RNA viruses that are recognized by RIG-I. These
results demonstrate that MEX3C is an E3 ubiquitin ligase that
modifies RIG-I in stress granules and plays a critical role in elic-
iting antiviral immune responses.
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The RIG-I–like receptors (RLRs), which include retinoic acid
inducible gene-1 (RIG-I), melanoma differentiation-associ-

ated protein 5 (MDA5), and laboratory of genetics and physi-
ology-2 (LGP2), detect a signature of viral RNAs and induce
antiviral innate immune responses. RIG-I and MDA5 contain
tandem caspase-recruitment domains (CARDs) at their N ter-
mini, which mediate downstream signaling; a central DExD/H
helicase domain with an ATP-binding motif; and a C-terminal
region known as the “RNA-binding domain” (1, 2). They
sense RNAs derived from different RNA viruses. RIG-I is es-
sential for the recognition of vesicular stomatitis virus (VSV),
Newcastle disease virus (NDV), and Japanese encephalitis vi-
rus (JEV), whereas MDA5 is essential for the recognition of en-
cephalomyocarditis virus (EMCV) and Mengo virus (1, 3). RLRs
also differentially recognize synthesized RNA molecules. Whereas
MDA5 senses long poly(I:C), RIG-I senses digested, relatively
short (approximately 300 bp) poly(I:C) and RNAs synthesized by
T7 polymerase, which carr a 5′ppp RNA (4, 5).
RIG-I and MDA5 trigger intracellular signaling pathways via an

adaptor, IPS-1 (also known as MAVS/CARDIF/VISA) (6). IPS-1
localizes to the outer mitochondrial membrane and forms large
aggregates that activate downstream signaling pathways (7).
Downstream from IPS-1, transcription factors IRF3 and NF-κB
are activated to induce type I IFN and inflammatory cytokines for
host defense (1, 8). It was shown that tripartite motif 25 (TRIM25)
induced the lysine 63 (K63)-linked ubiquitination of the CARD of
RIG-I at lysine 172 or the generation of unanchored K63-linked
polyubiquitin chains (9). Riplet (also known as REUL or RNF135)
has been shown to ubiquitinate the C terminus of RIG-I to facil-
itate RIG-I–mediated viral recognition (10, 11).
Recent studies demonstrated that RLRs accumulate in cyto-

plasmic granules containing stress granule (SG) markers after viral
infection (12, 13). These granules, called “antiviral stress granules”
(avSGs), are distinguishable from canonical SGs and contain viral
RNA, viral nucleocapsid protein, and RNA-dependent protein

kinase (PKR). AvSGs are reported to be a platform for the de-
tection of viruses (12, 13). However, the relationship between
RLR-mediated antiviral responses and the formation of avSGs is
poorly understood.
Here we identified the RNA-binding and RING-containing

protein MEX3C, that localizes to SGs and triggers RIG-I-
dependent antiviral responses by ubiquitination of RIG-I.

Results
Identification of Mex3c. To search for molecules that regulate the
induction of type I IFN, we overexpressed a series of proteins
carrying the K homology (KH) domain, a well-known RNA-binding
domain, in HEK293 cells together with a reporter plasmid driven by
the promoter of the IFN-β gene and measured the reporter gene
expression with a luciferase assay. Of the proteins tested, MEX3C
was found to increase the IFN-β (IFNB) promoter activity (Fig.
1A). MEX3C contains two KH domains in its middle portion and
one RING-finger domain in its C-terminal region (Fig. 1B). This
protein forms a family with the homologous proteins MEX3A, -B,
and -D (14). Mex3c is expressed in many tissues, with particu-
larly strong expression in the spleen and thymus (Fig. 1C).

MEX3C Mediates the Ubiquitination and Activation of RIG-I. To de-
termine the roles of MEX3C in the antiviral innate immune re-
sponses, we overexpressed MEX3C and RIG-I together with an
IFNB promoter-driven reporter plasmid in HEK293 cells and mea-
sured the reporter gene expression. Whereas the overexpression of
either MEX3C or RIG-I alone did not cause the expression of the
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reporter gene, the overexpression of both proteins together markedly
enhanced the reporter gene expression (Fig. 2A). Next, we overex-
pressed Myc–RIG-I and Flag–MEX3C in HEK293 cells and exam-
ined their interaction with a coimmunoprecipitation assay (Fig.
2B). Flag–MEX3C was coprecipitated with Myc–RIG-I. Nota-
bly, an anti-Myc antibody detected smeared bands of Myc–RIG-I
protein in cells coexpressing MEX3C. To examine whether the
smeared bands were attributable to ubiquitination, we overex-
pressed Flag–MEX3C and Myc–RIG-I together with hemagglu-
tinin–ubiquitin (HA–Ub) or HA–Ub with a point mutation at
Lys-48 or -63 that converted it to Arg (K48R or K63R, re-
spectively). An anti-HA antibody detected smeared bands in the
cells expressing HA–Ub or HA–Ub K48R, whereas these bands
were not observed in the cells expressing HA–Ub K63R (Fig.
2C). Furthermore, an immunoblot analysis with an anti–Ub K63
antibody detected smeared bands in anti-Myc immunoprecipi-
tates prepared from cells overexpressing Myc–RIG-I and Flag–
MEX3C (Fig. 2D). When a point mutation at the cysteine
residue at position 601 in the RING-finger domain of MEX3C

was substituted with alanine (C601A), it abrogated RIG-I ubiq-
uitination (Fig. 2E). Notably, the overexpression of Flag–
MEX3C C601A did not enhance the RIG-I–mediated IFNB
promoter activity (Fig. 2F). These findings suggest that E3
ubiquitin ligase activity is required for the MEX3C-mediated
enhancement of RIG-I function. In contrast, MEX3C failed to
induce the ubiquitination of MDA5 (Fig. S1).
We next generated a series of deletion mutants of MEX3C to

determine the region responsible for its interaction with RIG-I
(Fig. 2G). MEX3C 1–599, which contains the KH domains, was
coprecipitated with RIG-I, whereas MEX3C 600–652, which
encodes the RING-finger domain, failed to associate with RIG-I
(Fig. 2H). RIG-I ubiquitination was not induced by either MEX3C
1–599 or 600–652 (Fig. 2H), suggesting that although MEX3C
1–599 binds to RIG-I, it is insufficient to cause RIG-I ubiq-
uitination. Next, we explored the function of the region between
the KH domains and the RING-finger domain of MEX3C.
Full-length of MEX3C and MEX3C 330–599, 1–599, and 382–
652 all associated with RIG-I (Fig. 2I), suggesting that MEX3C
382–599 is responsible for binding to RIG-I. Notably, the
overexpression of MEX3C 382–652, which does not contain the
KH domains but does contain the RIG-I–binding region and
the RING-finger domain, induced RIG-I ubiquitination more
strongly than full-length MEX3C. Furthermore, the overexpression
of MEX3C 382–652 induced IFNB promoter activation more ef-
ficiently than full-length MEX3C (Fig. 2J). These findings suggest
that the KH domains negatively regulate the MEX3C-mediated
ubiquitination of RIG-I.

MEX3C Delivers the K63-Linked Polyubiquitin Moiety to RIG-I CARDs.
We investigated the target residues of RIG-I that are ubiquiti-
nated by MEX3C. MEX3C overexpression caused the ubiquiti-
nation of RIG-I CARDs but not ΔCARDs (Fig. 3A). We then
mutated individual lysine residues in the CARDs to arginine and
tested RIG-I ubiquitination (Fig. 3B). Ubiquitination of a RIG-I
by MEX3C was reduced by a point mutation at K48, K99, or K169
(Fig. 3B). The MEX3C-mediated enhancement of the IFNB
promoter activity decreased when K99 or K169 in RIG-I was
mutated but not when K48 was mutated (Fig. 3C). This finding,
together with those shown in Fig. 3B, suggests that the ubiquiti-
nation of RIG-I at K99 and K169 by MEX3C is important for
the activation of the IFNB promoter. However, the reason for

Fig. 1. Identification of Mex3c. (A) HEK293 cells were transfected with the
indicated plasmids containing the KH domain, together with an IFNB-pro-
moter-driven reporter plasmid, and the luciferase activity was determined.
Data are from three independent experiments. The results shown are
means ± SD (n = 3). (B) Schematic representation of mouse MEX3C protein.
(C) Total RNA from the indicated mouse tissues was extracted and subjected
to Northern blotting to examine the expression of Mex3c and β-actin (Actb).

Fig. 2. MEX3C-mediated RIG-I ubiquitination. (A, F,
and J) HEK293 cells were transfected with the in-
dicated plasmids together with an IFNB-promoter-
driven reporter plasmid, and the luciferase activity
was determined. Data are from three independent
experiments. The results shown are means ± SD
(n = 3). (B–E, H, and I) HEK293 cells were transfected
with the indicated plasmids. Cell lysates were
immunoprecipitated (IP) with anti-Flag or anti-Myc
antibody and immunoblotted (IB) with the indicated
antibodies. (G) Schematic representation of full-length
MEX3C and the MEX3C deletion mutants (encoding
amino acids 1–599, 330–599, 600–652, and 382–652).
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reduced activity of the IFNB promoter due to mutation of K45
remains unclear.
Next, we generated mutant RIG-I CARDs in which all of the

lysine residues were substituted with arginine (RIG-I all-mutant)
and found that the overexpression of this mutant failed to en-
hance the IFNB promoter activity, even in the presence of
MEX3C, whereas the IFNB promoter activation mediated by the
overexpression of RIG-I CARDs was enhanced by the coex-
pression of MEX3C (Fig. 3D). We then resubstituted the argi-
nine residues in RIG-I all-mutant with lysines. The overexpression
of either RIG-I R45K, R99K, R169K, or R190K failed to restore
the MEX3C-mediated IFNB promoter activation. However, the
overexpression of the RIG-I R99,169K mutant, in which the
arginine residues at 99 and 169 were restored to lysine, partially
restored the MEX3C-mediated enhancement of the IFNB pro-
moter activation. Furthermore, mutation of the arginines at 45,
99, and 169 to lysine (R45,99,169K) restored the IFNB promoter

activity to a level similar to that induced by the RIG-I CARDs
(Fig. 3D).

MEX3C Colocalizes with RIG-I in avSGs. We determined cellular lo-
calization of MEX3C. In unstimulated murine bone marrow-
derived macrophages (BMDMs), MEX3C localized to cytoplasmic
puncta (Fig. 4A). After NDV infection, MEX3C accumulated in
enlarged cytoplasmic structures, where it colocalized with TIA-1,
a marker of SGs (Fig. 4A). These findings suggest that MEX3C
translocates from cytoplasmic puncta to TIA-1–positive SGs after
viral infection. Next we investigated the localization of endoge-
nous MEX3C and RIG-I. In unstimulated BMDMs, RIG-I was
diffusely present in the cytoplasm, whereas MEX3C was localized
in dot-like structures in the cytoplasm (Fig. 4B). After NDV
infection, both RIG-I and MEX3C accumulated in cytoplasmic
puncta (Fig. 4B). These findings suggest that MEX3C is in-
corporated into RIG-I–positive avSGs. To investigate the cellu-
lar localization of viral RNA, we stained NDV-infected BMDMs
with the anti-dsRNA antibody J2 and found that MEX3C colo-
calized with J2-positive puncta (Fig. 4C). Furthermore, in HeLa
cells transiently transfected with MEX3C-expressing constructs
and 5′-ppp RNA, MEX3C and 5′-ppp RNA were present in the
same puncta (Fig. S2). These findings suggest that MEX3C, RIG-I,
and viral RNA accumulate in SGs in virally infected cells.
The observations that MEX3C contains KH domains and

colocalizes with viral RNA suggest that MEX3C interacts with
viral RNA. To test this proposition, we transiently overexpressed
Flag–RIG-I, Flag–MEX3C, the Flag–MEX3C KH domains, or
the Flag–MEX3C RING domain in HEK293 cells. After NDV
infection, the presence of viral RNAs in the anti-Flag immuno-
precipitates was verified by quantitative PCR (qPCR). Viral
RNAs were detected in the immunoprecipitates prepared from
cells transfected with constructs expressing RIG-I and MEX3C
or the MEX3C KH domains but not in those prepared from cells
expressing the MEX3C RING domain (Fig. 4E), suggesting that
MEX3C directly or indirectly interacts with viral RNA via its
KH domains.

MEX3C Is Critical for Innate Immune Responses Against RNA Virus
Infections. To examine the physiological contribution of MEX3C
to antiviral immune responses, we generatedMex3c-deficient mice
(Fig. S3). The Mex3c−/− mice were born in Mendelian ratios, al-
though consistent with a previous report approximately one-fifth
of the mice were runts, which was attributed to growth disturbance
(15). The populations of peritoneal macrophages (PECs) and
dendritic cells (DCs) were unimpaired in Mex3c-deficient mice
(Fig. S4). We examined the production of cytokines in response to
RNA virus infection. The production of IFN-β, IL-6, and IL-12p40
after infection with NDV or VSV was abrogated byMex3c-deficient
PECs (Fig. 5A). In contrast, the production of these cytokines after

Fig. 3. Identification of the lysine residues in RIG-I required for signaling. (A
and B) Cell lysates prepared from HEK293 cells transfected with the indicated
plasmids were immunoprecipitated and blotted with the indicated anti-
bodies. (C and D) HEK293 cells were transfected with the indicated plasmids
together with an IFNB-promoter-driven reporter plasmid, and the luciferase
activity was measured. Data are from three independent experiments. The
results shown are means ± SD (n = 3). *P < 0.05 and **P < 0.005 compared
with lane 3 in C (RIG-I CARDs+MEX3C) or lane 6 in D (RIG-I all mutant with
black bar).

Fig. 4. Cellular localization of MEX3C and RIG-I.
(A–C) Murine BMDMs were left untreated (medium)
or infected with NDV. The cells prepared after 6-h
infection were immunostained with the indicated
antibodies. Image shown is the representative of
three independent experiments. (D) HEK293 cells
were transfected with constructs encoding Flag–
RIG-I, Flag–MEX3C WT, or Flag-MEX3C KH domains
or RING domain. After 30 h the cells were infected
with NDV. The cell lysates prepared after 6-h infection
were immunoprecipitated with anti-Flag antibody,
and the viral RNAs in the anti-Flag immunoprecipi-
tates were evaluated by qPCR. Data are from three
independent experiments. The results shown are
means ± SD (n = 3).
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infection with EMCV, which is recognized by MDA5, or stimula-
tion with LPS, a ligand for TLR4, was not impaired in the Mex3c-
deficient PECs. Defective IFN-β and IL-6 production after NDV or
VSV infection was also observed in Mex3c-deficient bone marrow-
derived conventional DCs (cDCs) (Fig. 5B) or embryonic fibroblast
(MEF) cells (Fig. 5C). Furthermore, the phosphorylation of IRF3
induced by NDV infection was impaired in Mex3c-deficient PECs
(Fig. 5D). The up-regulation of IL-6 and IFN-β mRNAs by NDV
infection was also impaired in the Mex3c-deficient PECs, whereas
their up-regulation by LPS stimulation was similar in the WT and
Mex3c-deficient cells (Fig. S5A). The production of IL-6 and IFN-β
against shortened poly(I:C) and 5′-ppp RNA generated by T7
polymerase, agonists of RIG-I, but not against long poly(I:C), an
agonist of MDA5, was severely impaired in the Mex3c-deficient
macrophages (Fig. 5E). The production of IFN-β and IL-6 in re-
sponse to the transfection of dsDNA [poly(dA:dT)] was not altered
in the absence of Mex3c (Fig. 5E). We transduced WT or Mex3c-
deficient MEFs with MEX3C retrovirus construct and found that
MEX3C transduction restored their IFN-β and IL-6 production
(Fig. 5F). To rule out the possibility that the inability of Mex3c-
deficient cells to respond to RIG-I agonists results from the loss of
RIG-I expression, we examined their RIG-I expression with an
immunoblot, which showed that RIG-I expression was similar in
the WT and Mex3c-deficient MEFs (Fig. S5B). We next infected
WT and Mex3c-deficient mice with JEV, which is sensed by RIG-I
(3). IFN-α production in the serum was reduced in the Mex3c-
deficient mice (Fig. S6A). Furthermore, the levels of NDV RNA
expression were elevated in the Mex3c-deficient PECs relative to
those in the WT cells (Fig. S6B).
Plasmacytoid DCs (pDCs) play important roles in the detection

of viral infections and in the production of type I IFN. In pDCs,
TLR7 is the predominant sensor of RNA viruses. IFN-β pro-
duction after treatment with NDV or VSV was similar in the WT
and Mex3c-deficient pDCs (Fig. S6C), suggesting that MEX3C
does not participate in TLR7-mediated IFN-β production in pDCs.

Dispensable Role of MEX3C in SG Formation. We next investigated
whether MEX3C is required for SG formation and RIG-I traf-
ficking. J2-positive and TIA-1–positive puncta was found to

colocalize in both WT and Mex3c-deficient cells infected with
NDV (Fig. 6A). Moreover, RIG-I translocation to the cytoplasmic
puncta in response to NDV infection was also found in MEX3C-
deficient cells (Fig. 6B). These findings suggest that MEX3C is not
essential for the trafficking of RIG-I or the formation of SGs in
virally infected cells.

Discussion
Here we have shown that the antiviral responses induced by
RIG-I are impaired by Mex3c deficiency in mice. The MEX3
proteins are evolutionarily conserved and mediate the post-
translational regulation of diverse biological processes, including
hypertension (16), development, differentiation (17–19), cancer
(20), and the immune responses (21, 22). There are four MEX3
proteins in mammals, and they are thought to play similar roles
to that of the Caenorhabditis elegans Mex3 protein (23), which is
a translational repressor that binds to the Mex3 recognition el-
ement in the 3′ UTRs of target genes (14). It has been reported
that Mex3c-deficient mice display growth retardation after birth,
which may be caused by the increased translation of insulin-like
growth factor 1 mRNA (24). Another study demonstrated that
MEX3C regulates the expression of the HLA-A2 gene by
binding to its 3′ UTR (19) and degrading its transcripts in a
ubiquitin-dependent manner, contributing to NK cell function
(21). MEX3C has also been identified as a suppressor of chro-
mosomal instability in cancer (20). Here we demonstrated that
MEX3C binds to viral RNA and regulates RIG-I–mediated
signaling. Thus, MEX3C may bind to a number of RNAs, in-
cluding self-RNAs and viral RNAs. Identification of the target
RNAs of MEX3C and clarification of the MEX3C-mediated
RNA recognition mechanisms must be addressed in the future.
Currently the role of avSGs in the host defense against viral

infections is unclear. Recent studies have shown that RLRs and
viral RNAs relocate from the cytoplasm to the SGs after viral
infection (12). It has been reported that cells deficient in PKRs
fail to form SGs after RNA viral infection and exhibit reduced
type I IFN production (12). Nonstructural protein 1 of influenza
A virus and leader protein of Theiler’s murine encephalomyelitis
virus inhibit both avSG formation and type I IFN induction.

Fig. 5. Impaired cytokine production in Mex3c-
deficient mice. (A–C) PECs (A), cDCs (B), or MEF cells
(C) from Mex3c+/+ (white bar) and Mex3c−/− (black
bar) mice were stimulated with LPS (100 ng/mL) or
treated with NDV (multiplicity of infection [moi]
0.5), VSV (moi 3), or EMCV (moi 0.01) for 24 h. The
concentrations of IFN-β, IL-6, and IL-12p40 in the
culture supernatants were measured with ELISAs.
(D) PECs from Mex3c+/+ and Mex3c−/− mice were
treated with NDV (moi 0.5) for the indicated peri-
ods, and the cell lysates were subjected to immu-
noblot with antibodies directed against p-IRF3 and
IRF3. (E and F) PECs from Mex3c+/+ and Mex3c−/−

mice were transfected with 5′pppRNA, short
poly(I:C), long poly(I:C), or poly(dA:dT) for 24 h (E)
or MEF cells retrovirally transduced with a con-
struct encoding MEX3C were treated with VSV
(moi 3) for 24 h (F). The concentrations of IFN-β and
IL-6 in the culture supernatants were measured
with ELISAs. Data are from three independent
experiments (A–C, E, and F ). The results shown are
means ± SD (n = 3) (A–C, E, and F). *P < 0.05 and
**P < 0.005 compared with controls (F ).
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These findings imply that avSGs act as RNA virus recognition
sites and in the initiation of signaling (12). In contrast, another
study implied that SG formation is not essential for type I IFN
production after viral infection, especially by viruses that are
recognized by MDA5 (13). Therefore, the roles of avSGs in vi-
rus-induced type I IFN responses are still controversial. Here we
demonstrated that avSG formation and RIG-I trapping in the
avSGs in response to RNA virus infection was unimpaired in
Mex3c-deficient cells. However, MEX3C is required for the ac-
tivation of RIG-I–dependent signaling. RIG-I directly interacts
via its C-terminal region with the viral RNA (24, 25), and MEX3C
can also bind to viral RNA. Together, these data prompt us to
speculate that viral RNA trapped in avSGs behaves as a hub upon
which both MEX3C and RIG-I are assembled and that the con-
sequent proximity of RIG-I andMEX3C allows MEX3C to trigger
RIG-I ubiquitination and activation.
Several E3 ubiquitin ligases that target RIG-I for ubiquitina-

tion have been identified. Riplet has been shown to mediate the
K63-linked polyubiquitination of the C-terminal region of RIG-I
(10, 11). The RIG-I C-terminal region masks its CARDs to
prevent downstream signaling in unstimulated condition. When
RIG-I binds to viral RNA, Riplet triggers RIG-I ubiquitination.
This results in the recruitment of the signaling complex involving
downstream molecules, including TBK1, IKKi, and NEMO (26).
In contrast, TRIM25 has been shown to mediate the ubiquiti-
nation of lysine 172 of the RIG-I CARD (9). Another study has
shown that TRIM25 does not induce RIG-I ubiquitination but
instead mediates the generation of unanchored ubiquitin chains
associated with RIG-I in virally infected cells, which are im-
portant in both RIG-I oligomerization and its interaction with
IPS-1/MAVS (27). We have shown that MEX3C mediates the
K63-linked polyubiquitination of the CARDs of RIG-I. A de-
ficiency of TRIM25, Riplet, or MEX3C in mice impaired the
RIG-I–mediated antiviral response, indicating that the co-
ordinated activation of these three molecules is required for
the RIG-I–mediated antiviral immune responses.
Our results suggest that lysines 48, 99, and 169 of RIG-I are

required for Mex3-mediated ubiquitination (Fig. 3B), which
differs from TRIM25-mediated ubiquitination, which occurs on
lysine 172. K172R did not affect the MEX3C-mediated increase
of IFNB promoter activity in our assay (Fig. 3C), suggesting that
the functions of MEX3C and TRIM25 in terms of RIG-I acti-
vation are not redundant. Our reporter analysis suggested that
lysine 48 is not essential for the MEX3C-mediated enhancement
of RIG-I–dependent IFNB promoter activation, whereas the
lysine at 99 and 169 are required (Fig. 3C). This suggests that the
MEX3C-mediated ubiquitination of lysine 99 and 169 of RIG-I
is essential for the antiviral innate immune response. However, it
remains unclear why the K45R mutant showed reduced IFNB
promoter activation, although it underwent relatively normal
ubiquitination (Fig. 3B). It is possible that the mutation of lysine 45
influences the conformation of RIG-I, making it unable to interact

with IPS-1 or other downstream signaling molecules. Alternatively,
other ubiquitin ligases that ubiquitinate RIG-I K45 may exist.
Our analysis of a series of deletion mutants of MEX3C

demonstrated that MEX3C 382–652 but not 600–652 copreci-
pitated with RIG-I, suggesting that MEX3C 382–599, the region
between the KH and RING-finger domains, is responsible for its
interaction with RIG-I. Notably, RIG-I ubiquitination was in-
creased in cells overexpressing MEX3C 382–652 compared with
that in cells overexpressing full-length MEX3C (Fig. 2I). Simi-
larly, MEX3C 382–652 augmented RIG-I–mediated IFNB pro-
moter activity more potently than full-length MEX3C (Fig. 2J).
These findings suggest that MEX3C 382–652, which lacks the
KH domain, acts as an active form of the protein that constitu-
tively binds to and ubiquitinates RIG-I, irrespective of RNA bind-
ing, and that the KH domains prevent the activation of MEX3C
unless an RNA virus is present. Once the avSGs are formed, viral
RNA binding to the KH domains of MEX3C may induce confor-
mational changes in MEX3C, allowing it to become active.
Viruses have developed strategies to evade the host innate

immune system. Therefore, some viruses can be expected to
target MEX3C for inactivation, presumably through its degra-
dation or cleavage, or the inhibition of its binding to or ubiq-
uitination of RIG-I. In the future, understanding the evasion
mechanisms of these viruses will allow the development of new
antiviral drugs. Moreover, the aberrant recognition of self-RNAs
by the innate immune system may cause autoimmune diseases,
such as systemic lupus erythematosus, by constitutively pro-
ducing type I IFN, which potentiates adaptive immunity, sug-
gesting a link between the aberrant function of MEX3C and
autoimmunity. This must be also investigated in the future.

Materials and Methods
Reagents. ELISA kits were purchased from R&D Systems. Long poly(I:C) was
purchased by GE Healthcare. Poly(dA:dT) was purchased from Sigma. 5′ppp-
RNA and short poly(I:C) were synthesized as described previously (4, 28).
Anti-Flag M2-peroxidase monoclonal and anti-c-Myc monoclonal antibodies
were from Sigma. Monoclonal antibody J2 was from English & Scientific
Consulting. Anti-RIG-I and anti-HA-Tag (C29F4) rabbit monoclonal anti-
bodies were purchased from Cell Signaling. Anti-K63-linkage-specific poly-
ubiquitin rabbit monoclonal antibody was purchased from Millipore. Anti-
TIA-1 and horseradish peroxidase-conjugated anti-β-actin antibodies were
purchased from Santa Cruz Biotechnology. LPS from Salmonella minnesota,
Hoechst 33342, Alexa Fluor 488-conjugated phalloidin, Alexa Fluor 568-
conjugated goat anti-rabbit IgG antibody (A21246), Alexa Fluor 568-conju-
gated goat anti-mouse IgG antibody (A21236), Alexa Fluor 488-conjugated
goat anti-rabbit IgG antibody (A11070), and Alexa Fluor 488-conjugated
goat anti-mouse IgG antibody (A11029) were from Invitrogen. Anti-MEX3C
monoclonal antibody was from Eurofins MWG Operon.

Mice, Cells, and Viruses. Mex3c−/− mice were generated as described in SI
Materials and Methods. All animal experiments were performed with the
approval of the Animal Research Committee of the Research Institute for
Microbial Diseases (Osaka University). PECs were isolated from the perito-
neal cavities of mice 3 d after injection with 2 mL of 4.0% (wt/vol) thio-
glycollate medium (Sigma). Bone marrow-derived DCs and macrophages
were prepared from the femurs and tibias of mice. Briefly, the cells were
cultured in RPMI medium 1640 supplemented with 10% FCS, 100 μM 2-
mercaptoethanol, and 10 ng/mL murine GM-CSF (PeproTech) or 40 ng/mL
murine M-CSF (PeproTech), and the cells were collected after 6 d to be used
as GM-CSF–induced cDCs and BMDMs, respectively (29). MEF cells were iso-
lated from WT or Mex3c-deficient embryo (day 13.5). NDV, VSV, JEV, and
EMCV have been described elsewhere (3).

Plasmids and Primers. Full-length MEX3C and MEX3C deletion mutant cDNAs
encoding amino acids 1–599, 330–599, 600–652, and 382–652 were inserted
in the pFlag–CMV2 vector (Sigma) or the pcDNA 3.1(+)–Myc expression
vector (Invitrogen). A point mutation (K601R) was introduced into MEX3C
using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene). Flag-
tagged RIG-I, RIG-I ΔCARDs, RIG-I CARDs, and MDA5 CARDs were described
previously (5). Plasmids encoding GST-fused RIG-I CARDs with point muta-
tions (WT-RIG-I-CARDs, K99R, K172R, K181R, and K190R) were obtained
from Jae U. Jung (University of Southern California, Los Angeles). RIG-I
CARDs with point mutations (K18R, K45R, K48R, K59R, K96R, K115R, K146R,

Fig. 6. MEX3C is not essential for avSG formation. (A and B) BMDMs from
Mex3c+/+ and Mex3c−/− mice were left untreated (medium) or treated with
NDV for 24 h and immunostained with the indicated antibodies. Image
shown is the representative of three independent experiments.
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K154R, K164R, K169R, and K177R) were prepared using the QuikChange II
XL Site-Directed Mutagenesis Kit. DNA fragments encoding RIG-I mutants
containing point mutations in both the CARD domains, in which lysine was
substituted with arginine, were synthesized by Hokkaido System Science Co.,
Ltd. The point mutation vectors for all mutant RIG-I proteins (R45K, R99K,
R169K, R190K, R99,169K, and R45,99,169K) were prepared using the Quik-
Change II XL Site-Directed Mutagenesis Kit. The plasmids encoding the KH do-
main were obtained from Mammalian Gene Collection cDNA (OPEN Biosystems).
RNase inhibitor (N261A) was purchased from Promega. Primer sequences used in this
study were follows. MEX3C forward: ATGCTGTCCCACGCCTAC; MEX3C reverse:
AGTGCTTTAATTTTACAACCCTGG; β-actin forward: TGTCACCAACTGGGACGA-
TA; β-actin reverse: AACACAGCCTGGATGGCTAC; GAPDH forward: TGACGG-
CCCAAGATGCCCTTCAG. TaqMan probe detecting NDV is described in ref. 30.

Luciferase Assay. HEK293 cells (5 × 105) were transfected with the pGL3–IFN-β
promoter luciferase reporter plasmid (0.1 μg per well) together with plas-
mids encoding the KH domain, which were obtained from Mammalian Gene
Collection cDNA (OPEN Biosystems) (Fig. 1A) or plasmids encoding RIG-I,
MEX3C-WT, mutant MEX3C, or empty control plasmid (0.25 μg per well) with
Lipofectamine 2000 (Invitrogen). After 24 h the cells were infected with
NDV; 24 h later the cells were lysed, and the luciferase activity in the lysates
was determined with the Dual-Luciferase Reporter Assay System (Promega).
The Renilla luciferase construct pRL-TK (0.05 μg per well) was simultaneously
transfected as an internal control.

Immunoprecipitation and Immunoblot Analysis. HEK293 cells (1 × 106) were
transfected with the indicated plasmids (1 μg per well). After 30 h the cells
were lysed with lysis buffer [1% (vol/vol) Nonidet P-40, 150 mM NaCl, 20 mM
Tris·HCl (pH 7.5), and 1 mM EDTA]. The cell lysates were then immunopre-
cipitated with anti-Flag or anti-Myc antibody. Immunoprecipitates or whole-
cell lysates were immunoblotted with the indicated antibodies. For de-
tection of ubiquitination, cell lysates were boiled with 1% SDS for 10 min to
remove nonspecific ubiquitination before immunoprecipitation.

Immunostaining. BMDMs seeded on cover glass were infected with NDV for
24 h. The cells were fixed with paraformaldehyde and permeabilized with
0.5% Triton-X 100 and then subjected to immunocytochemistry. Samples
were examined under a fluorescence laser scanning confocal BZ-9000 fluo-
rescence microscope (KEYENCE).

Quantitative Real-Time PCR. HEK293 cells (1 × 106) were transfected with the
indicated plasmids (1 μg per well). After 30 h the cells were infected with
NDV [multiplicity of infection (moi) 5] for 6 h. The cell lysates were then
immunoprecipitated with anti-Flag antibody in RNase free lysis buffer. After
washing, RNA in the immunoprecipitates was extracted using ZR Viral RNA
Kit (Zumo Research), and cDNA was synthesized using ReverTra Ace qPCR RT
Master Mix (Toyobo). qPCR analysis was performed using 770Sequence De-
tector (Applied Biosystems).

Retroviral Transduction of MEF Cells. MEF cells were isolated from WT or
Mex3c-deficient embryo (day 13.5). Viruses were produced by Plat-E pack-
aging cells (5.5 × 106) transfected with plasmid (12 μg per dish) encoding
MEX3C or empty control plasmid with FuGENE 6 (Roche). After 72 h the cells
were maintained in medium with puromycin (2.5 μg/mL; InvivoGen) for 4 d
to select the stably transfected cells.
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