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The rapid induction of type I IFN is a central event of the innate
defense against viral infections and is tightly regulated by a number of
cellular molecules. Viral components induce strong type | IFN
responses through the activation of toll-like receptors (TLRs) and
intracellular cytoplasmic receptors such as an RNA helicase RIG-1 and/
or MDAS. According to recent studies, the NF-xB essential modulator
(NEMO, also called IKKY) is crucial for this virus-induced antiviral re-
sponse. However, the precise roles of signal activation by NEMO adap-
tor have not been elucidated. Here, we show that virus-induced IRF3
and NF-kB activation depends on the K(lys)-27-linked polyubiquitina-
tion to NEMO by the novel ubiquitin E3 ligase triparite motif protein
23 (TRIM23). Virus-induced IRF3 and NF-kB activation, as well as K27-
linked NEMO polyubiquitination, were abrogated in TRIM23 knock-
down cells, whereas TRIM23 knockdown had no effect on TNFa-me-
diated NF-xB activation. Furthermore, in NEMO-deficient mouse
embryo fibroblast cells, IFN-stimulated response element-driven re-
porter activity was restored by ectopic expression of WT NEMO, as
expected, but only partial recovery by NEMO K165/309/325/326/344R
multipoints mutant on which TRIM23-mediated ubiquitin conjugation
was substantially reduced. Thus, we conclude that TRIM23-mediated
ubiquitin conjugation to NEMO is essential for TLR3- and RIG-I/MDA5-
mediated antiviral innate and inflammatory responses.
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pon viral infection, host cells recognize the viral components

and activate innate immune signaling to exert antiviral
responses (1-4). RIG-I and/or MDAS sense viral dsRNA (5-8)
and are recruited to another antiviral signaling adaptor, IPS-1
(also called MAVS, Cardif, or VISA) (9-12). IPS-1 directly
interacts with TRAF3 and triggers auto-ubiquitination of TRAF3,
which then activates TBK1 and IKKe, leading to activation of
transcription factors NF-kB and IRF3 (13, 14). A recent study
indicated that NEMO acts upstream of TBK1 and IKKe and is
essential for virus-induced TLR3- and RIG-I/MDA5-mediated
antiviral activation (15).

Because rapid induction of type I IFN expression is the key
process in initiating the innate antiviral response, clarification of
NEMO-mediated antiviral signaling is important for understanding
innate immune signaling; however, NEMO-mediated antiviral
signaling is not well elucidated. Recent studies indicate that several
ubiquitin E3 ligases are involved in the regulation of innate immune
signaling (16-21). We identified the ubiquitin E3 ligase TRIM23
(Triparite motif protein 23), also named ADP ribosylation factor
domain protein 1 (ARD1), which was reported to have E3 ligase
activity in vitro (22), that functioned as an E3 ligase for NEMO
ubiquitin conjugation. TRIM23 exerts a potent antiviral state fol-
lowing its overexpression. Furthermore, we demonstrated that
antiviral activity depends not on K(Lys)63-linked but on K27-linked
polyubiquitin conjugation to multiple sites of NEMO by TRIM23
expression. Virus-induced IRF3 and NF-«B activation, as well as
K27-linked NEMO polyubiquitination, were abrogated in TRIM23
knockdown cells (including primary mouse embryonic fibroblasts),
whereas TRIM23 knockdown had no effect on TNFa-mediated
NF-kB activation.
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Results

TRIM23 Interacts with NEMO. Recent studies indicate that several
ubiquitin E3 ligases are involved in the regulation of innate immune
signaling (16-21). We previously reported that the E3 ubiquitin
ligase RNF125 negatively regulates RIG-I signaling (17), and it has
been reported that RNF125 is also a T-cell activator (23), which
suggests the presence of plural functions of RNF125 in regulation
of cell proliferation. To identify genes affected by RNF125, we
conducted microarray analysis (mock- vs. RNF125-transfected
293T cells) and found the gene for TRIM23 up-regulated ~3-fold
(Fig. S14). Through analysis of function of TRIM23, we also found
that TRIM23 up-regulated the NF-kB—driven reporter gene in cells
expressing NEMO. Introduction of TRIM23 slightly activated NF-
kB in cells expressing endogenous NEMO and substantially acti-
vated NF-kB in cells ectopically expressing NEMO. Furthermore,
we found that NEMO migrated slowly by SDS/PAGE when coex-
pressed with TRIM23 (Fig. S1B), suggesting posttranslational
modification, most likely ubiquitin conjugation by TRIM23. It has
been reported that TRIM23 has E3 ligase activity in vitro (22).
Because ubiquitin E3 ligases generally require association with the
substrate to execute its enzyme activity, we analyzed the association
of TRIM23 with NEMO by GST-pulldown and coimmunopreci-
pitation assays. These results showed that TRIM23 interacted with
NEMO directly (Fig. S1C). Deletion analysis of NEMO showed
that both the CC1 and LZ domains of NEMO are essential for this
interaction (Fig. 1 4 and C). Binding analysis showed further that
the TRIM23 C-terminal ARF domain interacted with NEMO CC1
and LZ domains as effectively as the full-length TRIM23, whereas
the RING finger and B-box/B-box/CCD domains did not (Fig. 1 A4,
B, and D). Bifluorescent complementation analysis also revealed
interaction of NEMO with TRIM?23 in living HeLa cells (Fig. 1E).
An interaction between endogenous NEMO and TRIM23 was also
detected in 293T cells (Fig. 1F).

TRIM23 Is an E3 Ligase for Conjugation of K27 Type Ubiquitin to NEMO.
To examine whether TRIM23 ubiquitinates NEMO, NEMO-
FLAG was coexpressed with WT TRIM23 or its E3 ligase activity-
defective RING mutants (TRIM23C34A and TRIM23ARING).
Although TRIM23 expression markedly increased the ubiquitin
conjugation levels of NEMO-FLAG, neither TRIM23C34A nor
TRIM23ARING had any effect (Fig. 24). Levels of ubiquitin
conjugation to NEMO were enhanced by increasing amounts of
TRIM23. Under these conditions, the mRNA levels of NEMO,
GAPDH, and tubulin were unchanged (Fig. 2B). By analyzing
mutants of ubiquitin for conjugation to NEMO in a TRIM23-
dependent manner, we observed that the K27-only type could be
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Fig. 1. Interaction between NEMO and TRIM23. (A and B) Schematic drawings of NEMO, TRIM23, and their derivatives used in this work. CC1 coiled-coil domain
1; CC2, coiled-coil domain 2; LZ, leucine zipper; ZF, zinc finger. RING finger domain, B-box-B-box/CCD (coiled-coil domain), and ARF (ADP ribosylation factor)
domain in TRIM23 are shown. X indicates sites of mutagenesis described in the text. (C) 293T cells were cotransfected with plasmids encoding HA-TRIM23 and
NEMO-FLAG or its mutants. (D) NEMO CC1 and LZ domains interacted with the TRIM23 ARF region in 293T cells. (E) HeLa cells were transfected with plasmids
encoding NEMO-kGC and kGN-Mock, kGN-TRIM23 and Mock-kGC, or NEMO-kGC and kGN-TRIM23. Nuclear localizations were detected by Hoechst 33342. Bifc
signal revealed TRIM23-NEMO-specific association. Expression of NEMO and TRIM23 in HeLa cells were also confirmed by immunoblot using anti-kGN and -KGC
antibody. (F) Interaction of endogenous NEMO with endogenous TRIM23 in 293T cells 24 h after SV infection. Asterisk denotes nonspecific band.

conjugated as polyubiquitin to NEMO (Fig. 2C). This was further
confirmed by the ubiquitin conjugation of K63R, but not of K27R
mutant of ubiquitin (Fig. 2D). NF-xB reporter activity in cells
ectopically expressing K27-only ubiquitin was higher when com-
pared with K27R ubiquitin in NEMO and TRIM23 expressing
293T cells (Fig. 2E). An in vitro ubiquitination assay showed that
TRIM23 could use UbcH1, 5a, 5b, Sc, and 13/Mms2 as an ubig-
uitin E2-conjugating enzyme (Fig. S24). Among these E2
enzymes, the presence of UbcHSs could conjugate ubiquitin to
NEMO at shorter time of reaction, suggesting that the presence of
UbcHSs, rather than UbcH1 or Ubc13/Mms2, may have a strong
ability to conjugate ubiquitin to NEMO. When using the K27-only
ubiquitin mutant, only UbcHS5a, 5b, and 5c showed ubiquitin
conjugation activity, suggesting that these may be the major E2
enzymes functioning in vivo (Fig. S2B).

In the analysis using deletion mutants of NEMO, it was ob-
served that TRIM23 could conjugate ubiquitin preferentially to
the NEMO CC1 and LZ domains (Fig. S34). Single point mu-
tation of K to R in these domains of WT-NEMO was not affected
by TRIM23 expression at the ubiquitin conjugation level (Fig.
S3B). In an analysis of several NEMO mutants having mutations
on plural lysine residues in these domains of NEMO, we observed
that ubiquitin conjugation to NEMO K165/309/325/326/344R,
NEMO-5pt, was substantially reduced when compared with that
of the WT NEMO. This suggests the importance of these five
lysine residues in TRIM23-dependent ubiquitin conjugation to
NEMO, at least in part (Fig. 2F).

Arimoto et al.

TRIM23 Exerts a Potent Antiviral State Following Its Overexpression.
NEMO has critical roles in virus-induced innate and in-
flammatory responses (15). To investigate the roles of TRIM23-
mediated NEMO ubiquitination, we examined IFNp, ISRE, or
NF-xB promoter-driven reporter activity by expressing TRIM23
or TRIM23C34A after treating cells with poly I:C, infection with
Sendai virus (SV), or coexpressing upstream adaptor molecules of
innate immunity signaling. Ectopic expression of WT TRIM23,
together with plasmids encoding TLR3, RIG-I, or IPS1, up-
regulated ISRE reporter activity. Expression of TRIM23C34A
suppressed the reporter activity (Fig. S4A). Same results were
observed in both IFNp and NF-kB reporter assays with polyl:C or
SV infection (Fig. S4 B and C). Consistent with the NEMO
ubiquitination level (Fig. 2B), NF-kB promoter activity consid-
erably increased and decreased dose-dependently with TRIM23
and TRIM23C34A expression, respectively (Fig. S4D). Reduction
of the reporter activity by TRIM23C34A seems to have a domi-
nant negative effect on endogenous TRIM23, although the pre-
cise mechanism requires further clarification.

Suppression of TRIM23 Impaired K27-Linked Ubiquitin Conjugation to
NEMO and Virus-Induced Antiviral Activity. To examine the physio-
logical roles of TRIM23 in antiviral innate immunity, we analyzed
IFNB and NF-kB reporter activity in cells knocked-down of
TRIM23 by specific siRNA. We also established 293T cells that
were knocked down TRIM23 constitutively (Fig. 34). TRIM23
knockdown impaired IFNp reporter activity by SV infection and

PNAS | September 7,2010 | vol. 107 | no.36 | 15857

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=SF4

HAUb 4+ ++ ++ ++ ++

poly I:C treatment, depending on the knockdown level of TRIM23
(Fig. 34). Similar results were obtained in the murine leukemic
monocyte macrophage cell line Raw264.7 (Fig. S4E). TRIM23
knockdown also impaired NF-kB reporter activity in poly I:C
treatment, but did not impair that which was activated by TNFa
treatment (Fig. 34). Virus-induced IFNB mRNA and phosphory-
lation of STAT1 and IRF3, as well as IFN-inducible ISG15, were
substantially reduced in cells expressing sh-TRIM23-1 (Fig. 3B).
Thus, quantitative analysis indicated that the TRIM23 level was
correlated with antiviral inflammatory and IFN responses (Fig. 3.4
and B). TRIM23 knockdown also impaired IFNp reporter activity
activated by RIG-I and IPS-1 expression in 293T cells (Fig. 3C).
NEMO is upstream of TBK1 (15). To investigate whether TBK1-
triggered IFNp activation is regulated by TRIM23 expression, we
conducted an IFNP luciferase reporter assay using NEMO™~
MEFs. As a result, TBK1-mediated IFNP up-regulation was not
affected at all in TRIM23 siRNA-treated cells (Fig. 3D).
Furthermore, upon SV infection, we did not observe TRIM23-
mediated ISRE reporter enhancement in TBK1/IKKi double
knockout MEFs (TBK17/"IKKi~'"), although the activity was
significantly enhanced in WT MEFs (Fig. S4F). These results in-
dicate that the TRIM23-NEMO complex is important for anti-
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viral responses, and that TRIM23 does not exert its function
directly on downstream molecules of NEMO, such as TBK1, in
antiviral signaling.

IRF3 dimerization and IRF3 phosphorylation promoted by
IPS-1 expression or SV infection were impaired in TRIM23
knockdown 293T cells (Fig. 3E). In 293T cells, the effect of
knockdown of TRIM23 was more clearly observed than the ef-
fect of overexpression of TRIM23, suggesting that endogenous
TRIM23 in 293T cells was high and can sufficiently function at
physiological levels for antiviral responses in this cell line.

To further examine the physiological relevance of TRIM23 in
antiviral responses, we measured the amount of IFNp in culture
medium by ELISA using primary WT and TRAF6~~ MEFs.
TRIM23 knockdown decreased IFNp production with SV in-
fection in both cells (Fig. 3F). The level of phosphorylated STAT1
was up-regulated by the ectopic expression of TRIM23, and down-
regulated by the expression of TRIM23C34A in WT as well as
TRAF6~~MEFs (Fig. S54). These results suggest that TRIM23 is
more important than TRAF6 for virus-induced IFNp production,
which is in line with works reported by other groups (24-26). Im-
portantly, we observed that SV-induced endogenous NEMO
ubiquitination diminished in TRIM23 knockdown 293T cells (Fig.
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Fig. 3. TRIM23 knockdown impaired both ubiquitin conjugation to NEMO and antiviral responses. (A) Efficiency of TRIM23 knockdown using siRNA and
shRNA in 293T cells (Top). Si-TRIM23-1 and sh-TRIM23-1 significantly suppressed levels of TRIM23. Protein and mRNA levels of TRIM23 were also quantified by
ImagelJ software and real-time RT-PCR, respectively (Top). The mRNA levels of TRIM23 were also visualized by RT-PCR (Top). Under these conditions, NF-xB
(Middle) and IFNf (Bottom) luciferase activities were measured after treatment with Polyl:C (20 pg/mL), TNFa (10 ng/mL), or infected with SV (m.o.i. 10). (B)
Control and TRIM23 knockdown 293T cells were infected with or without SV (m.o.i 10) for 16 h. Cell lysates were subject to Western blot with the indicated
antibodies. The levels of IFNf and GAPDH mRNA were also analyzed. (C) 293T cells were treated with si-TRIM23-1 or control si-RNA. At 48 h after siRNA
transfection, cells were further transfected with plasmids encoding IFN-Luc, RIG-I CARD, or IPS-1. At 72 h after siRNA transfection, luciferase activity was
measured. (D) NEMO™~ MEFs were treated with si-TRIM23-1 or control si-RNA. At 48 h after siRNA transfection, cells were further transfected with plasmids
encoding IFNB-Luc and TBK1. At 72 h after siRNA transfection, luciferase activity was measured. (E) 293T cells treated with sh-TRIM23-1 were transfected with
plasmids encoding FLAG-IRF3 or IPS-1-HA, and then cells were mock infected or infected with SV for 16 h as indicated. Dimer formation of IRF3 was analyzed.
Phosphorylated IRF3 and the total amount of IRF3 in cell lysates as well as IPS-1-HA are also shown. (F) Suppression of IFNp production in WT and TRAF6~/~
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3G). Ubiquitin conjugation to endogenous NEMO occurred in  this. Nonetheless, the protein level of TRIM23 and the interaction
K27-only type after SV infection, which was reduced in TRIM23  between TRIM23 and NEMO were not affected by viral infection
knockdown 293T cells. In contrast, the ectopic expression of (Fig. S5B). Considering that some E2 ubiquitin conjugating
TRAF6 enhanced K27R and not the K27-only type (Fig. 3H).  enzymes are IFN inducible and that several E2 enzymes and E4
Endogenous ubiquitin conjugation to endogenous NEMO was up-  enzymes affect ubiquitin assembly (27-30), it may be that
regulated upon viral infection, and TRIM23 knockdown impaired = TRIM23-mediated ubiquitin conjugation to NEMO is regulated
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by a specific E2 (such as UbcHS, as suggested in an in vitro assay in
this study) and/or E4 enzyme(s) that respond to viral infection.
Indeed, in a preliminary experiment, the association of NEMO
and UbcHS5 was increased by Sendai virus infection (Fig. S5B).
Furthermore, knockdown of UbcHS5 not UbcH1 or Ubcl3 sub-
stantially impaired TRIM23-mediated ubiquitin conjugation to
NEMO (Fig.S5C). Moreover, TRIM23 conjugates UbcHS5s
slightly stronger than UbcH1 or Ubcl3 in 293T cells (Fig.S5D).
To investigate whether TRIM23-mediated NEMO poly-
ubiquitination influences antiviral responses, we measured ISRE
and NF-kB luciferase reporter activity in NEMO~~ MEFs tran-
siently expressing WT-NEMO, NEMO-5pt, or vector alone. The
efficiency of transfection was the same as judged from Western
blots of NEMO (Figs. 4 A and B). After SV infection, both ISRE
and NF-kB luciferase activities in cells expressing NEMO-5pt
deteriorated when compared with WT-NEMO expression (Figs. 4
A and B, Left). Ubiquitin conjugation to NEMO-5pt by TRIM23
was reduced when compared with WT-NEMO (Figs. 2F and 4C).
Despite a significant reduction in its level of ubiquitination,
NEMO-5pt interacted with TRIM23 (Fig. S6) as efficiently as
WT-NEMO, suggesting that the reduction of activation of
downstream reporter genes by NEMO-5pt was attributed to
a lower level of ubiquitin conjugation. In contrast, NF-kB lucif-
erase activity in cells expressing WT- NEMO and NEMO- -5pt by
ectopic expression of TRAF6 in NEMO ™~ MEFs did not show
significant difference (Fig. 4B, Right). Ubiquitin conjugation to
WT-NEMO and NEMO-5pt in cells expressing TRAF6 was al-
most the same level (Fig. 4C). Ectopic expression of TRIM23
alone or the expression of the deletion mutant of NEMO, which
cannot interact with TRIM23 and therefore lack ublqumn con-
jugation, in NEMO™~ MEFs did not activate ISRE- and NF-xB
reporter genes upon SV infection (Fig. S7). Thus, it is likely that
ubiquitin conjugation to NEMO by TRIM23 is a requisite for the
activation of ISRE- and NF-kB reporter genes in SV infection.

TRIM23 Knockdown Cells Produce More Virus. To corroborate that
TRIM23 is involved in virus-mediated innate signaling, we infec-
ted vesicular stomatitis virus (VSV) at various multiplicity of in-
fection (m.o.i.) to WT and TRIM23 knockdown primary MEF
cells. Silencing of endogenous TRIM23 resulted in higher number
of cells killed compared with the control cells (Fig. 4D, Left).
Quantification of virus titration showed that the yield of infectious
virus in TRIM23 knockdown cells was ~1 log higher than that in
WT MEEF cells (Fig. 4D, Right). Similar results were obtained in
293T cells, in which experiment the effect of IPS1 expression was
also shown (Fig. S8). Thus, we conclude that TRIM23 plays im-
portant roles in facilitating TLR3- and RIG-I/MDAS-mediated
antiviral innate signaling.

Discussion

Here, we demonstrated an essential function of TRIM23 in an-
tiviral activity. TRIM23 induces K27-linked polyubiquitination of
NEMO, leading to the activation of downstream signaling for
antiviral function. Virus-induced production of endogenous IFN
and IFN-inducible gene expression, as well as K27-linked
NEMO polyubiquitination, were substantially impaired by
TRIM23 knockdown, which was not limited to cultured cell lines
but was also seen in primary WT and TRAF6~~ MEFs. These
results clearly indicate that TRIM23 plays important roles in
antiviral signaling in physiologically immunocompetent cells.

Upon viral infection, TRAF3 auto-ubiquitination is required
for IRF3 activation, but there is no direct evidence that TRAF3
conjugates ubiquitin to NEMO. In this study, we showed that
TRIM23 directly interacted with NEMO and conjugated ubig-
uitin to it. On the other hand, we also observed interaction be-
tween TRAF3 and TRIM23 in coimmunoprecipitation assays
(Fig. S94). For this reason, we speculate that TRIM23 sits be-
tween TRAF3 and NEMO (Fig. S9B). However, how TRAF3
transmits antiviral signals to the TRIM23-NEMO complex
should be examined in the future.

We showed that TRIM23-mediated conjugation of K27-type
uniquitin to NEMO in 293T cells occurred as efficient as the
conjugation of WT ubiquitin (Fig. 2C). Furthermore, we showed
that ubiquitin conjugation to endogenous NEMO was higher in
cells ectopically expressing K27-only ubiquitin than in cells
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Fig. 4. Ubiquitin conjugation to NEMO by TRIM23 affects host defense. (A)
NEMO~~ MEFs were transfected with plasmids encoding ISRE-Luc, TRIM23,
and WT-NEMO or NEMO-5pt. At 8 h after transfection, cells were infected with
SV for 16 h. (B) NEMO ™~ MEFs were transfected with plasmids encoding NF-kB—
Luc, TRIM23, and WT-NEMO or NEMO-5pt. At 8 h after transfection, cells were
treated with SV for 16 h (Left). NEMO™~ MEFs were transfected with plasmids
encoding NF-kB-Luc, TRAF6, and WT-NEMO or NEMO-5pt (Right). Cells were
harvested 24 h after transfection, and luciferase activity was measured. The
amount of NEMO in cell lysates, as an indicator of transfection efficiency, was
measured. (A and B). (C) 293T cells were transfected with plasmids encoding
TRIM23, TRAF6, FLAG-NEMO, or NEMO-5pt as indicated. (D) TRIM23 knock-
down primary MEF cells allow virus production at a higher level than control
cells. The primary MEFs were treated with control si-RNA or si-TRIM23-1 as
indicated. At 60 h after transfection, VSV was infected with m.o.i. as indicated.
Cells were stained at 24 h after infection (Left). Data are representative of two
experiments. At 12 h after infection, virus titer was measured according to
TCIDsg protocol (Right). Data are mean + SD (P < 0.001, Student’s t test, n = 3).

expressing K27R ubiquitin upon viral infection (Fig. 3H). More-
over, TRIM23 could conjugate K27-only ubiquitin to NEMO in
vitro using UbcH5s as E2 enzyme (Fig. S2B). Importantly,
knockdown of UbcHSs suppressed ubiquitin conjugation of
NEMO in vivo, but knockdown of UbcH1 and Ubc13 did not (Fig.
S5C), which may support an important role of UbcHS5s in vivo.
However, this does not discriminate against the possibility that
other E2 enzymes also are involved in ubiquitin conjugation to
NEMO in a concerted manner. Although it is strongly suggested
that TRIM23 conjugates K27-type ubiquitin to NEMO, it remains
further to analyze whether TRIM23 alone or TRIM23 together
with other factor(s) exerts selecting activity of K27-type ubiquitin
conjugation to NEMO. Recently, K63 type of ubiquitin was shown
to be conjugated to NEMO upon VSV infection by in vitro
ubiquitin conjugation analysis (31). However, this paper did not
show the data that indicate lack of K63 ubiquitin conjugation in
the lysate derived from uninfected cells. Thus, it is not clear
whether K63 type ubiquitin conjugation to NEMO by VSV in-
fection reflects physiological relevance.

There are several different ubiquitin modifications to NEMO to
exert NF-«B regulation, Lys(K)-63-linked NEMO ubiquitination
by several cellular events for NF-kB activation (32-35), and
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LUBAC-mediated linear ubiquitin conjugation to NEMO in
TNFo-mediated NF-kB activation in Ubcl3-independent manner
(36). Moreover, recently, it was reported that bacterial E3 ligase
IpaH9.8 promotes K27-linked ubiquitin conjugation to NEMO and
facilitates degradation of NEMO with unidentified molecule(s)
activated by NODI1 signaling (37). Although both E3 ligases,
TRIM23, and bacterially encoded IpaH9.8 conjugate K27-linked
ubiquitin to NEMO, the outcomes are totally different. Because
these ligases conjugate K27-linked ubiquitin to different lysine
residues of NEMO, it is suggested that K27 ubiquitin conjugation
exerts variety roles to NEMO with yet unclarified mechanisms.

We conducted microarray analysis as a primary tool for
searching E3 ligases involved in innate immunity. Up-regulation
of TRIM23 by ectopic expression of RNF125 in 293T cells sug-
gests the presence of mutual interaction in expression of these
genes. Moreover, these proteins may cooperatively function to
antiviral signaling, although precise functional interaction be-
tween these proteins is not clear.

Additional works, including analysis of TRIM23-deficient mice,
may reveal the specific role(s) of TRIM23 in the innate immune
response to viral infection. As many viruses have evolved tactics to
escape host immunity, it is likely that some viruses may target
TRIM23 to establish successful infection. This suggests the poten-
tial application of TRIM23 for therapeutic and diagnostic purposes.

Materials and Methods

Cell Culture, Transfection, and Luciferase Reporter Assays. Details of cell cul-
ture, transfection, and luciferase reporter assays can be found in SI Materials
and Methods.

Antibodies and Reagents. Antibodies and reagents are described in S/
Materials and Methods.

Western Blotting and Immunoprecipitation. Details of Western blotting and
immunoprecipitation are provided in S/ Materials and Methods.

Knockdown. Knockdown details are given in SI Materials and Methods.

1. Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate immunity.
Cell 124:783-801.

2. Honda K, Takaoka A, Taniguchi T (2006) Type | interferon [corrected] gene induction by
the interferon regulatory factor family of transcription factors. Immunity 25:349-360.

3. Kawai T, Akira S (2006) Innate immune recognition of viral infection. Nat Immunol 7:
131-137.

4. Stetson DB, Medzhitov R (2006) Type | interferons in host defense. Immunity 25:373-381.

5. Meylan E, Tschopp J, Karin M (2006) Intracellular pattern recognition receptors in the
host response. Nature 442:39-44.

6. Yoneyama M, et al. (2004) The RNA helicase RIG-I has an essential function in double-
stranded RNA-induced innate antiviral responses. Nat Immunol 5:730-737.

7. Meylan E, Tschopp J (2006) Toll-like receptors and RNA helicases: Two parallel ways to
trigger antiviral responses. Mol Cell 22:561-569.

8. Kato H, et al. (2006) Differential roles of MDAS5 and RIG-I helicases in the recognition
of RNA viruses. Nature 441:101-105.

9. Kawai T, et al. (2005) IPS-1, an adaptor triggering RIG-I- and Mda5-mediated type |
interferon induction. Nat Immunol 6:981-988.

10. Seth RB, Sun L, Ea CK, Chen ZJ (2005) Identification and characterization of MAVS,
a mitochondrial antiviral signaling protein that activates NF-kappaB and IRF 3. Cell
122:669-682.

11. Meylan E, et al. (2005) Cardif is an adaptor protein in the RIG-I antiviral pathway and
is targeted by hepatitis C virus. Nature 437:1167-1172.

12. Xu LG, et al. (2005) VISA is an adapter protein required for virus-triggered IFN-beta
signaling. Mol Cell 19:727-740.

13. Saha SK, et al. (2006) Regulation of antiviral responses by a direct and specific
interaction between TRAF3 and Cardif. EMBO J 25:3257-3263.

14. Kayagaki N, et al. (2007) DUBA: A deubiquitinase that regulates type | interferon
production. Science 318:1628-1632.

15. Zhao T, et al. (2007) The NEMO adaptor bridges the nuclear factor-kappaB and
interferon regulatory factor signaling pathways. Nat Immunol 8:592-600.

16. Gack MU, et al. (2007) TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-
mediated antiviral activity. Nature 446:916-920.

17. Arimoto K, et al. (2007) Negative regulation of the RIG-I signaling by the ubiquitin
ligase RNF125. Proc Natl Acad Sci USA 104:7500-7505.

18. Oshiumi H, Matsumoto M, Hatakeyama S, Seya T (2009) Riplet/RNF135, a RING finger
protein, ubiquitinates RIG-I to promote interferon-p induction during the early phase
of viral infection. J Biol Chem 284:807-817.

19. Chuang TH, Ulevitch RJ (2004) Triad3A, an E3 ubiquitin-protein ligase regulating Toll-
like receptors. Nat Immunol 5:495-502.

Arimoto et al.

Microarray. Microarray details can be found in S/ Materials and Methods.

Visual Analysis of Interaction. Details of visual analysis of interaction and
bifluorescent complementation (Bifc) can be found in S/ Materials and Methods.

ELISA. Culture medium from WT and TRAF6~'~ MEFs were collected for the
analysis of IFN-B production using mouse-specific ELISA kits (PBL Biomedical
Laboratories).

¢DNA Construction Details of cDNA construction can be found in S/ Materials
and Methods.

In Vitro Ubiquitination Assay. Assays details have been described previously (17).
K27-only ubiquitin recombinant protein was purchased from Boston Biochem.

Assay of IRF3 Dimerization Details regarding assay of IRF3 dimerization are
provided in S/ Materials and Methods.

TCIDs, Assay. Approximate viral titers were calculated by 50% Tissue Culture
Infectious Dose (TCIDs) assay. Further details can be found in SI Materials
and Methods.

Statistical Methods. Statistical significance was determined by Student’s t test.

ACKNOWLEDGMENTS. We thank Dr. Tak W. Mak (Ontario Cancer Institute,
University Health Network) for the NEMO™~ and TRAF6~'~ MEF cells; Dr. S.
Akira (Osaka University, Osaka, Japan) for the TBK1~/~IKKi~~ MEF cells; and
Dr. Ritsuko Shiina, Dr. Hiromi Yabe, and Dr. Takayuki Hishiki (Chiba Institute
of Technology, Chiba, Japan) for technical assistance. We are grateful to Dr.
Takeshi Yoshida (Laboratory of Viral Pathogenesis, Kyoto University, Kyoto,
Japan) for Bifc analysis. We thank Drs. Koichi lkuta, Akira Shimizu, Manabu
Sugai, Hiroshi Kadotani, and Fumihiko Matsuda (Graduate School of Medi-
cine, Kyoto University) for providing an environment for experiments. This
work was supported by grants-in-aid for Scientific Research on Priority Areas
“Integrative Research Toward the Conquest of Cancer” from the Ministry of
Education, Culture, Sports, Science and Technology of Japan. K-i.A. is a re-
search fellow of the Japan Society for the Promotion of Science.

20. Tanaka T, Grusby MJ, Kaisho T (2007) PDLIM2-mediated termination of transcription
factor NF-kappaB activation by intranuclear sequestration and degradation of the
p65 subunit. Nat Immunol 8:584-591.

21. Lin R, et al. (2006) Negative regulation of the retinoic acid-inducible gene I-induced
antiviral state by the ubiquitin-editing protein A20. J Biol Chem 281:2095-2103.

22. Vichi A, Payne DM, Pacheco-Rodriguez G, Moss J, Vaughan M (2005) E3 ubiquitin
ligase activity of the trifunctional ARD1 (ADP-ribosylation factor domain protein 1).
Proc Natl Acad Sci USA 102:1945-1950.

23. Zhao H, et al. (2005) A novel E3 ubiquitin ligase TRAC-1 positively regulates T cell
activation. J Immunol 174:5288-5297.

24. GohdaJ, Matsumura T, Inoue J (2004) Cutting edge: TNFR-associated factor (TRAF) 6 is essential
for MyD88-dependent pathway but not toll/IL-1 receptor domain-containing adaptor-
inducing IFN-p (TRIF)-dependent pathway in TLR signaling. J Immunol 173:2913-2917.

25. Hacker H, et al. (2006) Specificity in Toll-like receptor signalling through distinct
effector functions of TRAF3 and TRAF6. Nature 439:204-207.

26. Oganesyan G, et al. (2006) Critical role of TRAF3 in the Toll-like receptor-dependent
and -independent antiviral response. Nature 439:208-211.

27. Nyman TA, Matikainen S, Sareneva T, Julkunen I, Kalkkinen N (2000) Proteome
analysis reveals ubiquitin-conjugating enzymes to be a new family of interferon-
alpha-regulated genes. Eur J Biochem 267:4011-4019.

28. Ye Y, Rape M (2009) Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell
Biol 10:755-764.

29. Hochstrasser M (2006) Lingering mysteries of ubiquitin-chain assembly. Cell 124:27-34.

30. Koegl M, et al. (1999) A novel ubiquitination factor, E4, is involved in multiubiquitin
chain assembly. Cell 96:635-644.

31. Zeng W, Xu M, Liu S, Sun L, Chen ZJ (2009) Key role of Ubc5 and lysine-63
polyubiquitination in viral activation of IRF3. Mo/ Cell 36:315-325.

32. Chen F, Bhatia D, Chang Q, Castranova V (2006) Finding NEMO by K63-linked
polyubiquitin chain. Cell Death Differ 13:1835-1838.

33. Abbott DW, et al. (2007) Coordinated regulation of Toll-like receptor and NOD2
signaling by K63-linked polyubiquitin chains. Mol Cell Biol 27:6012-6025.

34. Ni CY, et al. (2008) Cutting edge: K63-linked polyubiquitination of NEMO modulates
TLR signaling and inflammation in vivo. J Immunol 180:7107-7111.

35. Wu CJ, Conze DB, Li T, Srinivasula SM, Ashwell JD (2006) Sensing of Lys 63-linked
polyubiquitination by NEMO is a key event in NF-kappaB activation [corrected]. Nat
Cell Biol 8:398-406.

36. Tokunaga F, et al. (2009) Involvement of linear polyubiquitylation of NEMO in NF-
kappaB activation. Nat Cell Biol 11:123-132.

37. Ashida H, et al. (2010) A bacterial E3 ubiquitin ligase IpaH9.8 targets NEMO/IKKgamma to
dampen the host NF-kappaB-mediated inflammatory response. Nat Cell Biol 12:66-73, 1-9.

PNAS | September 7,2010 | vol. 107 | no.36 | 15861

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004621107/-/DCSupplemental/pnas.201004621SI.pdf?targetid=nameddest=STXT

