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FLN29 was identified as an interferon (IFN)-inducible gene,
and it has been shown to suppress Toll-like receptor 4-mediated
NF-kB activation by binding to TRAF6. To elucidate the physi-
ological roles of FLN29, we generated FLN29-deficient mice.
FLN29 deficiency resulted in hyper-response to LPS both in vivo
and in vitro, demonstrating the negative regulatory role of
FLN29 in TLR4 signaling. Furthermore, we found that
FLN29~/~ mice exhibited increased susceptibility to poly(I:C)-
induced septic shock compared with WT mice. FLN29~/~ fibro-
blasts were highly resistant to vesicular stomatitis virus infec-
tion, and these cells produced more IFN- than WT cells did
in response to not only intracellular poly(I:C) but also over-
expression of IPS-1. Forced expression of FLN29 inhibited
the IPS-1-dependent activation of both NF-kB and IRF3. We
also found that FLN29 could interact with TRIF, IPS-1,
TRAF3, and TRAF6. Together, these results suggest that
FLN29, in addition to playing a negative regulatory role in the
TLR4 signaling pathway, negatively regulates the RIG-I-like
helicase signaling pathway at the level of IPS-1/TRAF6 and
IPS-1/TRAF3 complexes.

The innate immune system is an important mechanism that
confers host defense against viral and microbial infection.
Three classes of pattern recognition receptors have been iden-
tified, namely Toll-like receptors (TLRs),” retinoic acid-induc-

* This work was supported in part by special Grants-in-Aid from the Ministry
of Education, Culture, Sports, Science, and Technology of Japan, the Pro-
gram for Promotion of Fundamental Studies in Health Sciences of the
National Institute of Biomedical Innovation (NIBIO), the Nakatomi Founda-
tion, the Takeda Science Foundation, The Kato Memorial Trust Foundation
for Nanbyo Research, the Suzuken Memorial Foundation, the Japan Intrac-
table Disease Research Foundation, the Mitsubishi Pharma Research Foun-
dation, the Uehara Memorial Foundation, the Astellas Foundation for
Research on Metabolic Disorders, the Yakult Bioscience Research Founda-
tion, and the Princess Takamatsu Cancer Research Fund. The costs of pub-
lication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

" To whom correspondence should be addressed. Tel.: 81-3-5363-3483; Fax:
81-3-5360-1508; E-mail: yoshimura@a6.keio.jp.

2 The abbreviations used are: TLR, Toll-like receptor; RIG-I, retinoic acid-induc-
ible gene-I; RLH, RIG-I-like helicase; IFN, interferon; IRF, interferon regula-
tory factor; NF-«B, nuclear factor kB; VSV, vesicular stomatitis virus; WT,
wild type; MOI, multiplicity of infection; FBS, fetal bovine serum; LPS,

33858 JOURNAL OF BIOLOGICAL CHEMISTRY

ible gene I (RIG-I)-like helicases (RLHs), and nucleotide-bind-
ing oligomerization domain (NOD)-like receptors (NLRs) (1).
These receptors recognize molecular patterns specific to
microorganisms, leading to the induction of inflammatory
cytokines and type I interferons (IFNs).

TLRs recognize bacterial components such as lipopolysac-
charide (LPS), peptidoglycan, flagellin, and CpG-DNA, as well
as viral single-stranded RNA (ssRNA) and double-stranded
RNA (dsRNA). TLR-dependent gene expression is induced
through the activation of two distinct signaling pathways medi-
ated by the Toll/IL-1 receptor (TIR) domain-containing adapt-
ers, called MyD88 and TRIF. These signaling pathways eventu-
ally culminate in the activation of several transcription factors,
including AP-1, nuclear factor-«B (NF-«B), and interferon reg-
ulatory factor (IRF) families (2).

RLHs, such as RIG-I and melanoma differentiation antigen 5
(MDAD5), were identified as sensors of cytoplasmic viral dSRNA
(3, 4). RLHs, upon recognition of viral dsRNA, recruit an
adapter protein called IFN-f promoter stimulator-1 (IPS-1)
(also known as Cardif, MAVS and VISA) through the homo-
typic interactions of CARD domains, and activate downstream
signaling pathways (5-8). Once activated, IPS-1 most likely
serves as a platform for the assembly of downstream signaling
molecules such as TRAF3, TRAF family member-associated
NEF-kB activator (TANK), TANK-binding kinase (TBK1), and
inhibitor of kB kinase € (IKKe). Activated TBK1 and IKKe phos-
phorylate and activate IRF3 transcription factor (5—8). TRAF2
and TRAF6 have also been reported to interact with IPS-1, and
this interaction has been implicated in the activation of NF-kB
pathway (8). Activation of both IRF3 and NF-«B is essential for
the optimal induction of type I IFNs in response to viral dsSRNA
(9, 10).

Although the inflammatory response is critical to control the
growth of pathogenic microorganisms, excessive cytokine pro-
duction is harmful to the host (11). Negative feedback regula-
tors of TLR and RLH signaling are important to protect the host
from excessive immune response (1). SOCS1, IRAK-M, and
A20 have been identified as such negative regulators of the
TLR-NF-«kB pathway (12-14). Additionally, DUBA, RNF125,

lipopolysaccharide; DMEM, Dulbecco’s modified Eagle’s medium; BMDC,
bone marrow-derived dendritic cells; GFP, green fluorescent protein;
ELISA, enzyme-linked immunosorbent assay; JNK, c-Jun N-terminal kinase.
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FIGURE 1. Generation of FLN29-deficient mice. A, schematic diagram of the mouse FLN29 gene locus, the
targeting vector, and the predicted targeted allele. Open and closed boxes denote the noncoding and coding
exons, respectively. B, genomic DNA was extracted from ES cells, digested with Sacl, electrophoresed, and
hybridized with the indicated probe in A. The approximate size of the WT band is 4 kb, and the mutated band
is 10 kb. Cand D, BMDCs from WT and FLN29 /™ mice were stimulated with 100 units/ml of IFN-y for 6 h (C) or
the indicated periods of time (D), and total RNA was then analyzed for FLN29 by RT-PCR (C). Cell lysates were

Western-blotted with anti-FLN29 antibody (D).

SHP-2, Cyld, and A20 have been reported as negative regulators
of the RLH-IRF3 pathway (15-21). In our previous study, we
demonstrated that FLN29 protein induced by type I or II IFNs
acts as a negative regulator for the TLR4-TRAF6 signaling
pathway in macrophages. FLN29 contains a TRAF-type zinc
finger domain at its N terminus and a conserved TRAF6-bind-
ing motif at its middle portion. FLN29 interacts with the C
terminus of TRAF6 through the TRAF6-binding motif, and
inhibits TLR-dependent NF-«kB and MAPK activation (22). Yet
the physiological role of FLN29 remains unclear.

In this study, we generated FLN29-deficient (FLN29 /")
mice and analyzed their TLR-dependent and RLH-dependent
innate immune responses. We show here that FLN29 /™ mice
are indeed more susceptible to LPS-induced endotoxic shock.
Furthermore, we have found a previously unidentified role for
FLN29 in the RIG-I/IRF3 pathway. The present results show
that FLN29 is a physiological negative regulator of TLR- and
RLH-mediated innate immune responses.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—LPS from Escherichia coli (O111:
B4), poly(I:C) and anti-FLAG (M2) antibody were purchased
from Sigma-Aldrich. IFN-y was purchased from Peprotech
(London, UK). Anti-JNK1/2 (JNK) (cat. no. 9252), anti-phos-
pho-IkBa (cat. no. 9246), anti-IkBa (cat. no. 9242) antibodies
were from Cell Signaling Technology (Danvers, MA). Anti-
phospho-JNK1/2 (cat. no. 612541) antibody was purchased
from BD Transduction Laboratories (Franklin Lakes, NJ).
Anti-T7 antibody (cat. no. 69522) was purchased from Novagen
(Merck, Darmstadt, Germany). The expression vectors for
T7-IPS-1 and IFN-B luciferase reporter plasmid have been
described elsewhere (5). The expression vectors for FLAG-
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C57BL/6] four times. The resultant
heterozygous F4 mice were inter-
crossed to obtain the offspring used
in our analyses. All experiments
using these mice were approved by
and performed according to the
guidelines of the animal ethics com-
mittee of Kyushu University, Fukuoka, Japan.

Cell Culture—Primary WT and FLN29™'~ mouse embry-
onic fibroblasts (MEFs) were prepared from E13.5 embryos and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) supplemented with 10% fetal bovine serum (FBS) (Bio-
logical Industries, Beit Haemek, Israel), penicillin/streptomy-
cin (Nacalai Tesque, Kyoto, Japan), and L-glutamine (Nacalai
Tesque). Primary MEFs were used at passages 3 and 4. Similar
data were obtained in experiments using independently iso-
lated MEFs. Bone marrow-derived dendritic cells (BMDCs)
were generated as follows. Bone marrow cells from the femurs
and tibiae of mice were cultured in RPMI1640 (Sigma) with 10%
FBS, penicillin, streptomycin, and glutamine containing the
culture supernatant from a J558L cell line transfected with
the murine GM-CSF cDNA for 7 days, with replenishment of
the medium every other day.

RT-PCR Analysis—Total RNA from MEFs, BMDCs, and
HEK?293T cells was extracted with RNAiso Plus (TaKaRa,
Otsu, Japan) according to the manufacturer’s instructions.
Total RNA (1 ng) was reverse-transcribed using the Reverse
Transcription kit (Applied BioSystems, Foster City, CA)
with random hexamer. PCR analysis was performed using
KOD Plus (TOYOBO, Osaka, Japan). The following oligonu-
cleotides were used for PCR:G3PDH: (5'-ACCACAGTCCA-
TGCCATCAC-3" and 5'-TCCACCACCCTGTTGCTGTA-
3"), IFN-B: (5'-TCCAAGAAAGGACGAACATTCG-3' and
5'-TGAGGACATCTCCCACGTCCA-3'), IL-6: (5'-CCTCT-
CTGCAAGAGACTTCC-3" and 5'-ACTCCTTCTGTGACT-
CCAGC-3'), IPS-1: (5'-ATGGCCCAGAGGAGAATGAGTA-
TAAGTCCG-3' and 5'-CTAGTGCAGACGCCGCCGGT-3’),
and FLN29: (5'-ATGGCCGAGTTTCGAGATG-3" and
5'-TCGATTTGTCTGAGGAGCTGGGA-3').
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Transfection and Reporter Assay—HEK293T cells (1.5 X 10°/
well) were seeded onto 6-well plates, and transfected using
polyethylenimine (PEI, MW 25 kDa (Polysciences Inc., War-
rington, PA)) in a 3:1 ratio to the amount of DNA. MEFs (1.0 X
10°/well) were seeded into 6-well plates and transfected using
FuGENE HD (Roche, Basel, Switzerland). The total concentra-
tion of transfected DNA was kept constant by supplementation
with empty vector DNA. Luciferase activity was determined
using the luciferase assay system (Promega, Madison, W1I). The
B-galactosidase vector was used for normalizing transfection
efficiencies.

ELISA—The amounts of TNF-q, IL-6, and IL-12p70 were
measured with OptEIA ELISA sets (BD Biosciences, Franklin
Lakes, NJ) according to the manufacturer’s instructions.

VSV Infection and Cytopathic Effect Assay—VSV has been
previously described (24). 5.0 X 10* MEFs are seeded per well in
48-well plates, and then infected for 1.5 h with 5-fold serially
diluted virus (from 0.02 MOI to 2.5 MOI). The cells were
washed twice and replenished with 0.5% FBS-containing
DMEM. After 36 h, the cytopathic effect was evaluated by stain-
ing with 0.5% (w/v) crystal violet. Cell viability was examined
using the Cell Count Reagent SF kit (Nacalai Tesque). VSVAG-
EGFP was prepared as described (25).

Plaque Assay—Culture supernatants were collected from
MEFs infected with VSV. Virus yield in culture supernatants
was determined by standard plaque assay using Vero cells. Vero
cells were infected with serially diluted culture supernatants.
After incubation for 2 h, the infected cells were washed twice
with DMEM containing 0.5% FBS and overlaid with DMEM
containing 2% methyl cellulose and 2% FBS. After 36 h of incu-
bation, the number of plaques was counted.

Immunoprecipitation and Western Blotting—Cells were
washed twice with ice-cold phosphate-buffered saline and lysed
in 0.1 ml of 10 mm Tris-HCI, pH 7.4, 150 mm NaCl, 0.5 mMm
EDTA, 1% Nonidet P-40, 10 mm NaF, 1 mm dithiothreitol, 1 mm
sodium orthovanadate, and 1 mm phenylmethylsulfonyl fluo-
ride supplemented with protease inhibitor mixture (Nacalai
Tesque). Cellular debris was removed by centrifugation at
15,000 X g for 30 min. Proteins from cell lysates were immuno-
precipitated with 1 ug of antibody and 15 ul of protein
G-Sepharose (GE Healthcare, Chalfont St. Giles, Bucks, UK) for
1.5h at 4 °C. The immune complex was washed five times with
washing buffer containing 50 mm Tris-HCI, pH 7.4, 150 mm
NaCl, and 0.5% Triton X-100. For Western blotting, the immu-
noprecipitates or total cell lysates were resolved on SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
onto Immobilon-P PVDF membranes (Millipore, Billerica,
MA). The membranes were incubated with various primary
antibodies, and the bound antibodies were visualized with
horseradish peroxidase-conjugated antibodies against rabbit or
mouse IgG using Chemi-Lumi One L Western blotting detec-
tion reagents (Nacalai Tesque).

Native PAGE—Non-SDS-polyacrylamide gel (7.5%) was pre-
run with 25 mm Tris-HCl and 192 mwm glycine, pH 8.4 with and
without 0.2% deoxycholate in the cathode and anode chamber,
respectively, for 30 min at 40 mA. Samples in the native sam-
ple buffer (10 ug of protein, 62.5 mm Tris-Cl, pH 6.8, 15%

33860 JOURNAL OF BIOLOGICAL CHEMISTRY

A 100¢—a—2

90 L
2 80+ )
8 704 B
£ 60
F 504 —Oo—=WT
2 ——KO
Z 40
% 304
20 -
10{ e
0 Tt
0 3 6 9 12151821242730333639424548
(hr)
B Il wr []FLN29KO
TNFo IL-6 IL-12p70
5 * 80 * 1 *
£ E 40 £
£2 £ 204
1 20 0.2
0| L 0! L
() LPS () LPS () LPS
C WT FLN29 KO

LPS 0 153060120 0 15 30 60 120 (min)
p-IkBa - -
| 4 3 10 A P —— Np——
x = -
p-JNK1/2 )
INKLZ [ s —

FIGURE 2. FLN29 deficiency exhibits enhanced response to LPS in vivo
and in vitro. A, 8-week-old WT (n = 8) and FLN29™/~ (n = 8) mice were
intraperitoneally injected with LPS (18 ug/g), and survival was monitored for
the following 48 h. B, BMDCs from WT and FLN29 /" mice were stimulated
with LPS (10 ng/ml). After 6 h, the levels of TNFq, IL-6, and IL-12p70 in the
culture supernatants were determined by ELISA. Values are means * S.D.
from triplicate cultures in three independent experiments. *, p < 0.003.
C, BMDCs from WT and FLN29 ™/~ mice were stimulated with LPS (10 ng/ml)
for the indicated periods of time, and cell lysates were analyzed by Western
blotting with anti-phospho-1kBaq, anti-IkBe, anti-phospho-JNK1/2, and anti-
JNK1/2 antibodies.

glycerol) were applied to the gel and electrophoresed at 25
mA for 50 min.

RESULTS
Generation of FLN29-deficient Mice—To assess the physio-

logical role of FLN29, we generated mice lacking the FLN29
gene (Fig. 1). FLN29 '~ mice were born at the expected Men-
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FIGURE 3. FLN29 also functions as a negative regulator of the RLH path-
way. A, 8-week-old WT (n = 6) and FLN29 ™/~ (n = 6) mice were intraperito-
neally injected with poly(l:C) plus b-Gal N (20 ug plus 20 mg/body), and sur-
vival was monitored for the following 36 h. B, histological examination of the
livers of WT and FLN29 /™ mice at 6 h after poly(l:C) and p-Gal N injection. H&E
staining is shown. Scale bars, 100 wm. Cand D, serum ALT (C) and IL-6 levels (D)
were analyzed. Sera were taken at 6 h (C) or 2 h (D) after poly(l:C) plus p-Gal N
injection (n = 3). Values are means = S.D. from three independent experi-
ments. ¥, p < 0.035; ¥*, p < 0.012. E, MEFs from WT and FLN29 ™/~ mice were
infected with VSV (MOI = 0.02, 0.1, 0.5, and 2.5). The viral cytopathic effect at
36 h was visualized by crystal violet staining. F, virus titers in the culture super-
natants 36 h after VSV infection (0.5 MOI) were determined by plaque assay.
G, MEFs from WT and FLN29 ™/~ mice were infected with VSVAG-EGFP (MOI =
0.125,0.25,and 0.5). 12 h later, the number of GFP-positive cells was counted by
FACS analysis. Indicated values are means =+ S.D. of triplicate samples.

delian ratio with no gross developmental abnormalities (data
not shown). We confirmed the absence of FLN29 at the
genomic, mRNA, and protein levels (Fig. 1, B-D). The expres-
sion of mRNA and protein of FLN29 was induced upon IFN-vy
stimulation in BMDCs from WT mice, but not from FLN29 '~
mice (Fig. 1, C and D). A basal level expression of FLN29 was
readily detectable by RT-PCR in WT BMDCs (Fig. 1C).
FLN29 Deficiency Leads to Enhanced Response to LPS in Vivo
and in Vitro—Our previous in vitro study has suggested that
FLN29 negatively regulates TLR4 signaling (22). Therefore, we
first tested the effect of FLN29 deficiency on LPS response in
vivo by injecting a sublethal dose of LPS into WT and
FLN29 /" mice. We found that FLN29 /" mice were more
sensitive to LPS-induced septic shock than WT mice (Fig. 24).
We then analyzed production of pro-inflammatory cytokines
such as IL-6, TNFa, and IL-12 p70 by BMDCs upon stimulation
with LPS in vitro. As shown in Fig. 2B, the levels of these pro-
inflammatory cytokines were enhanced in FLN29~/~ BMDCs
compared with WT BMDCs. Furthermore, the LPS-induced
activation of IKK and that of JNK1/2 were elevated in
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FIGURE 4. FLN29 inhibits RLH-dependent IFN-B induction. A, WT and
FLN29~/~ MEFs were transiently transfected with the IFN-3 promoter and 3-ga-
lactosidase reporter plasmids, and stimulated with poly(l:C) plus FUGENE HD.
Luciferase activity was measured at 12 h after poly(l:C) transfection and normal-
ized based on B-galactosidase levels. B, WT and FLN29 ™/~ MEFs were tran-
siently transfected with the IFN-f promoter and B-galactosidase reporter
plasmids in the presence (+) or absence (—) of IPS-1 expression plasmid.
Luciferase activity was measured 36 h after transfection. C, WT and
FLN29 '~ MEFs cells were transiently transfected with the expression
plasmid for T7-IPS-1 (0.5 and 1 ug/well). Total RNA was prepared 28 h after
transfection and was analyzed by RT-PCR for the expression of IFN-3, IL-6,
IPS-1, FLN29, and G3PDH. D, HEK293T cells were transiently transfected
with the indicated combination of expression plasmids. Total RNA was
prepared at 24 h after transfection and was analyzed by RT-PCR for the
expression of IFN-B and G3PDH. E, HEK293T cells were transiently trans-
fected with the indicated combination of expression plasmids for
T7-IPS-1, 3XFLAG-FLN29 (0.2 and 0.5 pg/well), 3XFLAG-IRF3, and
3XFLAG-p65 along with the IFN-B promoter and B-galactosidase reporter
plasmids. Luciferase activity was measured at 36 h after transfection.

FLN29 '~ BMDCs compared with WT (Fig. 2C). These results,
which are consistent with our previous findings (22), define the
physiological role of FLN29 as a negative regulator of TLR4
signaling.

FLN29 Also Functions as a Negative Regulator of the RLH
Pathway—It has recently been shown that TRAF6 also medi-
ates RLH-dependent signaling (8)°. In response to this discov-
ery, we next attempted to determine whether FLN29 might also
regulate the RLH signaling pathways, by challenging mice with
poly(I:C), a synthetic dSRNA which stimulates both TLR3 and
RLH pathways in vivo. As shown in Fig. 34, FLN29 '~ mice

3 R. Yoshida, unpublished results.
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FIGURE 5. FLN29 inhibits IPS-1-dependent NF-kB and IRF3 activation. A, HEK293T cells were transiently
transfected with the indicated combination of T7-IPS-1 and 3XFLAG-FLN29 (0.2 and 0.5 n.g/well) expression
plasmids along with the NF-«B reporter and B-galactosidase expression plasmids. Luciferase activity was
measured at 36 h after transfection. B, HEK293T cells were transiently transfected with the combinations of
3XFLAG-IRF3, T7-IPS-1 (0.01, 0.05, 0.1, and 0.2 pg/well), and 6XHis-FLN29 as indicated. Cell lysates were
separated by native PAGE or SDS-PAGE followed by Western blotting with the indicated antibodies. Upper and
lower arrows indicate dimeric and monomeric form of IRF3, respectively. C, WT and FLN29™/~ MEFs were
stimulated with poly(I:C) plus FUGENE HD. Cell lysates were separated by native PAGE or SDS-PAGE followed by
Western blotting with anti-IRF3 antibody. Upper and lower arrows indicate dimeric and monomeric form of
IRF3, respectively. D and E, HEK293T cells were transiently transfected with T7-FLN29 together with the indi-
cated expression plasmids, and cell extracts were immunoprecipitated (/P) with anti-FLAG antibody. The
immunoprecipitates and total cell lysates (TCL) were separated by SDS-PAGE and Western-blotted (WB) with

the indicated antibodies.

were significantly more sensitive to poly(I:C)-induced shock
than WT mice. Histological analysis and serum ALT levels
demonstrated that FLN29 '~ mice suffered more severe
hepatic damage than WT mice (Fig. 3, B and C). Serum IL-6
level at 2 h after poly(l:C) injection was also elevated in
FLN29 '~ mice (Fig. 3D). These results indicate that FLN29
may negatively regulate either the TLR3 or the RLH signaling
pathway, or both.

To determine whether the RLH pathway is targeted by
FLN29, we examined the antiviral response of MEFs against
VSV. We found that FLN29 "/~ MEFs were more resistant to
VSV-induced cytopathic effect (Fig. 3E). The virus titer in the
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FLN29 deficiency enhanced poly(I:
C)- or IPS-1-induced IFN-fB pro-
moter activation. The expression
of endogenous IFN-B and IL-6
induced by IPS-1 was also elevated
in FLN29~/~ MEFs compared with
WT cells (Fig. 4C). Conversely,
overexpression of FLN29 inhibited
the IPS-1-induced expression of
endogenous IFN-S (Fig. 4D). Simi-
lar results were obtained by reporter
assay using the IFN-B promoter,
while FLN29 had no inhibitory
effect on the activation of IFN-f
promoter by co-expression of the
p65 subunit of NF-«B and IRF3 (Fig. 4E). Therefore, it is likely
that FLN29 negatively regulates the RLH pathway downstream
of IPS-1 and upstream of NF-«B and IRF3.

FLN29 Inhibits IPS-1-dependent NF-kB and IRF3 Activation
at the Level of the IPS-1/TRAF Protein Complex—RLH-IPS-1
signaling bifurcates into the NF-«B pathway and the IRF3 path-
way (1). To further investigate the mechanism by which FLN29
suppresses the RLH signaling pathway, we examined the effect
of FLN29 overexpression on the activation of NF-«B and IRF3,
both of which have been shown to be essential transcription
factors for IFN-B production by the RLH-IPS-1 pathway (9, 10).
As shown in Fig. 5A, overexpression of FLN29 inhibited the

asEie

VOLUME 283 +NUMBER 49-DECEMBER 5, 2008



FLN29 Negatively Regulates the TLR4 and RLH Pathway

activation of NF-«B induced by IPS-1. Overexpression of
FLN29 also inhibited IPS-1-dependent IRF3 activation, as
assessed by dimer formation of IRF3 in native PAGE (Fig. 5B).
On the contrary, FLN29/~ MEFs showed an elevated level of
IRF3 dimerization upon poly(I:C) transfection compared with
WT MEFs (Fig. 5C). These results indicate that FLN29 nega-
tively regulates both the NF-kB pathway and the IRF3 pathway.
To gain insight into the molecular mechanism by which FLN29
inhibits RLH-IPS-1 signaling, we examined the complex forma-
tion of FLN29 with other molecules involved in either the RLH
or TLR pathway. In addition to its binding to TRAF6, we found
that FLN29 interacts with IPS-1, TRIF, TRAF1, -2, and -3 (Fig.
5, D and E). These results imply that FLN29 acts at the level of
the IPS-1/TRAF protein complex, where it suppresses both
NF-«B and IRF3.

DISCUSSION

In this study, we generated FLN29 '~ mice to discern the
physiological role of FLN29. As expected from our previous
work (22), FLN29 /" mice exhibited increased susceptibility to
LPS-induced endotoxic shock with increased production of
pro-inflammatory cytokines, thereby demonstrating the nega-
tive regulatory role of FLN29 in in vivo TLR4 signaling. In addi-
tion, the analysis of FLN29 /™ mice led us to identify a previ-
ously unknown function of FLN29 as a negative regulator of the
RLH signaling pathway. We found that FLN29 ™/~ MEFs were
more resistant to VSV infection and that these cells produced
more IFN-B upon activation of the RLH pathway. Conversely,
overexpression of FLN29 inhibited IPS-1-dependent induction
of IFN-B. Together, the results of our study provide the first
genetic evidence supporting the negative regulatory role of
FLN29 in the TLR and RLH signaling pathways.

Negative regulatory molecules can play one of three types of
physiological roles. In the first possible scenario, the negative
regulator keeps the effector molecule inactive in resting cells. In
the second, the negative regulator influences the strength of the
signal to maintain the entire response at an appropriate level. In
the third, the negative regulator terminates the response.
FLNZ29 deficiency by itself did not result in the activation of the
signaling pathway, nor in the prolonged activation of the path-
way, but rather in the augmented activation of IKK and JNK
(Fig. 2C), indicating that FLN29 may contribute to a fine-tuning
mechanism regulating innate immune responses.

It is currently unclear exactly how FLN29 regulates the TLR
and RLH signaling pathways. As FLN29 is capable of binding to
IPS-1, TRAF3, and TRAF6 (Fig. 5, D and E), it is likely that
FLN29 might target the multiprotein complex composed of
these molecules. Recent studies have identified negative regu-
latory proteins such as A20, CYLD, and DUBA, all of which
possess deubiquitination activity (DUB) toward several signal-
ing molecules, including RIG-I, TRAF3, and TRAF6 (17-21).
FLN29 protein, however, does not contain a DUB domain and
therefore is unlikely to function as a DUB. We speculate, rather,
that FLN29 might interfere with the complex formation proc-
ess of IPS-1 and TRAF proteins in the RLH pathway, thereby
inhibiting the activation of both NF-kB and IRF3. It has recently
been reported that TRADD is critically involved in the RLH-de-
pendent induction of IFN- (26). TRADD forms a multiprotein
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complex with Cardif (IPS-1), TRAF3, TANK, FADD, and RIP1,
leading to the activation of both NF-«B and IRF3. It is also
possible that FLN29 might act on TRADD to inhibit the assem-
bly of this signaling complex. Further study is needed to eluci-
date the molecular mechanisms of FLN29 action in detail.

FLN29 interacts physically with several TRAF family pro-
teins including TRAF1, -2, -3, and -6 (Fig. 5E). Because TRAF
proteins are involved in a wide variety of signaling pathways,
not only downstream of TLRs but also downstream of TNF
family receptors, it is important to determine whether FLN29,
too, might regulate such signaling pathways. Our preliminary
data show that FLN29 '~ BMDCs also produce a higher level
of TNFa and IL-6 in response to CpG DNA (data not shown),
indicating that FLN29 may be involved in TLR9 signaling as
well. The question of whether FLN29 has any role in the regu-
lation of TNF family receptor signaling, such as TNFR, RANK,
or CD40, awaits further investigation.

We have demonstrated that FLN29 '~ mice exhibit
enhanced induction of inflammatory cytokines and higher sus-
ceptibility to LPS- and poly(I:C)-induced endotoxic shock.
TLR-mediated activation of innate immunity, when in excess,
triggers development of autoimmune disorders, and inflamma-
tory diseases, such as systemic lupus erythematosus, cardiom-
yopathy, atherosclerosis, diabetes mellitus, and inflammatory
bowel diseases. Because dysregulation of type I or type II IFNs
and of inflammatory cytokine production drives these diseases,
FLN29 might be involved in the disease process. Future studies
with the animal models of these diseases in FLN29 '/~ mice will
enhance our knowledge of the general pathogenesis of these
diseases.
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