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as determined by enzyme-linked immunosorbent assay (ELISA) (Fig. 3B).  was suppressed by Mfn2 (Fig. 3E). In contrast, Mfn2 did not impair the
We additionally examined the activation of endogenous IRF-3 by perform-  IFN-B response to extracellular poly(I:C) (Fig. 3E). Taken together, these
ing gel-shift assays. Expression of RIG-I(1-250) promoted the hallmarks of  results indicate that Mfn2 acted as a negative regulator of RIG-I-, MDA-5-,
IRF-3 activation, namely, its dimerization and phosphorylation (Fig. 3C), both ~ and dsRNA-dependent antiviral signaling through MAVS and suggested
of which were impaired by Mfn2 in a dose-dependent manner (Fig. 3C).  that the association of MAVS and Mfn2 might underlie this inhibition.
Overexpression of Mfn2 additionally abrogated the effect of MDA-5 in

a dose-dependent manner (Fig. 3D). MDA-5 is the intracellular receptor for ~ Loss of endogenous Mfn2 results in enhanced RIG-I- and
poly(I:C), a synthetic analog of viral double-stranded RNA (26, 27). MDA-5-induced antiviral responses

Consistent with previous findings, the delivery of poly(I:C) into HEK  The previous experiments showed that Mfn2 suppressed MAVS-dependent
293 cells by transient transfection stimulated the IFN-B response, which  signaling. We therefore attempted to determine, through an RNA interference

Fig. 3. Mfn2 suppresses IFN-B A
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(n = 3 experiments). *P < 0.05; **P < 0.01.
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approach, whether endogenous Mfn2 was responsible for modulating the
MAVS-dependent transcriptional activation of the gene encoding IFN-B.
Consistent with our previous findings, HEK 293 cells that had been treated
with Mfn2-specific small interfering RNA (siRNA), which efficiently
knocked down the amount of endogenous Mfn2 protein by greater than
90% (Fig. 4, A and B), exhibited enhanced induction of the [FN-B reporter
construct in response to RIG-I(1-250) relative to that of control siRNA—
transfected cells (Fig. 4B). Moreover, reintroduction of Myc-tagged Mfn2

Fig. 4. Treatment with A
Mfn2-specific siRNA
results in an enhanced
antiviral response. (A)
Gel filtration (Superose
6 HR-10/30) elution pro-
files of endogenous
Mfn2 (as well as MAVS)
extracted from the mito-
chondrial fraction of
HEK 293 cells that had
been treated with either
control siRNA or siRNA
specific for Mfn2. The
positions corresponding
to the elution of 669-and  C
440-kD molecular mass
markers are indicated,
and fractions were ana-
lyzed by Western blot-
ting with antibodies
against Min2 and MAVS.
(B) HEK 293 cells were
transfected with either
control siRNA or siRNA
specific for Mfn2 to 0
evaluate the effect of RIG-I(1-250) = + - +
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IFN-B reporter (Fig. 4C). HEK 293 cells also exhibited a differential re-
sponse to an increased abundance of MAVS when treated with the Mfn2-
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of endogenous IFN-f relative to that of cells treated with the control siRNA
(fig. S2, A and B). Knockdown of endogenous Mfn2 by siRNA similarly
enhanced the activation of the IFN- reporter and the production of IFN-§
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protein in response to transfection with poly(I:C) (Fig. 4D and fig. S3), as
well as increasing the amount of MDA-5-induced dimerized IRF-3 (Fig. 4E).
Consistent with these findings, activation of the IFN-B reporter in response to
infection with measles virus (MV), an RNA virus of the Paramyxoviridae
family, was also enhanced in the cells treated with Mfn2-specific siRNA
compared to that in control cells (Fig. 4F).

Given that our knockdown experiments failed to completely deplete
Min2 protein (the effects were relatively modest), we evaluated IFN-B
responses in wild-type (WT) and Mfn2-deficient MEFs (28). MAVS-
and RIG-I-dependent production of IFN-B was significantly enhanced
(>4-fold) in the Mfn2-deficient cells compared to that of WT cells (Fig.
5A). In addition, reintroduction of Myc-tagged murine Mfn2, but not
that of its homolog mMfnl, fully restored suppression of IFN-B pro-

Fig. 5. The effect of Mfn2 defi- A
ciency on viral infection in MEFs.

(A) WT and Mfn2-deficient MEFs ] mMAVS
were transfected with plasmids =] mric

encoding either murine MAVS or 1 "3 2
mRIG-1(1-250), and the produc-
tion of IFN-B was measured by
ELISA 24 hours after transfection.
Mock treatment of MEFs involved
their transfection with equivalent
amounts of pcDNA3.1(-). (B) Re-
constitution of Mfn2-deficient MEFs
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duction in MEFs from Mfn2 ™" mice (Fig. 5B), underscoring the importance
of endogenous Mfn2 for the modulation of MAVS-mediated antiviral re-
sponses. When the Mfn2~"~ MEFs were infected with a recombinant vesic-
ular stomatitis virus (VSV) expressing green fluorescent protein (GFP)
(VSVAG*-G) (29), the production of IFN-p protein was substantially
increased relative to that of infected WT and MfnI-deficient MEFs (Fig.
5C), and the number of cells expressing GFP was significantly reduced only
in the Mfn2-deficient MEFs, indicating their increased resistance to VSV in-
fection (Fig. 5D). Furthermore, induction of IFN-B production by a positive-
stranded RNA virus of the Picornavirus family, encephalomyocarditis virus
(EMCV), was also greater in the Mfn2-deficient MEFs relative to that of
WT MEFs (Fig. 5E), consistent with a role for Mfn2 as an inhibitor of
the MAVS-mediated antiviral response.
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The HR1 region of Mfn2 is critical for its interaction with MAVS
Through a coimmunoprecipitation approach, we mapped the region of
Mfn2 that interacted with MAVS to a central 4,3 hydrophobic heptad repeat
(HRT) region (Mfn2-HR1) (Fig. 6A). An analogous approach with deletion
mutants of MAVS yielded results indicating that the C-terminal regions of
MAVS (amino acid residues 201 to 540) were both necessary and sufficient
for the interaction with Mfn2-HR 1, and that both the CARD, which is im-
portant for the interaction between MAVS and cytoplasmic RNA helicases,
and the proline-rich domain were dispensable for this interaction (Fig. 6B).
The interaction between Mfn2-HR1 and MAV'S was observed only with the
transmembrane-anchored form of MAVS (C-term/TM), indicating that the
Mfn2-HRI fragment recognized a structural or topological element (or both)
that was specific to the mitochondrial outer membrane-bound form of MAVS.

These results prompted us to investigate the functional role of the HR1
region in the regulation of the antiviral response. In HEK 293 cells, expres-
sion of a plasmid encoding the Mfn2-HR1 fragment potently and dose-
dependently suppressed [FN-B and NF-kB responses to the overexpression
of MAVS-, RIG-I(1-250), and MDA-5 (Fig. 6C and fig. S4) in a manner
similar to that observed with full-length Mfn2, indicating that the HR1
region could behave as a dominant-negative modulator of antiviral sig-
naling. Mutations of the predicted f position in the HR1 region (E424G
and R468H) (fig. S5), which is exposed on the surface of the protein, re-
sulted in a severe loss of function when we evaluated the ability of the mu-
tated protein to modulate the RIG-I-induced IFN-B response, whereas a
GTPase mutant of Mfn2 (Mfn2"*'%**) behaved nearly similarly to WT
Mifn2 (Fig. 6D). Although the HR1 region has been characterized as an im-

Fig. 6. The HR1 region of Mfn2 associates A B ™
with MAVS and inhibits activation of the IFN-B Min2 (full length) nrr EE e Myc-MAVS =B
reporter. (A) Interaction of HA-tagged MAVS Min2-GTPase-Myc ™ Myc-MAVS (CARD)
and Myc-tagged Mfn2 variants (upper panel) Mfn2-HR1-Myc ’m . Myc-MAVS (CARD/Pro) Byl 0TI
was analyzed by coimmunoprecipitation as- Min2-HR2-Myc Myc-MAVS (C-term/TM)
says, which were performed as described Min2-HR2-Myc = = = + MyC-IAANS (C-A8rm) g
for Fig. 1B. The GTPase domain, hydrophobic Min2-HR1-Myc = = + = Myc-MAVS (Cterm) = = = = = 4
heptad repeats (HR) 1 and 2, and trans- Min2-GTPaseMyc: = 4 = = Myc-MAVS (C-ter/TM) = = = = 4 =
membrane segment (TM) are depicted. (B) HAMAVS 3 s My°$”y§.'§,$§ ;(acn,/\gg; - - .;. t - -
Interaction of truncated MAVS variants with 75kD{ Myc-MAVS = 4 = = = =
the Mfn2-HR1 fragment. (C) HEK 293 cells ' Mm2-HR1-HA + + + + + +
were cotransfected with 50 ng of plasmids 75kD 37kD ‘[E IP: a-Myc
encoding either MAVS, RIG-I(1-250), or MDA-5 . 1B: a-HA
together with increasing amounts (20, 50, and m Lysate (6%)
100 ng) of a plasmid encoding the Mfn2-HR1 x5 B0t
fragment and the IFN-B luciferase reporter s0kD{ = -
plasmid as described for Fig. 2. (D) HEK 37kD- ‘ : :FB’f “'myc
293 cells were cotransfected with 50 ng of — et
plasmid encoding RIG-I(1-250) and increas-
ing amounts (5, 15, and 30 ng; inset) of plas- c
mids encoding WT and mutant Mfn2 proteins
together with the IFN-B reporter plasmid. West- 4000 60
ern blots showing the abundance of the WT 250
and mutant Mfn2 proteins, as well as the abun- gm’ g e
dance of stimulated RIG-1(1-250). All data = 000 = Z
shown represent mean values + SD (n = 3 E E . Elzo x
experiments). *P < 0.05; **P < 0.01. = 1000 = » = "
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portant domain for mitochondrial targeting (30) or fusion (37), its functional
role in mitofusin homologs is still poorly understood. Our results indicate
that the HR1 region of Mfn2 is critical for regulating the antiviral signaling
pathway.

Mfn2 functions upstream of TRAF6 and TBK-1

Because Mfn2 was required for regulating antiviral signaling through
MAVS, it was likely that Mfn2 acted downstream of (or at the same level
as) MAVS in this pathway. In the course of examining the mechanism of its
inhibitory activity, we found that Mfn2-specific siRNA had no effect either
on the activation of the NF-kB reporter in response to tumor necrosis factor
receptor-associated factor 6 (TRAF6) (Fig. 7A), an essential upstream regu-
lator of the inhibitor of kB kinase complex, or on the activation of the IFN-
reporter in response to TANK-binding kinase 1 (TBK-1) (Fig. 7A), a kinase
that targets IRF-3, even though both of these effectors act downstream of
MAVS (9, 15, 32, 33). Consistent with these findings, the production of the
proinflammatory cytokine interleukin-6 (IL-6) by TRAF6 was also un-
affected in Mfn2-deficient MEFs (Fig. 7B), suggesting that Mfn2 inhibited
the RIG-1 pathway downstream of MAVS and upstream of both TRAF6
(the NF-xB activation pathway) and TBK-1 (the IRF-3 activation pathway).

DISCUSSION

The mitochondrion is well known as the powerhouse of eukaryotic cells,
and it is additionally involved in antiviral immunity in vertebrates (9—13).
Despite the central role that the mitochondrial integral membrane protein

Fig. 7. The role of Mfn2 in antiviral
signaling. (A) Activation of NF-xB 12
(left panel) and IFN-B (right panel)
reporters in siRNA-treated HEK
293 cells transfected with plas-
mids encoding MAVS, TRAF6, or
TBK-1. In the control (left panel),
cells were infected with measles
virus (MV) at an MOI of 2. (B) WT
and Mfn2-deficient MEFs were
transfected with plasmids encod-
ing either mMMAVS or mTRAF6,
and the subsequent production
of IL-6 was measured by ELISA.
All data shown represent mean
values + SD (n = 3 experiments).
*P< 0.05, *P< 0.01. (C) Schematic
representation of the MAVS-Mfn2
interaction on the mitochondrial
outer membrane.
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MAVS plays in this pathway, few additional mitochondrial membrane pro-
teins have been implicated in regulating its activity. In this study, we de-
scribed our findings that Mfn2, a known mediator of mitochondrial
fusion, interacted with MAVS to inhibit antiviral signaling pathways.

Our results show that MAVS forms a stable supramolecular assembly
on the outer mitochondrial membrane at physiological pH. We propose that
the MAVS complex is an Mfn2-dependent complex because knockdown
of endogenous Mfn2 reduced the apparent molecular mass of MAVS, as
determined by analytical size exclusion chromatography, from ~600 kD to
a lower molecular mass (Fig. 4A). Because loss of endogenous Mfn2 also
enhanced the MAVS-mediated antiviral response, it is possible that rearrange-
ment of MAVS from a higher- to a lower-order complex is a prerequisite for
the activation of MAVS in response to upstream signaling from RIG-I or
MDA-5. Such a model would suggest that Mfn2 functions by stably se-
questering MAVS in nonproductive higher-order complexes that are incapa-
ble of propagating a downstream antiviral response. A small portion of MAVS
did not colocalize with Mfn2, as observed by both size exclusion chroma-
tography (Fig. 4A) and immunofluorescence microscopy (Fig. 1D), raising
the possibility that this fraction represents an available pool of MAVS that
could be easily activated on viral infection. At present, it is unclear whether
the lower-order state is more favorable for recruiting downstream molecules
such as TRAF family members or whether it is preferentially competent for
signaling to the IRF-3 or NF-kB activation pathways.

In conclusion, we propose a mechanism for the regulation of the cellular
antiviral response in which signaling events at the mitochondrial outer
membrane involving MAVS are modulated by Mfn2 through its HR1
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region (Fig. 7C) upon formation of a supramolecular complex. In this
model, we speculate that Mfn2 inhibits the function of the C-terminal region
(including the transmembrane domain) of MAVS rather than blocks its
CARD, in contrast to previous findings with NOD-like receptor (NLR) family
member X1 (NLRX1), a member of the cytoplasmic NLR family that also
modulates MAV S-dependent antiviral signaling (/). Moreover, it is noteworthy
that inhibition of MAVS-mediated antiviral signaling was not observed with
Mfinl, which suggests that Mfh] and Mfii2 are not functionally redumdant and il-
lustrates that Mfh2 has multiple specialized functions in the cell (22-24, 34).
A small amount of Mfin2 is thought to be present in the ER (22). In addition,
stimulator of interferon genes (STING) [also termed MITA (13)], an essential
mediator of the activation of IRF-3, is also present in the ER, mitochondria, or
both and interacts with MAVS (35). Collectively, these findings raise questions
about the interplay between the ER and mitochondria that control antiviral
signaling and raise the possibility that Mfn2 may be involved.

MATERIALS AND METHODS

Cell culture

The HEK 293 and HeL a cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO BRL) supplemented with 1% L-glutamine,
1% penicillin-streptomycin, and 10% bovine calf serum or 10% fetal calf
serum, respectively, at 5% CO, and 37°C. WT, Mfi! ™", and Mfn2”" MEFs
were provided by D. Chan (Howard Hughes Medical Institute, Caltech) and
maintained in standard medium (DMEM supplemented with 10% bovine
calf serum) as described previously (28). Inmunoflucrescence microscopy
to visualize mitochondria was performed as described previously (19, 28).

Plasmid constructions and mutagenesis

Total messenger RNA (mRNA) from HEK 293 and MEFs was isolated with
the TRIzol reagent (Invitrogen) and reverse-transcribed with moloney murine
leukemia virus reverse transcriptase (Wako Pure Chemical Industries, Tokyo,
Japan). Polymerase chain reaction assays were performed with PrimeSTAR
DNA polymerase (Takara, Tokyo, Japan). The following primers (see Supple-
mentary Materials for sequences) were used to generate the complete open
reading frames of human MAVS: TK349/TK356; hMfi2: TK365/TK366;
hMfinl: TK363/TK364; hFisl: TK367/TK368; hRIG-I(1-250): TK357/
TK358; hMDA-5: TK442/TK443; hTBK-1: TK497/TK498; murine
MAVS: TK300/TK307; and mRIG-I(1-250): TK310/TK345. Plasmids en-
coding epitope-tagged MAV'S proteins were constructed by ligating the MAVS
cDNA into Not I- and Eco RV—digested pcDNA3.1(-) vector (Invitrogen) that
encoded either an N-terminal 3x Myc or 3% hemagglutinin (HA) tag. The
hMif2, hMfnl, hRIG-I(1-250), and hMDA-5 cDNAs were ligated into
pcDNA3.1 that encoded either a C-terminal 7x Myc or a 3x HA tag.

Antibodies

Antibodies against human MAVS (hMAVS) and murine MAVS (mMAVS)
were generated by immunizing rabbits with either recombinant N-terminal
histidine-tagged hMAVS (amino acid residues 1 to 175) or mMAVS (amino
acid residues 1 to 173), respectively. The recombinant proteins were over-
expressed in Escherichia coli and purified from solubilized inclusion
bodies. The immunoglobulin G (IgG) fractions were affinity-purified with
the Econo-Pac Protein A Kit (BioRad). Monoclonal antibodies against Myc
(9E10) and HA (HA.11) were purchased from Covance. Monoclonal anti-
bodies against hMfn2, hTom20, IRF-3, and B-actin were obtained from
Santa Cruz, and the rabbit monoclonal antibody (4D4G) against phos-
phorylated IRF-3 (at Ser**®) was from Cell Signaling. The Alexa Fluor
568—conjugated monoclonal antibody against mouse IgG was purchased
from Molecular Probes. Polyclonal antibody against hFis1 was from ALEXIS
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Biochemicals. The monoclonal antibody against mitochondrial heat shock
protein 70 (mtHsp70) was from Affinity BioReagents. The polyclonal anti-
body against rat Mfin2 was a gift from K. Mihara (Kyushu University, Japan).

Analytical size exclusion chromatography

Three 10-cm dishes of confluent HEK 293 cells were washed once with cold
1x phosphate-buffered saline (PBS) (pH 7.2), and cells were scraped offand
lysed in 1 ml of homogenization buffer [20 mM Hepes (pH 7.5), 70 mM
sucrose, and 220 mM mannitol] by 30 strokes in a Dounce homogenizer.
The homogenate was centrifuged at 800g for 5 min to precipitate nuclei, and
the resulting supematant was firther centrifuged at 10,000g for 10 min at 4°C
to precipitate the crude mitochondrial fraction. After the pellet was washed
once with homogenization buffer, the mitochondrial extracts were prepared
by solubilization with lysis buffer [50 mM tris-HCI (pH 7.2), 200 mM NaCl,
10% glycerol, and 1% digitonin] and clarification by centrifugation at
12,000g for 5 min. Size exclusion chromatography of mitochondrial
extracts was performed on Superdex-200 HR-10/30 or Superose 6 HR-
10/30 columns (GE Healthcare) equilibrated with 50 mM tris-HC1 (pH
7.2) containing 200 mM NaCl, 10% glycerol, and 0.1% NP-40. Extracts
were loaded onto the column at a flow rate of 0.3 ml/min at room temperature.
Fractions (600 1 each) were collected, resolved by 8% SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), and analyzed by Western blotting with either
a polyclonal antibody against hMAVS (see above) or a monoclonal antibody
against hMfin2. For the analysis of Fis1, fractions were resolved by 15% SDS-
PAGE followed by Western blotting analysis with a polyclonal antibody
against hFisl. The following molecular weight standards (GE Healthcare)
were used: Blue Dextran-2000 (2000 kD), thyroglobulin (669 kD), ferritin
(440 kD), catalase (232 kD), and bovine serum albumin (67 kD).

Immunoprecipitation of the hMAVS complex

HEK 293 cells were transfected with the expression plasmid encoding 3%
Myc-tagged hMAVS (see above) by the calcium phosphate method. Trans-
fected cells were selected in DMEM medium supplemented with hygromy-
cin B (200 pg/ml; Wako Pure Chemical Industries) for 2 weeks. Stably
transfected cells were grown to confluence on five 15-cm dishes. Cells were
washed three times with 1x PBS (pH 7.2) and lysed with 10 ml of lysis
buffer [20 mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, 1 mM EDTA,
1 mM DTT, and 1% digitonin] supplemented with Complete Mini Protease
Inhibitor Cocktail (Roche). The clarified supernatant was incubated with
monoclonal antibody against the Myc tag (9E10) at 4°C for 2 hours, after
which 60 pl of protein A—Sepharose beads (GE Healthcare) was added.
After incubation for 5 hours at 4°C, the beads were washed three times
with lysis buffer, and immunoprecipitates were resolved by 10% SDS-
PAGE. Silver-stained bands were analyzed by LC/MS/MS (Medical Insti-
tute of Bioregulation, Kyushu University, Japan).

Coimmunoprecipitations

Coimmunoprecipitation experiments were performed as described previ-
ously (36) with minor modifications. HEK 293 cells at 80% confluence
were transiently transfected with the appropriate plasmids (2 pg each) in
a six-well plate by the calcium phosphate method. Two days after transfec-
tion, cells were lysed with 1 ml of lysis buffer [50 mM tris-HCI (pH 7.4),
150 mM NaCl, 10% glycerol, and 1% NP-40], and the clarified super-
natants were incubated overnight at 4°C with 20 pl of agarose beads (Sigma-
Aldrich) conjugated to a polyclonal antibody against c-Myc. After four
washes with 1x PBS (pH 7.2), immunoprecipitates were resolved by 8 or
12% SDS-PAGE and analyzed by Western blotting with a monoclonal an-
tibody (HA.11) against the HA tag followed by a horseradish peroxidase
(HRP)-conjugated antibody against mouse IgG (Jackson ImmunoResearch).
To immunoprecipitate endogenous MAVS, HEK 293 cells and MEFs were
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lysed with 1% digitonin lysis buffer, and the clarified supematants were in-
cubated with 10 ug of antibody against A(MAVS or mMAVS, followed by
incubation overnight at 4°C with 20 ul of protein A—Sepharose beads. The
beads were washed four times with lysis buffer, and immunoprecipitates
were resolved by 8% SDS-PAGE, analyzed by Western blotting with a
monoclonal antibody against hMfn2, and detected with a HRP-conjugated
antibody against mouse IgG.

Luciferase assays

HEK 293 cells (2 x 10° cells per well) were plated in 24-well plates. The
following day, cells were cotransfected with 100 ng of a luciferase reporter
plasmid (p125luc or pELAM), 2.5 ng of the Rerilla luciferase internal con-
trol vector phRL-TK (Promega), and each of the indicated plasmids with the
Lipofectamine 2000 reagent (Invitrogen). Empty vector [pcDNA3.1(—)]
was used to maintain equivalent amounts of DNA in each well. Cells were
harvested 24 hours after transfection and analyzed by a dual-luciferase
reporter assay on the GloMax 20/20n luminometer (Promega). Each ex-
periment was replicated at least three times. The p12Sluc reporter plas-
mid was provided by T. Taniguchi (University of Tokyo, Japan).

Native PAGE
Native PAGE experiments were performed as described previously (37).

RNA interference

For RNA interference-based knockdown experiments, a 25-nucleotide
siRNA was purchased from Invitrogen (Stealth Select RNAi). HEK 293
cells were transfected with 50 nM siRNA (final concentration) with
Lipofectamine RNAIMAX (Invitrogen). The following day, cells were
transfected with luciferase reporter plasmids and then harvested after an ad-
ditional 24 hours. The designation and sequence (sense strand only) of the
Stealth Select RNAi oligonucleotides used in the study were hMfn2
(HSS115028) and 5'-ggaccuccaugggcauucuuguugu-3’, respectively.
Stealth RNAi Negative Control Medium GC Duplex #2 (Invitrogen) was
used as the control.

ELISA
Production of IFN-B by HEK 293 cells and MEFs was measured with
species-specific ELISA reagents for hurman and murine IFN-B from Kamakura
Techno-Science Inc. (Kanagawa, Japan) and PBL Biomedical Laboratories,
respectively. The ELISA kit for murine IL-6 was purchased from R&D
Systems.

Viral infections

The siRNA-treated HEK 293 cells, which were also cotransfected with
reporter plasmids, were plated in 12-well plates and incubated overnight.
When the cells were 50% confluent, the culture medium was aspirated
and the cells were infected with 200 ul of the Edmonston strain of measles
virus (38) at 37°C at a multiplicity of infection (MOI) of 2. One hour after
infection, cells were supplemented with 800 pl of standard DMEM, then
incubated for another 48 hours before the performance of luciferase assays.
MEFs were infected with either VSVAG*-G (29) or EMCYV (25) at an MOI
of 3 and incubated for 24 hours before analysis by ELISA, as described
above.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/2/84/ra47/DC1

Materials

Fig. S1. Interaction between endogenous mMfn2 and mMAVS in MEFs.

Fig. $2. Knockdown of Mfn2 with specific siRNA results in enhanced MAVS-mediated
activation of the IFN-p reporter.

www.SCIENCESIGNALING.org

Fig. S3. Treatment of HEK 293 cells with Mfn2-specific siRNA increased the production of
endogenous IFN-B in response to transfection with poly(1:C).

Fig. S4. Min2-HR1 is a dominant-negative modulator of MAVS-mediated activation of NF-xB.
Fig. S5. Sequence alignment of Mfn2 homologs within HR1.

Table S1. List of mitochondrial proteins, other than Mfn2, that were identified by LC/MS/MS.
Reference
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Oligomerized TICAM-1 (TRIF) in the cytoplasm recruits
nuclear BS69 to enhance NF-kB activation and type I IFN
induction

Hiromi Takaki*, Hiroyuki Oshiumi*, Miwa Sasai, Takahiro Kawanishi,
Misako Matsumoto and Tsukasa Seya

Department of Microbiology and Immunology, Graduate School of Medicine, Hokkaido
University, Kita-ku, Sapporo, Japan

Although adenovirus 5 E1A-binding protein (BS69) is a nuclear protein acting as a tran-
scriptional repressor, we found by an yeast two-hybrid and human cell immunoprecipi-
tation another cytoplasmic function for this protein. BS69 bound Toll-interleukin 1
receptor domain (TIR)-containing adaptor molecule-1 (TICAM-1) (also named TRIF), an
adaptor protein that couples with TLR3 around the endosome. BS69 translocated from the
nucleus to the cytoplasm when cells were stimulated with dsRNA or transfected with
TICAM-1. Confocal analysis of cells with over-expressed TICAM-1 or those stimulated
with dsRNA revealed the characteristic “TICAM-1 speckle”, which reflects signalosome
formation necessary for the activation of NF-kB and IFN-regulatory factor (IRF)-3. BS69 was
involved in the TICAM-1 complex, and the activation of NF-kB/IRF-3 followed by cytokine
production was augmented in the presence of BS69 overexpression. Knockdown of
endogenous BS69 resulted in a decrease of IFN-B induction, suggesting that BS69 is a
positive regulator for the TLR3-TICAM-1 pathway. These results, together with a recent
report showing the negative regulatory properties of BS69 in NF-xB activation by EBV-
derived latent membrane protein 1, suggest that BS69 harbors dual modes of cytoplasmic
NF-xB regulation, positively in the TICAM-1 pathway and negatively in the latent
membrane protein 1 pathway.

Key words: BS69 - IFN- - NF-kB - TICAM-1/TRIF - TLR3
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Introduction revealed that TICAM-1 merges with endosomal TLR3 within 20 min

in response to dsRNA stimuli, and after 60 min translocates to form

Toll-interleukin 1 receptor domain (TIR)-containing adaptor
molecule-1 (TICAM-1) acts as an adaptor for TLR3 and activates
both the IFN-regulatory factor (IRF)-3 and the IFN-$ promoter [1].
TLR3 is localized to the endosome in immature myeloid dendritic
cells (mDC) and resting macrophages [2]. Recent imaging analyses
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speckles in the cytoplasm which represent the TICAM-1 signalo-
some [3]. NAP1 and RIP1 are recruited to the TICAM-1 complex,
both of which are known to be important factors for activating
downstream elements of the TICAM-1 pathway [3, 4]. The forced
expression of TICAM-1 leads to the formation of multimers in the
signalosome complex [4]. To elucidate what molecules constitute
the TICAM-1 complex, we screened TICAM-1-binding proteins by

*These authors contributed equally to this work.
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an yeast two-hybrid assay. We identified adenovirus 5 E1A-binding
protein (BS69) as a member of the TICAM-1 signalosome, in
addition to the TRAF family proteins previously noted [1].

BS69, a multidomain cellular protein containing PHD, Bromo,
PWWP and MYND domains [5], was originally identified as an
adenovirus E1A-binding protein that inhibits the transactivation
function of E1A [6, 7]. The C-terminal MYND domain of BS69
was shown to bind to the PxLxP motif existing on E1A, EBV-
encoded EBNA2 and a Myc-related cellular protein MGA [8].
Although BS69 is unequivocally a nuclear protein, it has been
shown that BS69 interacts with EBV-encoded latent membrane
protein 1 (LMP1) in the cytoplasm through its MYND domain and
acts as a scaffold protein in the LMP1-mediated JNK pathway by
interacting with TRAF6 [9]. Furthermore, a recent report
speculated that nuclear BS69 colocalizes with LMP1 in the cyto-
plasm proximal to the nucleus [10]. The stimulus which induces
BS69 protein trafficking, however, remains undetermined.

In this study, we identified BS69 as a TICAM-1-binding
protein and demonstrated that the TLR3 agonist polyl:C facil-
itates the BS69 nucleus-to-cytoplasm trafficking. This property of
BS69 further highlights the function of this protein in the cyto-
plasm: BS69 is involved in the TICAM-1 complex and participates
in TICAM-1-mediated IRF-3 and NF-kB activation. Here, we
clarified a trigger of BS69 movement and the function of BS69 in
the TICAM-1 pathway.

Results

Yeast two-hybrid screening for collection of TICAM-1-
binding proteins

TICAM-1 is a 712 aa protein (Fig. 1A). Since high background
expression disturbed screening with the full-length protein,
two segments consisting of the N-terminal S1 (1-359 aa) and
C-terminal S2 (368-712 aa) regions were separately expressed in
yeast (Fig. 1A). No growth was observed in yeast expressing
solely S1 (Fig. 1C). The S1 and S2 fragments were ligated into
PGBD-C1 and pGBKT7, respectively, to act as bait plasmids. The
yeast cells containing bait plasmids were cultured on SD medium
lacking Trp, Leu and His, while those cells harboring prey
plasmids containing a human lung cDNA library were cultured on
SD medium without Trp, Leu, His and Ade. Positive colonies were
harvested and retested in the same growth medium (Fig. 1C). Six
genes were finally obtained which encoded for gene products
responsible for the S1 binding (data not shown). BS69 as well as
TRAF-1, TRAF-2 and TRAF-6 were identified as TICAM-1-binding
molecules. A reported BS69-binding motif, PXLxP, was identified
in the 317-321 aa portion of TICAM-1 (Fig. 1B).

BS69 as a TICAM-1 N-terminal-binding protein

The direct binding of BS69 to the N-terminal of TICAM-1 was
confirmed by retesting in yeast. We found the PxIxP motif at

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Yeast two-hybrid screening for the collection of TICAM-1-
binding proteins. (A) The schema of human TICAM-1 protein. The S1
region (1-359 aa) of TICAM-1 was inserted into the pGBKT7 (bait)
vector. From a total of 2.2 billion genes, six genes were obtained which
encode for gene products capable of binding to the TICAM-1-S1 region.
(B) Sequence alignment of human TICAM-1 and the BS69-binding motif
(PxLxP). A point mutation (L319A) was introduced into the PxLxP motif.
(C) Interaction between TICAM-1 S1 and BS69 in the yeast two-hybrid
system. A strong association was observed between TICAM-1 S1 and
BS69 (SD-WLHA plate), whereas the TICAM-1 S1 L319A-BS69 associa-
tion was barely observable in the SD-WLHA plate.

317-321 aa in the TICAM-1 S1 fragment was crucial for BS69
binding, since a TICAM-1 S1 mutant (mt) containing a single point
mutation (L319A) resulting in PxAxP, failed to bind BS69 (Fig. 1C).
Next, plasmids with the BS69 cDNA and TICAM-1 cDNA were
transfected into HEK293 cells and immunoprecipitation was
performed. As observed in the yeast cells, WT TICAM-1 coprecipi-
tated with BS69 (Fig. 2A). When the PxLxP motif in the N-terminal
region of TICAM-1 was mutated to PxAxP, no BS69 binding was
observed (data not shown). Hence, the mt lost the ability to bind
BS69 in human cells as well as yeast, indicating that BS69 directly
binds the PxLxP motif in the TICAM-1 molecule.

The interaction between TICAM-1 and BS69 was further
examined in human cells by molecular imaging. When WT
TICAM-1 was co-expressed with BS69 in HeLa cells, the majority
of cells showed typical speckle-like TICAM-1 expression (Fig. 2B).
This is consistent with a previous report [4], although ~30%
of the cells displayed a diffuse expression profile of TICAM-1
(Fig. 2C). BS69 was exclusively stained in the nucleus in cells
with diffuse TICAM-1 expression. Surprisingly, in cells with
speckled TICAM-1, the cytoplasmic TICAM-1 merged with BS69
by FLAG tag staining. The results indicate that BS69 translocates
from the nucleus to the cytoplasm by TICAM-1 over-expression
and binds speckled TICAM-1 in the cytoplasm.

The TICAM-1 RHIM mt is efficiently expressed in cells without
the induction of apoptosis [3], whereas TICAM-1 N+TIR P434H
lacks the two sites essential for self-oligomerization [4]. We
found that BS69 recruitment by TICAM-1 occurs in parallel with
TICAM-1 oligomerization (speckle formation), since the RHIM mt
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HA-TICAM-1 WT + + - - Myc-TICAM-1 RHIMmt - + 3 *
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Figure 2. BS69 co-localizes with activated TICAM-1. (A) Left panel, HEK 293T cells were transfected with pEF-BOS HA-TICAM-1 WT and
PEF-BOS FLAG-BS69. After 24 h, the cells were lysed, immunoprecipitated with anti-FLAG Ab and immunoblotted with anti-HA or anti-FLAG Ab. An
aliquot of each whole cell lysate (WCL) was immunoblotted with either anti-HA or anti-FLAG Ab. A typical speckle pattern of TICAM-1 was
observed. Right panel, HEK 293T cells were transfected with pEF-BOS Myc-TICAM-1 RHIM mt and pEF-BOS FLAG BS69. After 24h, the cells
were lysed, immunoprecipitated with anti-FLAG or anti-Myc Ab and immunoblotted with anti-Myc or anti-FLAG Ab. An aliquot of each whole cell
lysate (WCL) was immunoblotted with either anti-Myc or anti-FLAG Ab. (B and C) HeLa cells were transfected with 1ng of pEF-BOS HA-human
TICAM-1 WT and 400 ng of pEF-BOS FLAG-human BS69. After 24 h, the cells were fixed and stained with anti-HA and anti-FLAG Ab, and visualized
with either Alexa Fluor 488- or Alexa Fluor 594-conjugated secondary Ab. The same slide was also treated with DAPI for the staining of nuclei.
(B) The transfected HeLa cell with activated TICAM-1, whereas (C) shows a cell with inactive TICAM-1. (D) TICAM-1 RHIM mt was transfected into
Hela cells instead of TICAM-1 WT. (E) TICAM-1 N+TIR P434H was transfected into HelLa instead of TICAM-1 WT. The transfection and staining
conditions were identical to those in (B). An enlarged scale of the area within the white square in the merged image in (B) and (D) is shown to the
right of the image.

recruited BS69 (Fig. 2D), whereas TICAM-1 N+ TIR P434H failed
to recruit BS69 in the cytoplasm (Fig. 2E).

Translocation of BS69 in response to TICAM-1 signaling
To observe the nucleus-to-cytoplasm shuttling of BS69, HEK293T

cells were transfected with the FLAG-BS69 and HA-TICAM-1
plasmids, and 24 h later the cells were solubilized to separate the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nuclei and cytoplasm. Each fraction was further solubilized and
immunoprecipitated with anti-FLAG and anti-HA Ab (Fig. 3A). The
cytoplasmic fraction did not contain any detectable lamin A,
suggesting that nuclear contamination in the cytoplasmic
fraction was negligible (Fig. 3A center panel). TICAM-1 over-
expression clearly allowed some BS69 to move to the cytoplasm
(Fig. 3A). The dynamics of BS69 translocation in response to
TICAM-1 stimulation was then examined using polyl:C as a TLR3/
TICAM-1 stimulator [1]. Cytoplasmic BS69 was detected 3h after
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polyl:C stimulation in both Hela (Fig. 3B) and HEK293T cells BS69 is a positive regulator of the TICAM-1 pathway
(Fig. 3C). Imaging analysis using the polyl:C-stimulated cells

indicated that cytoplasmic speckle formation of BS69 and TICAM-1 ~ We next examined if the TICAM-1 signal was enhanced by
also appeared 3h after polyl:C stimulation (Fig. 3D). Polyl:C transfected BS69. NF-xB activation was up-regulated by the over-
stimulation barely altered the BS69 mRNA levels (data not shown).  expression of BS69 (Fig. 4A). Polyl:C-dependent induction of IFN-B
Hence, BS69 moves from the nucleus to the cytoplasm in luciferase was also enhanced by the transfection and expression of
association with the activation and oligomerization of TICAM-1. BS69 in HEK293T and HelLa cells (Fig. 4B and C). IFN-8 mRNA levels

" e

B

Hela cytosol nucleus
poly(:C) 0 002505 1 3 0 0025051 3
FLAGBS69 - + + + + + R
anti-f-aciin w
C

293T cytosol nucleus

polyiC) 0 o0 05 1 3 0 0 05 1 3
FLAGBSBY - + + + + - + + + +

anti-FLAG — - —
anti-Lamin A | | [—— -]
A —

poly (I:C) 3h

Figure 3. TICAM-1 over-expression induces cytoplasmic translocation of BS69. (A) HEK 293T cells were transfected with 1ng of pEF-BOS HA-
TICAM-1 WT and 100ng of pEF-BOS FLAG BS69. After 24 h, the cells were lysed and cytoplasmic and nuclear extractions were prepared. Each
extraction was resolved by SDS-PAGE and immunoblotted with either anti-HA, anti-FLAG anti-B-actin or anti-Lamin A (as a nuclear marker) Ab.
(B) HeLa cells were transfected with 1 ug of pEF-BOS FLAG-BS69. After 24 h, the cells were stimulated with 10 pg/mL of polyl:C for either 0, 0.25, 0.5, 1
or 3h. The cytoplasmic and nuclear extractions were then prepared, run on SDS-PAGE gels and immunoblotted with either anti-FLAG, anti-p-actin
or anti-Lamin A (as a nuclear marker) Ab. (C) HEK293T cells were transfected with 100 ng of pEF-BOS FLAG-BS69 and 100 ng of pEF-BOS human
TLR3. After 24h, the cells were stimulated with 50 pg/mL of polyl:C for the indicated periods. The cytosolic and the nuclear extractions were
analyzed as shown in (B). (D) HeLa cells were transfected with 400 ng of pEF-BOS FLAG-BS69. After 24 h, theé cells were stimulated with 10 pg/mL of
polyl:C for 3h. Thereafter, the cells were fixed and stained with anti-FLAG Ab and visualized with Alexa Fluor 594-conjugated secondary Ab. The
same slide was also treated with DAPI for the staining of nuclei. The white arrows indicate BS69 cytoplasmic speckles.
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were quantitatively measured in cells expressing BS69 after polyl:C
stimulation (Fig. 4D). The levels of mRNA significantly increased at 6
and 12h after polyl:C stimulation in the BS69-transfected cells in
comparison with cells containing the control vector. We next
introduced an siRNA of BS69 into Hela cells and examined
polyl:C-mediated IFN-B induction. The IFN-f mRNA level induced
by polyl:C dropped down by the presence of the siRNA (Supporting
Information Fig. S1). The data suggest that BS69 acts as a positive
regulator of the TICAM-1 pathway in both NF-kB activation and IFN-
B induction through its trafficking from the nucleus to the cytoplasm.

Discussion

We demonstrated in this study that BS69 binds TICAM-1 and
positively modulates the function of TICAM-1 in terms of NF-kB
and IRF-3 activation. BS69 is essentially a nuclear protein that
can be displaced from the nucleus to the cytoplasm to regulate
TICAM-1 signaling. Either low doses of polyl:C stimulation or
TICAM-1 expression induces BS69 translocation, whereas high
TICAM-1 expression leads to the disappearance of the nuclear
and cytosolic BS69, presumably due to apoptosis (data not
shown). BS69 not only augments the TICAM-1 pathway via its
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binding to TCAM-1, but also participates in BS69 nucleus-to-
cytoplasm displacement.

BS69 is a 74-kDa protein with three truncated isoforms that
are formed through alternative splicing [5]. All four forms are
unstable as they can be easily degraded by post-translational
modification through the proteasome pathway [S5]. Our preli-
minary data suggest that protein modification, particularly one
other than ubiquitination, participates in the degradation of BS69
(data not shown). This is consistent with the finding that high
doses of TICAM-1 induce the activation of TRAF E3 ligases [11]
and protein modification [12], though the mechanisms have yet
to be determined.

The previous reports have demonstrated that BS69 physically
binds EBV-derived LMP1 and negatively regulates the canonical
NF-xB activation by LMP1 [10, 13]. Although the regulatory
mode of LMP1 is reciprocal to that of TICAM-1, the extranuclear
displacement of BS69 commonly occurs in polyl:C- and LMP1-
activating pathways. Thus, BS69 exerts a functional modulation
of NF-kB in at least in two cytoplasmic pathways: positive regu-
lation in the TICAM-1 pathway and negative regulation in the
LMP1 pathway.

TICAM-1 recruits TRAF1, TRAF2 and TRAF6 to sites within its
N-terminal region [11], and TRAF3 indirectly couples with the
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Figure 4. BS69 is a positive regulator of the TICAM-1 pathway. (A) HEK 293T cells in 24-well plates were transfected with pEF-BOS FLAG-BS69
(10,100 ng) together with pEF-BOS HA-TICAM-1 WT (100 ng), the NF-kB reporter (100 ng) and phRL-TK (5 ng). Twenty-four hours after transfection,
the luciferase reporter activity was measured. The average activities from three independent assays are shown as fold induction. (B) HEK 293T cells
were transfected with pEF-BOS FLAG-BS69 (10, 100 ng) together with pEF-BOS TLR3 (10 ng), the IFN-p promoter reporter (100 ng) and phRL-TK (5 ng).
After 24 h, the cells were stimulated with 10 pg/mL polyl:C for 6 h and the luciferase reporter activity was then measured. The average activities
from three independent assays are shown as fold induction. (C) HeLa cells in 24-well plates were transfected with pEF-BOS FLAG-BS69 (10,100 ng)
together with the IFN-B promoter reporter (100 ng) and phRL-TK (5 ng). Twenty-four hours after transfection, the cells were stimulated with 10 pg/
mL polyl:C for 6h, and then the luciferase reporter activity was measured. The average activities from three independent assays are shown as fold
induction. (D) HeLa cells in 12-well plates were transfected with either pEF-BOS FLAG-BS69 (1 pg) or empty vector (1ug). After 24 h, the cells were
stimulated with 10 pg/mL polyl:C for the indicated time periods. The IFN-B mRNA levels were determined by real-time PCR. *p<0.05.
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molecular complex of these proteins [14, 15]. NAP1 also
bind indirectly to the N-terminus of TICAM-1 [3]. Thus, the
visible TICAM-1 multimer observed by confocal analysis
is likely a signal platform directing the activation of IRF-3-acti-
vating kinases and IkB degradation kinases [4]. From our
data, we can infer that when an optimal stimulus, such as
an RNA viral infection, is present in the target cells, two molecular
events are independently triggered: BS69 translocation to the
cytoplasm and TICAM-1 signalosome formation. These two events
could be simultaneously reproduced in our system, resulting in the
up-regulation of the TICAM-1 inflammatory pathway.

Upon infection of a cell by EBV, the EBV product LMP1
induces NF-kB and JNK activation. This LMP1-derived NF-xB
activation is negatively regulated by BS69 [10] coping with
internal TLR3 signaling. Radical activation of the TICAM-1
pathway, however, is not supported by BS69-mediated NF-kB up-
regulation as BS69 is degraded via post-translational modifica-
tion. This is in accordance with the fact that full length TICAM-1
occasionally induces apoptotic cell death, which reflects a natural
feature of the antiviral response.

The previous studies have demonstrated that BS69 acts as a
transcriptional repressor in association with a variety of tran-
scription factors such as c-Myb, B-Myb, Ets2 and MGA [7, 16, 17].
BS69 has also been shown to repress transcription by recruiting
N-CoR [6]. A recent study suggested that BS69 has another role
in gene repression since it co-precipitates with a set of chromatin
remodeling factors and interacts with the transcription factor
ZHX1 [18]. Furthermore, BS69 has been shown to associate with
mitotic chromosomes and to interact with Brgl (the catalytic
subunit of the mammalian SWI/SNF complex), indicating an
additional role of BS69 in chromatin remodeling [19]. In either
case, it is clear that BS69 functions in the nucleus. As a sensitive
Ab against BS69 is not available, it is extremely difficult to detect
endogenous BS69 protein in the cytoplasm. However, our
studies, together with a report on BRAM1, a truncated form of
BS69 which displaces TRADD from LMP1 to inhibit LMP1-medi-
ated NF-kB activation [10], indicate that BS69 plays a role in the
cytoplasm to modulate inflammation secondary to viral infection.
In keeping with its NF-kB modulating function and chromatin-
associated properties, BS69 is a bifunctional protein acting in the
nucleus and cytoplasm to maintain the homeostasis of the cellular
environment.

In mDC, TICAM-1 has a unique role in driving cellular
immunity as CD8 T, CD4™ Treg, Th1, Th17 and NK cells are all
activated in response to TICAM-1-mediated mDC maturation
[1, 20]. We found the TICAM-1 pathway in mDC is activated via
endosomal TLR3 through the phagocytic uptake of viral-infected
cell debris [21]. Our data suggest the possibility that BS69 is an
agent used to regulate the induction of TICAM-1-mediated
cellular immunity in addition to the NF-xB- and IFN-activating
pathways. More detailed analysis of endogenous TLR-associated
proteins and BS69/BRAM1, including in vivo functional analysis,
will be needed in order to highlight the precise cytoplasmic
function(s) of BS69.
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Cell culture and reagents

HEK293 T cells were maintained in DMEM supplemented with
10% heat-inactivated FBS and antibiotics. HeLa cells were cultured
in Eagle’s MEM with 10% heat-inactivated FBS and L-glutamine.
The following Ab were obtained commercially: anti-FLAG, anti-HA
and anti-B-actin (Sigma-Aldrich); anti-Myc (Santa Cruz); anti-
Lamin A (Cell Signaling Technology). Alexa Fluor 488- and Alexa
Fluor 568-conjugtaed secondary Ab were from Invitorgen Life
Technologies. polyl:C was from Amersham Biosciences.

Plasmids

Complementary DNA from human TLR3, 'HCAM-lWT, TICAM-1
N+TIR P434H and RHIM mt were cloned in our laboratory by
RT-PCR and ligated into the cloning site of the expression vector,
PEF-BOS and pcDNA4 Myc-HisA [4]. BS69 cDNA was cloned as
described previously [11]. Mutations were introduced by site-
directed mutagenesis using PCR. [3]. All constructs were
confirmed by sequencing.

Confocal microscopy

Hela cells (2.5 x 10%cells/well) were plated on a micro cover
glass (Matsunami Glass) in 12-well plate. The following day, cells
were transfected with the indicated plasmids using FuGENE HD
(Roche). The total amounts of DNA were kept constant by adding
empty vector. After 24 h, cells were fixed in acetone and blocked
in PBS containing 1% BSA and then labeled with the indicated
primary Ab for 1h at room temperature. Alexa Fluor 488- or
Alexa Fluor 594-conjugtaed secondary Ab were used for the
visualizing proteins detected by the primary Ab. For nucleus
staining, cells were treated with DAPI in PBS. After all staining
procedures were finished, micro cover glasses were mounted onto
a slide glass using PBS containing 2.3% DABCO and 50%
glycerol. Cells were visualized at x 63 magnification under an
LSM510 META microscope (Zeiss).

Reporter gene assay

Cells were seeded onto 24-well plates and transfected with
various amounts of expression vectors, the reporter gene and the
PhRL-TK control plasmid using FuGene HD (Roche) according to
the manufacturer’s instructions. After 24h, the cells were
harvested in 50pL lysis buffer. The luciferase activity was
measured using Dual-Luciferase Reporter assay systems
(Promega) and was shown as the means+SD of three experi-
ments.
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Western blotting and immunoprecipitation assay

For whole cell lysis, cells were solubilized in the SDS sampling
buffer (50 mM Tris-HCI, pH 6.8, 2% SDS, and 10% glycerol, 32%
Urea) and then sonicated for 5min. For cytosol extraction, cells
were solubilized in the lysis buffer A (10 mM HEPES-KOH, pH
7.9, 150mM NaCl, 15mM MgCl,, 10mM KCl, 40mg/mL
digitonin, protease inhibitor cocktail, 0.1 mM PMSF, 50 mM
NaF and 1 mM NasVO,) on ice for 30 min and then centrifuged
at 10000 x g for 1 min at 4°C. The supernatant was collected as a
cytosol extraction. After centrifugation, the nuclei-containing
pellet was resuspended in the buffer C (50 mm HEPES-KOH (pH
7.9), 420mm KCl, 1.5mm MgCl,, 1mm EDTA, 2% glycerol,
protease inhibitor cocktail, 0.1 mm PMSF, 50 mM NaF and 1mm
NasVO,) at 4°C for 30 min. The suspension was pelleted by
centrifugation and the supernatants were collected as a nuclear
extraction. The supernatants were separated by SDS-PAGE, and
the gel was transferred onto polyvinylidene difluoride
membranes. The membranes were then blocked with TBS, pH
8.0, containing 5% skim milk, immunoblotted with specific Ab
and visualized with the appropriate horseradish peroxidase-
conjugated secondary Ab using the ELC plus Western Blotting
Detection System (Amersham Pharmaica). For immunoprecipita-
tion, cells were lysed in the TritonX-100 lysis buffer (50mm Tris-
HCI, pH 7.4, 150 mm NaCl, 1.5mM MgCl,, 1% TritonX-100, 10%
glycerol, protease inhibitor cocktail, 0.1 mm PMSF, 50 mM NaF
and 1 mm NazVO,) and then centrifuged at 12000 x g for 10min
at 4°C. The supernatants were incubated with anti-FLAG or anti-
Myc Ab and protein G-Sepharose (Amersham Pharmacia) for
overnight at 4°C. The immunoprecipitates were collected by
centrifugation, washed four times in the lysis buffer and then
analyzed by SDS-PAGE.

RNA purification and real-time PCR

Total RNA was prepared using TRIzol Reagent (Invitrogen)
following the manufacturer’s instructions. RT-PCR was carried
out using the High Capacity cDNA Reverse Transcripition Kit
(Applied Biosystems) according to the manufacturer’s instructions.
The following oligonucleotides were used for human B-actin: 5'-
CCT GGC ACC CAG CAC AAT-3' and 5'-GCC GAT CCA CAC ACG
GAG TAC T-3’; and for human IFN-f: 5'-TGG GAG GAT TCT GCA
TTA CC-3’ and 5-CAG CAT CTG CTG GTT GAA GA-3'; and for
human BS69: 5'-GTC CAC GGT ATG CAC CCT AAA GAG and 5'-
AAC ACC TCT CCA GGC AAA TGG. IFN- mRNA were normalized
to B-actin and fold inductions of transcripts were calculated using
the 88CT method relative to unstimulated HeLa cells.

Yeast two-hybrid screening
The yeast two-hybrid assay was performed as described previously

[12]. The yeast AH109 strain (Clontech, Palo Alto, CA, USA) was
transformed using bait (pGBKT7) and prey (pGADT?7) plasmids.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The transformants were streaked onto plates and incubated for
3-5 days. and in the figures represent the bait and prey plasmid,
respectively. The various BD-TICAM-1 and AD-BS69 were
constructed by inserting each ¢cDNA fragment into the pGBKT7
(bait) or pGADT7 (prey) plasmids (Clontech). SD-WLH is a yeast
synthetic dextrose medium that lacks Trp, Leu and His aa. SD-
WLHA lacks adenine in addition to Trp, Leu and His.

Gene silencing

Knockdown of BS69 was carried out using siRNA, BS69 siRNA-1:
5-GGA UAU UGG CCA GGA GTT-3, BS69 siRNA-2: 5'-CGG UAU
GCA CCC UAA AGA GTT-3' and control siRNA: 5'-GGG AAG AUC
GGG UUA GAC UUC-3'. In total, 20 pmol of each siRNA was
transfected into HelLa cells in 24-well plate with Lipofectamin
2000 according to the manufacture’s protocol. Knockdown of
BS69 was confirmed 48 h after siRNA transfection. Experiments
were repeated twice for confirmation of the results. One of the
two siRNA, BS69 siRNA-1 was effective in BS69 gene silencing.
Typically, 6h after polyl:C (10 ug/mL) stimulation, the level of
the BS69 mRNA was determined by real-time PCR as described in
RNA purification and real-time PCR section.
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(Abstract)

Toll-like receptor 3  (TLR3) detects
double-stranded RNA (dsRNA), known to be a
universal viral molecular pattern, and activates the
antiviral immune  response. = While = TLR3
preferentially recognizes polyinosinic-polycytidylic
acid (poly(I:C)), no sequence-specific dsRNA has
been shown to activate TLR3. To determine whether
TLR3 preferentially recognizes a specific RNA
sequence or structure that acts upon the TLR3
signaling pathway, in vitro selection against the
human TLR3 ectodomain (TLR3 ECD) was
performed. After the seventh selection cycle, two
major classes, Family-I and Family-II, emerged from
64 clones with binding constants of about 3 nM. To
examine the structure—function relationship of
Family-I and -II aptamers, mutational analyses and
RNase mapping were carried out. Furthermore, to
elucidate the effect of selected aptamers on TLR3
signaling in vivo, a reporter gene assay Wwas
conducted in cells. These aptamers did not have any
agonistic or antagonistic effects on TLR3 signaling in
TLR3-transfected HEK293 cells, although they
bound to TLR3 ECD with high affinity in vitro.
These results suggest that selection of RNA aptamers
for TLR3 ECD should be performed under
physiological conditions, since TLR3 ECD localizes
in acidic compartments such as endosomes.

(Keywords)
Toll-like receptor 3, TLR3 ectodomain, RNA aptamer,
in vitro selection, SELEX

1. Introduction

Toll-like receptors (TLRs) play central roles in
the innate immune response by recognizing
conserved structural patterns in diverse microbial
molecules [1]. All TLRs are type I integral membrane
glycoproteins composed of an ectodomain (ECD)
linked by a transmembrane domain to a cytoplasmic
signaling Toll/IL-1 receptor (TIR) domain [2]. Ligand
recognition by TLRs is mediated through their
N-terminal ECD, which contains varying numbers of
leucine-rich repeats (LRRs) [3]. More than 10 TLRs
have been identified in human and mouse [4]. TLR1,
TLR2, TLR4, TLRS, and TLR6 recognize bacterial
cell wall and cell surface components, such as
lipoproteins, lipopolysaccharide, and flagellin. In
contrast, TLR3, TLR7, TLR8, and TLRY recognize
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pathogen nucleic acids, such as viral RNAs and
bacterial DNA [4,5]. TLR3 recognizes
double-stranded RNA (dsRNA) derived from viral
genomes and replication intermediates and recruits
TIR-containing adaptor molecule (TICAM)-I (also
called TIR-containing adaptor inducing interferon
(IFN)-B, TRIF), leading to the production of IFN-f
and inflammatory cytokines [6,7]. As these immune
responses are essential for combating viral invasions,
TLR3 plays a key role in antiviral immunity. On the
other hand, it is known that West Nile virus infection
leads to a TLR3-dependent inflammatory response,
which is involved in brain penetration of the virus
and neuronal injury [8]. The three-dimensional
structure of the human TLR3 ECD, which contains
the dsRNA-binding region, has been reported by two
groups [9,10]. TLR3 ECD resembles a
horseshoe-shaped solenoid of 23 LRRs, with each
LRR forming one turn of the solenoid. Furthermore, a
recent report revealed the crystal structure of TLR3
ECD bound to a dsRNA ligand [11]. Each TLR3
ECD binds to a dsRNA at two sites located at
opposite ends of the TLR3 horseshoe, and an
intermolecular interaction between the two TLR3
ECD C-terminal domains coordinates and stabilizes
the dimer formation.

Nucleic acid-sensing TLRs, TLR3, TLR7,
TLR8, and TLRY, are localized in the endosome
[12,13]. It has been reported that TLR7 and TLR8
(receptors for single-stranded RNA), as well as TLR9
(a receptor for CpG oligodeoxyribonucleotide),
respond to their ligands in a sequence-dependent
manner [14]. Although polyinosinic-polycytidylic
acid (poly(I:C)), a synthetic dsSRNA analogue, is a
potent  inducer of TLR3  signaling, no
sequence-specific inducer or inhibitor for TLR3 is
known. Anti-inflammatory drugs (TLR3 antagonists)
and adjuvants for vaccines (TLR3 agonists) that
regulate TLR3 signal transduction could be important
for the development of future therapeutic treatments.
Therefore, to investigate whether TLR3 recognizes
and responds to specific dsRNA, in vitro selection
against TLR3 ECD was carried out. /n vitro selection
(SELEX) is a powerful tool for obtaining RNA
ligands that bind to a target molecule with high
affinity and specificity [15,16]. So far, high-affinity
DNA or RNA ligands for target molecules including
proteins, organic dyes, and amino acids have been
isolated by in vitro selection [17]. Because binding of

-10 -

—214—



Viva Origino 37 (2009) 10 - 18

an aptamer to its target is a highly specific interaction
that involves discrimination between related proteins
that share common sets of structural domains,
aptamers represent a potentially attractive class of
molecules for therapeutic compounds. Furthermore,
RNA aptamers against RNA-binding proteins (RBPs)
are useful for dissecting the interactions between
RNA and protein, and such aptamers could
potentially modulate the function of target RBPs.

This report describes the isolation and
characterization of RNA aptamers that bind with high
specificity to human TLR3 ECD. Application of
TLR3 ECD aptamers in vivo is also described to
estimate their agonistic and antagonistic effects on
TLR3 signaling.

2. Materials and Methods
2.1. Protein and nucleic acids

TLR3 ECD with an N-terminal FLAG tag and
C-terminal His tag (TLR3-ECD) was expressed using
a baculovirus system and purified as described
previously [18]. The starting RNA pool of N40OH for
in  vitro  selection has the  sequence
5'-GGUAGAUACGAUGGA—-(N40)-CAUGACGCG
CAGCCA-3'. The antisense DNA template,
5'-TGGCTGCGCGTCATG—(N40)-TCCATCGTATC
TACC-3' (10 pmol), was converted to dsDNA by
PCR with a 5'-end primer,
5'-TGTAATACGACTCACTATAGGTAGATACGAT
GGA-3' (40 pmol). Underlined letters in the 5'-end
primer indicate the T7 RNA promoter sequence. PCR
was carried out for six cycles, and dsDNA was
recovered by ethanol precipitation. The dsDNA (50
pmol) was reamplified by PCR with the 5'-end primer
and a 3'-end primer, 5'-TGGCTGCGCGTCATG -3'
(100 pmol each). After 20 cycles of PCR, the
amplified DNA pool was recovered by ethanol
precipitation. T7 RNA transcription was performed
with at least 100 pmol of the DNA pool using the T7
AmpliScribe Kit (Epicentre Technologies). The
transcribed RNA was then purified on 8% denaturing

PAGE. The final yield of the random RNA pool
N40H was approximately 70 pg.

Family-I and -II aptamer mutants were
constructed by PCR mutagenesis using mutagenic
primers and template DNA. The DNA sequences of
these mutants were confirmed by an Applied
Biosystems model 3100 automatic sequencer
(Applied Biosystems).

2.2. In vitro selection of RNA aptamers for
TLR3-ECD

In vitro selection was carried out essentially as
reported previously [19]. For the first cycle of
selection, the N40H RNA pool (500 pmol) was
incubated with 62.5 pmol of TLR-ECD in 50 pl of
binding buffer [2 mM HEPES-NaOH (pH 7.6), 3 mM
MgCl,, and 100 mM NaCl] at room temperature for 1
h. The binding reaction was separated by filtration
through a nitrocellulose filter (HAWP filter, 0.45 pum)
fitted in a pop-top filter holder (Nucleopore) and
washed with 1 mL of binding buffer. The filter was
eluted with 200 pl of elution buffer [0.4 M sodium
acetate (pH 5.5), 5 mM EDTA (pH 8.0), and 7 M
urea] at 90°C for 5 min. The eluted RNA was
recovered by  ethanol  precipitation  and
reverse-transcribed using RevertAid™ M-MuLV
Reverse Transcriptase (Fermentas) at 42°C for 1 h.
The cDNA product was amplified by PCR and
transcribed in vitro using the T7 AmpliScribe Kit
(Epicentre Technologies). The product of this
reaction was subjected to another cycle of selection
for a total of 10 cycles. To specifically enrich the
RNA pool for high-affinity ligands for TLR-ECD, the
concentration of TLR-ECD and the RNA ligand were
manipulated for each selection cycle (Table 1). Yeast
tRNA (Boehringer Mannheim) was used as a
non-specific competitor during the selection process.

The PCR product of the seventh selection
cycle was introduced into the TA cloning vector
(Invitrogen). After subcloning and transformation
into E. coli, plasmid DNA was isolated from

Table 1. TLR3-ECD aptamer selection and binding analysis. TLR3-ECD,
RNA pool, and competitor tRNA concentrations used during the selection
step (total volume, 50 pL) of each generation are shown. The binding
activity of the RNA pool at each cycle was analyzed by a filter binding
assay with competitor tRNA (TLR3-ECD : RNA pool: tRNA = 0.05 :
0.05 : 2.5 pM) as described in the Materials and Methods. Binding
activities were calculated as the percent of input RNA.

Concentration (uM)
Generation TLR3-ECD RNA Competitor P
No. protein pool  tRNA Binding (%)
1 1.25 10.0 0.0 0
2 0.625 5.0 2.5 0.1
3 0.3 2.4 4.8 0
4 0.3 2.4 12.0 0.9
5 0.15 1.5 12.0 8.9
6 0.075 0.75  12.0 13.1
7 0.05 0.5 10.0 17
8 0.025 0.25 6.25 16
9 0.025 0.25 7.5 15
10 0.012 0.12 4.2 14
11-
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individual clones and the DNA sequences of 64
clones were analyzed with an Applied Biosystems
model 3100 automatic sequencer (Applied
Biosystems). The secondary structure models of
selected aptamers, Family-I and -II, were drawn by
the Mulfold program based on the Zuker algorithm
[20].

2.3. Filter binding assay

The binding activity of the RNA pool was
analyzed after each selection cycle. PCR groducts
were internally transcribed in vitro with [a-*"P]CTP
(Amersham), and the transcription product was tested
by a filter binding assay using equimolar TLR-ECD
and RNA and a 50-fold molar excess of non-specific
competitor tRNA (TLR-ECD and RNA pool, 50 nM;
tRNA, 2.5 pM) in binding buffer [2 mM
HEPES-NaOH (pH 7.6), 3 mM MgCl,, and 100 mM
NaCl]. Radioactivity retained on the filter was
counted with a BAS2000 image analyzer (Fuji Film).
The binding activity was evaluated by calculating the
percent of the input RNA retained on the filter in
complexes with TLR-ECD (Table 1).

The equilibrium dissociation constants (Kp)
for the selected aptamers, Family-I and -II, were
determined by using a constant amount of internally
labeled RNA aptamer (1 nM) in binding reactions
with increasing concentrations of TLR-ECD (0.25-64
nM). Mixtures containing RNA and TLR-ECD were
passed through a nitrocellulose filter and the filter
was washed with 1 mL of binding buffer. The data
points were fitted to a Scatchard plot to determine the
equilibrium dissociation constant by Prism 4 ver 4.0b
(GraphPad Software Inc.).

To analyze the binding abilit?l of Family-I and
-II mutants to TLR3-ECD, each **P-labeled mutant
RNA (50 nM) was incubated with TLR3-ECD (50
nM) in 50 pl of binding buffer at 37°C for 1 h. The
protein/RNA complex was separated by filtration on
a nitrocellulose filter as described above.
Radioactivity remaining on the filter was measured
using a BAS2000 image analyzer (FujiFilm), and the
amount of Family-I and -II mutants bound to
TLR3-ECD was calculated as a percentage of the
RNA input prior to filtration.

2.4. Structural analysis of RNA aptamers

For enzymatic probing, 5'-end-labeled
Family-I and -1I were partially digested with RNases
Tl or A as previously reported with slight
modifications [19], and the cleaved products were
analyzed by 12% PAGE (7 M urea) with alkaline
ladder of Family-I and -II.

2.5. Cell culture

For the expression of plasmids encoding
human TLR3, HEK293 (human embryonic kidney)
cells were used and cultured in DMEM cell culture
medium (GIBCO) supplemented with 10%
heat-inactivated fetal bovine serum (BIOSOURCE)
and antibiotics (penicillin/streptomycin).

-12-

2.6. Reporter gene assay

HEK293 cells were seeded in 24-well plates (5
x 10° cells/well). Twenty-four hours later, the cells
were transiently transfected with pEFBOS/TLR3 (0.1
pg) together with a p125-luc reporter (0.1 pg) and
Renilla luciferase reporter (2.5 ng) in the presence of
Lipofectamine 2000 (Invitrogen). The total amount of
transfected plasmid (0.8 pg) was kept constant by
adding empty vector. Twenty-four hours after
transfection, the medium was replaced by fresh
medium. RNA aptamer, poly(I:C) or both, was mixed
with DOTAP Liposomal Transfection Reagent (3
pg/well; Roche) in OPTI-MEM (7 pl/well;
Invitrogen) and pre-incubated for 15 min at R.T. The
DOTAP/RNA complex was then transfected into cells
and incubated. Cells were collected and washed twice
with 1 ml of PBS buffer. The collected cells were
then lysed using Passive Lysis Buffer (Promega), and
the cell lysates were assayed for the dual luciferase
activities (Promega). Data are expressed as mean
relative stimulation SD for a representative
experiment from  independent  experiments,
performed in duplicate.

3. Results
3.1. Sequence and secondary structure of RNA
aptamers specific for TLR3 ECD

To isolate high-affinity RNA ligands for TLR3
ECD, in vitro selection was carried out using an RNA
library containing N40 random core sequences and
recombinant TLR3-ECD protein. Initially, the
randomized RNA pool (N40H), which consists of
approximately 3 x 10" molecules (500 pmol), was
incubated with TLR3-ECD (62.5 pmol), and the
RNA/TLR3-ECD complexes were separated from the
unbound RNA molecules by passage through a
nitrocellulose filter. The RNA retained on the filter
was recovered, subjected to RT-PCR, transcribed by
T7 RNA polymerase, and used for the next selection
cycle. To specifically enrich the RNA pool for
high-affinity ligands specific for TLR3-ECD, the
concentrations of TLR3-ECD, RNA ligand, and
competitor tRNA were manipulated for each selection
cycle (Table 1). To confirm whether the selected
RNA pools bind to TLR3-ECD, the binding activity
of the RNA pools was evaluated by a filter binding
assay after each selection cycle. The RNA pool from
the seventh selection cycle (G7) had the highest
affinity; about 17% of the total RNA pool bound to
TLR3-ECD (Table 1).

To analyze the sequence and structural motifs
in the G7 pool, we cloned the seventh-cycle PCR
product into the TA vector and sequenced 64 clones.
Although there were no conserved sequences among
any of the clones, we were able to categorize them
into 11 classes, from Family-I to -XI as shown in
Table 2. Of these, two major classes emerged with
entirely identical sequences: Family-I with 12 clones,
followed by Family-1I with 11 clones. We therefore
focused on these Family-I and -II aptamers and
proceeded to characterize them. When the secondary
structures of the two aptamer classes were analyzed
by the Mulfold program [20], we found that both
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Table 2. Nucleotides sequences of RNA aptamers categorized into Family-I — Family-XI.
Selected sequences from the G7 RNA pool are shown in uppercase. The fixed sequences

for PCR primers are indicated in lowercase.

number of identical clones.

Numbers in parentheses indicate the

Fomily-T (12)

gguagauacgaugga UCAGGGUACCCCCUGUGGCCCGUCAACACAGGGGAAGUGG caugacgcgcageca

Fomily-IT (11)

gguagauacgaugga CUACCGCCACCCCGGRUCCGGGUGACGUUAAUGAGGGCC caugacgcgcageca

Fomily-TII (4)

gguagauacgaugga ACAUGCCGGCAGGUGAGGCUGCACCUGUCUUUAAGGCGU caugacgcgeageca

Family-IV (4)

gguagauacgaugga CCGGUCCCAGCGUUCAAGAGACCGGGGGCAGCAAGCAGU caugacgcgcageca

Fomily-V

gguagauacgaugga GGCAGCGAGGUGAAGCUGTAGUUAAGAAGACACCAACAGG caugacgcgcageca

Family-VI (3)

gguagauacgaugga ACAAGAAUGGGCCCCGAGGUUCGUCAGCUGGGGGCAAGGG caugacgcgcageca

Family-VIT (3)

gguagauacgaugga CGGACGACCAUUGUCGAAGUAACCGUCGUCCGAAGCUGGC caugacgcgeageca

Fami ly-VIII (2)

gguagauacgaugga CGGAUCGUUCGCUCCCAGAAAGCGCGACUCUGAGGUUAAG caugacgcgcageca

Fomily-IX (2)

gguagauacgaugga UACACAGCCGGCAGACGCGCUGUCGUUAACGCAGGCGAAA caugacgcgcageca

Family-X @

gguagauacgaugga CCACAAAACCCGGCAGUCGGUGAGCAGGCCCACGAUCGGC caugacgegeageca

Fomi 1y-XT

gguagauacgaugga UCAACAAACAACAAAUACAAAGGCCCGUGCTACCGCGAAG caugacgcgcageca

Others (16) Orphan sequence

Family-I and -II aptamers were composed of three
stem-loop (SL) structures, but we did not observe any

sequence conservation or structural similarity e
between the two Families (Fig. 1). Family-I &
c A—a0
3.2. Binding activity of Family-I and -II aptamers to Gg: :A
The equilibrium dissociation constant (Kp) of c-6

Family-I and -II aptamers was determined by a filter . "Acg: -
binding assay. Each aptamer (1 nM) was internally 72, 6, €6 % Lu n.*n
labeled and incubated with increasing concentrations ." ] IIHI: P6fs ¢
of TLR3-ECD (0.25-64 nM) in the binding buffer. 9o 909 ' gc’
When the molar ratio of the RNA aptamers and sLl ¢ n'\, sL
TLR3-ECD was 1:64 (1 nM : 64 nM), approximately
27% maximal binding activity was observed (Fig. 2).
The data points were fitted to a Scatchard plot to
determine the equilibrium dissociation constant using 5
Prism 4 ver 4.0b (GraphPad Software Inc.). The Family-lI e
apparent Kp values for the aptamers were e g
approximately 3 nM (Family-I, 2.1 nM; Family-II, SLII g:g,osu :
3.6 nM). Based on the Kp values for TLR3-ECD, cA- ul®
selected Family-I and -II aptamers harbor high ITa BTG Aty
affinity for TLR3-ECD. e FIMT PP @

‘., Jgeueg .ccg' ;

3. i in, ily- - “ 1 cg®

3.3. Enzymatic probing of Family-I and -II aptamers - B

The secondary structure models for Family-I
and -II aptamers shown in Fig. 1 are based on
Mulfold analysis of the RNA sequences. To confirm
whether the solution structures of the two aptamer
groups are consistent with the proposed secondary
structure models, Family-I and -II aptamers were
subjected to enzymatic probing using RNases T1 and
A, which cleave adjacent to the 3'-phosphate of G

13-

Figure 1. The secondary structure models of Family-I and
-II aptamers against TLR3-ECD predicted by the Mulfold
program [20]. Selected sequences are shown in normal
letters. Lowercase letters indicate the constant sequence
regions flanking the randomized N40 core. SL, stem—loop
structure.

—217—



