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MAVS associates with the mitochondrial outer
membrane guanosine triphosphatase, Mfn2

We next attempted to determine whether MAVS associated with previ-
ously unidentified cellular components by analyzing immunoprecipitated
samples derived from HEK 293 cells stably expressing Myc-tagged MAVS.
Analysis of samples immunoprecipitated with an antibody against the Myc
tag by liquid chromatography with tandem mass spectrometry (LC/MS/MS)
identified several mitochondrial proteins (table S1). Plasmids encoding these
proteins were individually coexpressed with a plasmid encoding MAVS by
transient transfection of HEK 293 cells. Of these candidates, the mitochon-
drial outer membrane guanosine triphosphatase (GTPase) Mfn2, which
mediates mitochondrial fusion (20), coimmunoprecipitated with MAVS

Fig. 1. MAVS is a component of a supramolecular A
prolein complex. (A) Size exclusion chromatography
(Superdex-200 HR-10/30 column) of endogenous

and exogenous MAVS at pH 7.2. The positions g
corresponding to the elution of standard markers 8
of molecular mass and the void volume are indi- ®
cated. Fractions (numbered) were analyzed by 8’
Westem biotting with a polyclonal antibody against '8
hMAVS (lo detect endogenous protein) or the 9E10 Lt
monoclonal antibody against Myc (to detect tagged
protein), as well as with a polyclonal antibody
against Fis1 for the control analysis. (B) HEK 293 i
cells were cotransfected with combinations of plas- 3
mids encoding HA-tagged Min2 and Myc-tagged 8
MAVS, as indicated. Western blots of samples im- g,
munoprecipitated (IP) with an antibody against Myc ()
or postnuclear cell lysates (lysate; 6% of the input) lﬁ
were analyzed by immunoblotting (IB) with either the
monoclonal antibody HA.11 against HA or the
monoclonal antibody 9E10 against Myc. (C) Interac- B
tion of endogenous Min2 with MAVS. Lysates of Myc-MAVS
HEK 293 celis were subjected to immunoprecipi- Min2-HA
tation with anti-MAVS polyclonal antibody or control . ™
IgG followed by the analysis of Western biots with P o-Myc
an antibody against Min2. Lysate, 4% of the input. IB: o-HA
In{A) to (C), a denotes “anti-". (D) Endogenous MAVS
(red) and Min2 (red) colocalize with mitochondria in Lysate (6%)
MEFs. Mitochondria were stained with a monoclonal IB: a-HA
antibody against mtHsp70 (green). Scale bar, 10 pm.
IP: a-Myc
IB: a-Mye

(Fig. 1B). In addition, we confirmed that MAVS coimmunoprecipitated
with endogenous Mfn2 in HEK 293 cells (Fig. 1C). The interaction between
endogenous Mfin2 and MAVS was also observed in mouse embryonic fi-
broblasts (MEFs) (fig. S1). Consistent with this observation, MAVS and
M2 mRNAs showed similar expression patterns in human tissues
(15, 21), and the colocalization of both endogenous proteins to mitochon-
dria was confirmed in MEFs by fluorescence microscopy (Fig. 1D). Although
Mfhn2 is a large transmembrane GTPase that is well known for mediating
mitochondrial fusion, it has additionally been reported to act as an endo-
plasmic reticulum (ER)-mitochondrion tether (22), as a suppressor of
cellular proliferation (23) and as a pathogenic factor in inherited peripheral
neuropathy (24).
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Mfn2 inhibits MAVS-mediated activation of IRF-3 and NF-xB
Having identified Mfn2 as a component of the MAVS complex, we inves-
tigated whether this protein modulated MAVS-mediated activation of IFN-§
and NF-«B reporter constructs. Although MAVS potently activated both
IFN-B and NF-kB Iuciferase-based reporters, as seen previously (9, 14-16),
M2 alone failed to activate either reporter construct (Fig. 2A). However,
coexpression of Mfn2, but not the unrelated mitochondrial outer membrane
protein Fis1, with MAVS was sufficient to inhibit MAVS-dependent activa-
tion of IFN-B and NF-xB reporters in a dose-dependent manner (Fig. 2B).
This inhibitory activity was not observed with the Mfn2 homolog, Mfn1,
despite the ~60% sequence identity between the two proteins (21), which
indicated that the observed inhibitory activity toward MAVS-mediated
signaling was specific to Mfi2 (Fig. 2C). The inhibition that resulted from

Fig. 2. Min2 inhibits MAVS- A

the increased abundance of M2 was not attributable to general mitochon-
drial dysfunction because most cells that contained both overexpressed
MAVS and Mfn2 exhibited normal tubular mitochondrial morphology that
was indistinguishable from that of untransfected cells (Fig. 2D).

Because MAVS-dependent antiviral signaling is potentiated by the rec-
ognition of viral dsRNA by the cytoplasmic RNA helicases RIG-I and
MDA-5, we sought to determine the effect of Mfn2 on the ability of these
sensor helicases and dsRNA to induce downstream activation of IRF-3 and
the IFN-B reporter. Overexpression of the N-terminal CARD domains of
RIG-I [designated as RIG-I(1-250) in this study] induces a robust intra-
cellular antiviral response (25). Mfii2 dramatically reduced the ability of
RIG-(1-250) to activate the IFN-p reporter in a dose-dependent manner
(Fig. 3A) and similarly reduced the production of endogenous IFN-B protein

mediated activation of IFN-§ and 1
NF-xB reporters. (A) HEK 293 cells
were transfected with empty vec-
tor (Mock) or increasing amounts
(20, 50, and 100 ng) of plasmids
encoding MAVS (positive control)

(FN-B (fold)

or Min2 and with either IFN-§ (left
panel) or NF-xB (right panel) lu-
ciferase reporter plasmids. Inset:
a magnified scale of Min2 result.
(B) HEK 293 celis were cotrans-
fected with 50 ng of a plasmid
encoding MAVS and increasing
amounis (20, 50, and 100 ng) of B
plasmids encoding Min2 or Fis1
(negative control) together with the

same reporter plasmids used in b
(A). (C) The Min2 homolog, Mint,
does not inhibit MAVS-mediated
activation of IFN-8 reporter. The
resulting IFN-B reporter activity
was determined as above. All
data shown represent mean val- 4
ues + SD (n =3 expériments): **
*P < 0.05; *“P < 0.01. (D) Immuno- M
fluorescence microscopy of un- T
transfected Hela cells, Hel.a cells Min2
transfected with a plasmid encod-
ing MAVS, or Hela cells cotrans-
fected with plasmids encoding
MAVS and Mfn2, Cells were vi-
sualized with MAVS [enhanced
green fluorescent protein; green},
Min2 (Alex Fluor 568; red), and
mitochondria (red fluorescent pro-
tein; red).- Scale bar, 10 um.
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as determined by enzyme-linked immunosorbent assay (ELISA) (Fig. 3B).
‘We additionally examined the activation of endogenous IRF-3 by perform-
ing gel-shift assays. Expression of RIG-I(1-250) promoted the halimarks of
IRF-3 activation, namely, its dimerization and phosphorylation (Fig. 3C), both
of which were impaired by Mfn2 in a dose-dependent manner (Fig. 3C).

Overexpression of Mfn2 additionally abrogated the effect of MDA-5 in

a dose-dependent manner (Fig. 3D). MDA-5 is the intracellular receptor for
poly(I:C), a synthetic analog of viral double-stranded RNA (26, 27).
Consistent with previous findings, the delivery of poly(I:C) into HEK
293 cells by transient transfection stimulated the IFN- response, which

Fig. 3. Min2 suppresses IFN-§
signaling mediated by RIG-|
and MDA-5. (A) HEK 293 cells
were cotransfected with 50 ng
of plasmid encoding RIG-(1-
250) with increasing amounts
(20, 50, and 100 ng) of a plas-
mid encoding Min2 together
with the luciferase reporter plas-
mid p125iuc. Transfected cells
were analyzed 24 hours later
for IFN-B-dependent lucifer-
ase activity. (B) HEK 293 cells
were cotransfected with 200 ng
of plasmid encoding RIG-(1-
250) and 200 ng of a plasmid
encading either pcDNA3.1
(negative) or Min2. Culture su-
pernatants were harvested
24 hours after transfection and
analyzed by ELISA to measure
the production of IFN-B. (C)
HEK 293 cells were cotrans-
fected with 300 ng of a plasmid
encoding RIG-I(1-250) and
increasing amounts (100, 300,
and 500 ng) of the plasmid en-
coding Mfn2. Cell lysates were
resolved by electrophoresis
under native (top panel) or de-
naturing conditions (middie and
bottom panels) and then ana-
lyzed by Westem blotting with
the indicated antibodies. (D)
Experiments were performed
similarly to those in (A), except
that the plasmid encoding
MDA-5 was used in the trans-
fections instead of the plasmid
encoding RIG-{(1-250). (E) HEK
293 cells were transfected with
various amounts (20, 50,:100,
and 200 ng) of the plasmid en-
coding Min2 and were either
cotransfected with poly(1:C)
(left panel) or treated extra-
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was suppressed by Mfn2 (Fig. 3E). In contrast, Mfn2 did not impair the
IFN- response to extracellular poly(I:C) (Fig. 3E). Taken together, these
results indicate that Mfn2 acted as a negative regulator of RIG-I-, MDA-5—,
and dsRNA-dependent antiviral signaling through MAVS and suggested
that the association of MAVS and Mfn2 might underlie this inhibition.

Loss of endogenous Mfn2 results in enhanced RIG-I- and
MDA-5-induced antiviral responses
The previous experiments showed that Mfin2 suppressed MAVS-dependent
signaling. We therefore attempted to determine, through an RNA interference
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cellularly with poly(l:C) (right panel). The resuliing IFN-B reporter activity was determined as described earfier. All data shown represent mean values + SD
(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 IFN-§ 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
Min2-specific siRNA
results in an enhanced
antiviral response. (A)
Gel filtration (Superose
6 HR-10/30) elution pro-
files of endogenous
Min2 (as well as MAVS)
extracted fraom the mito-
chondrial fraction of
HEK 293 cells that had
been treated with either
control siRNA or siRNA
specific for Min2. The
positions corresponding
tothe eluionof 66%-and
440-kD molecular mass 1 2

669 kD
h

440 kD
¥

Control siRNA

669kD 440 kD
¥ ¥

Mfn2 siRNA

into HEK 293 cells that had been treated with Mfn2-specific siRNA re-
stored the suppressive effect on RIG-I(1-250)-dependent induction of the
IFN-B reporter (Fig. 4C). HEK 293 cells also exhibited a differential re-
sponse 1o an increased abundance of MAVS when treated with the Mfn2-
specific siRNA, with increased activation of the IFN-B reporter and production
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-B reporter and the production of IFN-p
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reporter-dependent luciferase activity was additionally measured after re-
introduction of Myc-tagged Min2. Expression of the plasmid encoding
Myc-tagged Min2 was confirmed by Western blotting analysis with an anti-
body (9E10) against Myc (inset, lane 2). (D) Experiments were performed
similarly to those in (B), except that cells were transfected with poly(l:C)

www. SCIENCESIGNALING .org

siRNA

Control

Min2

-n

IB: o-Min2

118: o-Tom20

IFN-B (fold)

My -+ -+ -+
siRNA  Nontreated Control Min2
w8 1 2 3

instead of the plasmid encoding RIG-I{1-250). (E) Knockdown of Min2
enhanced MDA-5-induced activation of IRF-3. (F) Activation of the IFN-§
reporter in siRNA-treated HEK 293 cells infected with measles virus (MV)
at an MOI of 2. All data shown represent mean values + SD (n= 3
experiments). *P < 0.05; *P < 0.01.

18 August 2003 Vol 2 issue 84 rad7 5

—335—

600Z ‘gl 1snbny uo Bio Bewsousios aX}s wolj papeojumoQ



RESEARCH ARTICLE

protein in response to transfection with poly(I:C) (Fig. 4D and fig. $3), as
well as increasing the amount of MDA-S-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 Mf2-specific siRNA
compared to that in control cells (Fig. 4F).

Given that our knockdown experiments failed to completely deplete
Mfn2 protein (the effects were relatively modest), we evaluated IFN-$
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.
SA). In addition, reintroduction of Myc-tagged murine Mfn2, but not
that of its homolog mMfnl, fully restored suppression of IFN-§ pro-

Fig. 5. The effect of Min2 defi- A
ciency on viral infection in MEFs.
(A) WT and Mfn2-deficient MEFs
were transfected with plasmids
encoding either murine MAVS or
mRIG-1(1-250), and the produc-
tion of IFN- 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 Min2-deficient MEFs

with Min2 restores modulation of
the IFN-B response. Min2-deficient
MEFs were transfected with plas-
mids encoding mRIG-1(1-250)
and either Myc-tagged mMin2 or
mMint, and culture supernatants 7
were harvested 24 hours later for 1204
measurement of IFN-B produc-
tion by ELISA. Expression of the
plasmids encoding Min2 or Mint
was confirmed by analysis of
Western blots with an antibody
against Myc (inset, lanes 2 and
3). (C) This experiment was per-
formed similarly to that descriped
in (A) except that WT and Mfm2- 0
deficient MEFs were infected - VSVAGG - + - +

Mock mMAVS
1B: a-Myc 1 2
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duction in MEF's from Mf2 ™~ mice (Fig. 5B), underscoring the importance
of endogenous Mfn2 for the modulation of MAV S-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-f protein was substantially
increased relative to that of infected WT and Mfnl-deficient MEFs (Fig.
5C), and the number of cells expressing GFP was significantly reduced only
in the Mfi2-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
(EMCYV), was also greater in the Mfi2-deficient MEFs relative to that of
WT MEFs (Fig. SE), consistent with a role for Mfn2 as an inhibitor of
the MAVS-mediated antiviral response.
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The HR1 region of Mifn2 is critical for its interaction with MAVS
Through a coimmunoprecipitation approach, we mapped the region of
Mfin2 that interacted with MAVS to a central 4,3 hydrophobic heptad repeat
(HR1) region (Mfii2-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-HR1, 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-HR 1 and MAVS was observed only with the
transmembrane-anchored form of MAVS (C-term/TM), indicating that the
Mf2-HR1 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 nvestigate 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 IFN-P and NF-xB responses to the overexpression
of MAVS-, RIG-1(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-f response, whereas a
GTPase mutant of Mfn2 (Mfu2®'*) behaved nearly similarly to WT
Mfn2 (Fig. 6D). Although the HR1 region has been characterized as an im-

Fig. 6. The HR1 region of Min2 associates A B cARD Mo .
with MAVS and inhibits activation of the IFN-§ Min2 {full length) R ST i A Myc-MAVS e
reporter. (A) Interaction of HA-tagged MAVS Min2-GTPaseMyc  [TRSTPR: ™ MycMAVS (CARD)  BREEE
and Myc-tagged Min2 variants (upper panel) Min2-HR1-Myc 3‘ . Myc-MAVS (CARDIPro) BN TR ] -
was analyzed by coimmunoprecipitation as- Min2-HR2-Mye T Myc-MAYS {C-term/TM) [ —
says, which were performed as described Min2HR2-Myc ~ - - 4 Myc-MAVS (C-term}
for Fig. 1B. The GTPase domain, hydrophobic Min2-HR1-Myc - - + - Myc-MAVS (Cterm) = = = = = +
heptad repeats (HR) 1 and 2, and trans- Min2-GTPassMye - + - - Myc-MAVS (C-termTM) ~ =~ = = 4 =
membrane segment (TM) are depicted. (B) HAMAVS + + + + Mm’m\fg?g@'g; T ; o
Interaction of truncated MAVS variants with 75kD :g Zm’\c MycMAVS - 4 - - - -
the Mfn2-HR1 fragment. (C) HEK 293 cells ’ Min2-HR1-HA + + + + +
were colransfected with 50 ng of plasmids 75kD Lysate (6%) 3TKD T IP: a-Myc
encoding either MAVS, RIG-1(1-250), or MDA-5 I8: a-HA 1B: o-HA
together with increasing amounts (20, 50, and 75kD 37k0 4 Lysate (6%)
100 ng) of a plasmid encoding the Min2-HR1 SOKD P: a-Myc 7540 - 1B:o-HA
fragment and the IFN-p luciferase reporter . 37k0 18: o-Myc o 3
plasmid as described for Fig. 2. (D) HEK 2K 37D | IPra-Mye
. ] 1B: a-Myc
293 cells were cotransfected with 50 ng of 2004 .
plasmid enceding RIG-I(1-250) and increas-
ing amounts (5, 15, and 30 ng; inset) of plas- c
mids enicading WT and mutant Min2 proteins
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ern blots showing the abundance of the WT 20
and mulant Min2 proteins, as well as the abun- 2% o G T ]
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shown represent mean values + SD (7= 3 E tr E 100 . E a0 -
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portant domain for mitochendrial targeting (30) or fusion (31), its functional
role in mitofusin homologs is still poorly understoed. Our results indicate
that the HR1 region of Mfn2 is critical for regulating the antiviral signaling
pathway.

Min2 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-xB reporter in response to tumor necrosis factor
receptor-associated factor 6 (TRAF6) (Fig. 7A), an essential upstream regu-
lator of the inhibitor of B kinase complex, or on the activation of the IFN-§
reporter in response to TANK-binding kinase 1 (TBK-1) (Fig. 7A), akinase
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 Mfi12-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, TRAFS, or
TBK-1. In the control (left panel),
cells were infected with measles
virus (MV) at an MO! of 2. (B) WT
and Mfn2-deficient MEFs were
transfected with plasmids encod-
ing either mMMAVS or mTRAFS, T
and the subsequent production
of IL-6 was measured by ELISA. 0-
All data shown represent mean
values = SD (n = 3 experiments).
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*P < 005, *P < 001. (C) Schematic B
representation of the MAVS-Mfn2
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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 MAV'S 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
enthanced 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-1 or
MDA-5. Such a model would suggest that Mfn2 functions by stably se-
questering MAV'S 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-xB 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 MAVS-dependent antiviral signaling (17). Moreover, it is noteworthy
that inhibition of MAVS-mediated antiviral signaling was not observed with
Mful, which suggests that Mfn1 and Mfii2 are not functionally redundant and i
lustrates that Mfn2 has multiple specialized functions in the cell (22-24, 34).
A small amount of Mfn2 is thought to be present in the ER (22). In addition,
stimulator of nterferon genes (STING) [also termed MITA (73)], 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 mterplay between the ER and mitochondria that control antiviral
signaling and raise the possibility that Mfn2 may be involved.

MATERIALS AND METHCDS

Cell culture

The HEK 293 and HeLa 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, Mfir] ", and Mf2”" 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). Immunofluorescence 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 TRIzo! 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; hMfn2: TK365/TK366;
hM1: TK363/TK364; hFisl: TK367/TK368; hRIG-1(1-250): TK357/
. TK358; hMDA-5: TK442/TK443; hTBK-1: TK497/TK498; murine
MAVS: TK300/TK307; and mRIG-1(1-250): TK310/TK345. Plasmids en-
coding epitope-tagged MAVS proteins were constructed by ligating the MAVS
¢DNA 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
* hMfh2, hMfnl, hRIG-I(1-250), and tMDA-5 cDNAs were ligated into
pcDNA3.1 that encoded either a C-terminal 7% Myc or a 3% HA tag.

Antibodies

Antibodies against human MAVS (hMAVS) and murine MAVS (mMAVS)
were generated by immunizing rabbits with either recombinant N-terminal
histidine-tagged hMAV'S (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 hMn2, 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

wWww. SCIENCESIGNALING .org

Biochemicals. The monoclonal antibody against mitochondrial heat shock
protein 70 (mtHsp70) was from Affinity BioReagents. The polyclonal anti-
body against rat Mfn2 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 off and
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 supernatant was further centrifuged at 10,000g for 10 min at 4°C
to precipitate the crude mitochondrial fraction. Afler the pellet was washed
once with homogenization buffer, the mitochondrial extracts were prepared
by solubilization with lysis buffer [S0 mM tris-HCl (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-HC! (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 pl each) were collected, resolved by 8% SDS—polyacrylamide
gel electrophoresis (SDS-PAGE), and analyzed by Westem blotting with either
a polyclonal antibody against h(MAVS (see above) or a monoclonal antibody
against htMfn2, For the analysis of Fisl, fractions were resolved by 15% SDS-
PAGE followed by Western blotting analysis with a polyclonal antibody
against hFis1, 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 3x
Myec-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 [20mM 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 § 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 g 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 [SO mM tris-HCl (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 ul 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 ImmumoResearch).
To immunoprecipitate endogenous MAVS, HEK 293 cells and MEFs were
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lysed with 1% digitonin lysis buffer, and the clarified supernatants were in-
cubated with 10 pg of antibody against AMAVS 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 hMfin2, 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 Renilla 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 p125luc 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 RNA1). HEK 293
cells were transfected with 50 nM siRNA (final concentration) with
Lipofectamine RNAIMAX (Invitrogen). The following day, cells were
transfected with uciferase 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 human 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 pl 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 EMCV (25) at an MOI
of 3 and incubated for 24 hours before analysis by ELISA, as described
above,

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgl/content/full/2/84/rad 7/DCH

Materials

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

Fig. S2. Knockdown of Mfn2 with specific siRNA results in enhanced MAVS-mediated
activation of the IFN-B reporter.

www. SCIENCESIGNALING . org

Fig. S3. Treatment of HEK 293 cells with Mfn2-specific siRNA increased the production of
endogenous IFN-8 in response to transfection with poly(1:C).

Fig. S4. Mfn2-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 mitochondnial proteins, other than Min2, that were identified by LCMS/MS.
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The P, V, and C proteins of measles virus are encoded in overlapping reading frames of the P gene, which
makes it difficult to analyze the functions of the individual proteins in the context of virus infection. We
established a system to analyze the C protein independently from the P and V proteins by placing its gene in
an additional transcription unit between the H and L genes. Analyses with this system indicated that a highly
attenuated Edmonston lineage vaccine strain encodes a fully functional C protein, and the P andjor V protein

is involved in the attenuated phenotype.

Measles is a highly contagious disease characterized by
high fever and a maculopapular rash. About 4% of deaths in
children aged under 5 years are caused by measles world-
wide (9). The causative agent, measles virus (MV), belongs
to the genus Morbillivirus in the family Paramyxoviridae. The
genome of MV is a nonsegmented negative-strand RNA of
~16 kb in length and contains six genes. Each gene encodes
a single structural protein, namely the nucleocapsid (N),
phospho (P), matrix (M), fusion (F), hemagglutinin (H), and
large (L) proteins (17). The genome forms a helical ribonu-
cleoprotein complex with the N protein and viral RNA-
dependent RNA polymerase composed of the P and L
proteins. The P protein acts as an essential cofactor of
RNA-dependent RNA polymerase and tethers the L protein
onto the nucleocapsid template (20). The P gene encodes
additional gene products, the V and C proteins, by the
processes of RNA editing and alternative translational ini-
tiation in a different reading frame, respectively (17). Al-
though the V and C proteins are nonessential for MV rep-
lication (29, 35), they act as important virulence factors in
vivo (11, 28, 44-46). Many lines of evidence have indicated
that the C and V proteins of MV antagonize the host inter-
feron (IFN) responses (10, 16, 22, 23, 25, 26, 37,42, 47). The
V protein directly interferes with pathways of IFN induction
(1) and IFN signaling (25, 26, 42), while the C protein
contributes to circumvention of IFN induction by control-
ling the levels of viral RNA synthesis (22, 23, 31). Direct
interference with 1IFN signaling by the C protein has also
been reported, although its effects are weaker than those of
the V protein (16, 37).

In a recent study, we showed that a recombinant IC-B
strain possessing the P gene of the attenuated Edmonston
tag strain (IC/EdP) replicates less efficiently than the paren-
tal IC-B strain (a virulent strain) (40). The Edmonston tag
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strain is a recombinant MV derived from the Edmonston B
vaccine strain, which has been passaged numerous times in
various cultured cells (30). There are many amino acid dif-
ferences between the P gene products of the IC-B and
Edmonston tag strains (Fig. 1) (27, 30, 43). Most of the
changes found in the Edmonston tag strain are common to
the Edmonston lineage MV strains (27). However, owing to
two amino acid substitutions at positions 110 and 272, which
are not conserved among the Edmonston lineage MV strains
(25-27), the V protein of the Edmonston tag strain is de-
fective in counteracting IFN signaling (10, 12, 16, 25). The
changes at these two positions are also found in other lin-
eages of MV vaccine strains as well as cultured, cell-adapted
MY strains (2, 8, 40). Therefore, we consider the P gene of
the Edmonston tag strain to be a representative P gene
encoded in attenuated MV strains.

The C protein expressed from the newly created C gene
supports MV replication efficiently. Previous studies using ex-
pression plasmids have suggested that functional differences in
the C protein are possibly involved in the attenuated pheno-
types of the Edmonston and vaccine strains of MV (3, 24, 31).
These observations motivated us to compare the C protein
functions between the IC-B and Edmonston tag strains in the
context of virus infection. It should be noted that the licensed,
highly attenuated Zagreb vaccine strain encodes a C protein
with an amino acid sequence identical to that of the Edmon-
ston tag strain (4, 27). However, analyses of the C protein using
infectious MVs pose the problem that mutations in the C
protein are often accompanied by mutations in the P and V
proteins because they are encoded in overlapping reading
frames. In the present study, we established a reverse-genetics
system to analyze the C protein independently from the P and
V proteins by placing its gene in an additionally created tran-
scription unit (termed the C gene) between the H and L genes
(Fig. 2A). The expression levels of MV mRNAs decrease pro-
gressively from the 3’ end to the 5' end of the virus genome.
Although the C protein is expressed from the P gene (the
second locus of the virus genome) in the original virus genome,
the expression level is relatively low. It is because the C protein
is translated using the second AUG codon in the P gene tran-
scripts via a leaky scanning mechanism. We, therefore, placed
the C gene at a downstream locus (between the H and L genes)
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FIG. 1. Amino acid differences between the P, C, and V proteins of the Edmonston tag strain and those of the IC-B strain. The white, gray,
and black boxes indicate the reading frames for the P protein and the C protein and the unique carboxyl terminus of the V protein of the
Edmonston tag strain, respectively. Substitutions in the P protein compared with the IC-B strain are shown above the boxes, while those in the
C and V proteins are shown below the boxes. The functional domains of the P protein (20) are shown as black lines above the white box, while
those of the C protein (24) are shown below the gray box. NLS, nuclear localization signal; NES, nuclear export signal.

of the virus genome in order to achieve an expression level of
the C protein similar to that from the P gene. The original
reading frame of the C protein in the P gene was knocked out
by introducing nonsense mutations into the frame, as reported
previously (22, 44), and the mutated P gene was termed PAC.
A recombinant MV IC-B strain possessing a genome with
these alterations was generated by reverse-genetics techniques
(39, 41) and designated ICAC-add[IC-C] (the C protein of the
IC-B strain was termed IC-C). Another recombinant MV, des-
ignated ICAC-add[AC], was also generated. This second re-
combinant MV possessed the C gene but lacked C protein
expression owing to introduced nonsense mutations. A third
recombinant MV, ICAC, which lacks C protein expression
from the P gene and does not have an additional C gene, has
already been reported (22, 44). All the recombinant MV
strains analyzed in the present study were derived from 1C323-
EGFP (18) (termed the wild-type [wt] virus in this study),
which was engineered to express enhanced green fluorescent
protein (EGFP) from another additional transcriptional unit at
the first locus of the genome of the IC-B strain (Fig. 2A) (18).
A pulse-labeling experiment revealed that the expression levels
of the C protein from the newly created C gene at 24 h postin-
fection (p..) in Vero/hSLAM and A549/hSLAM cells were
similar to those from the original P gene (Fig. 2B).

Our previous studies indicated that IFN regulatory factor 3
(IRF3) is activated in cells infected with ICAC, leading to the
production of IEN (22, 23). Furthermore, protein translation is
inhibited in these cells through phosphorylation of the eukary-
otic translation initiation factor elF-2a (22). Consequently,
ICAC replicates poorly in these cells possessing a functional
IFN system but replicates fairly well in cells with a defective
IFN system (22). As observed in ICAC-infected cells, IRF3 was
translocated into the nucleus in ICAC-add[AC]-infected cells,
whereas it was hardly translocated into the nucleus in ICAC-
add[IC-C)-infected cells (Fig. 2C). Synthesis of viral proteins
was restored in ICAC-add[IC-Cl-infected cells (Fig. 2D). Fur-
thermore, this Western blot analysis reconfirmed the similar
expression levels of the C protein for the wt and ICAC-add[IC-
C] viruses at 24 h p.i. (Fig. 2D). ICAC-add[IC-C] replicated

efficiently, and its maximum virus titer was as high as that
of the wt virus (Fig. 2E). However, the virus titer of ICAC-
add[IC-C] dropped off more rapidly than that of the wt virus
(Fig. 2E), revealing some differences between the growth ki-
netics of the wt and ICAC-add[IC-C] viruses at the late stage of
virus infection. The rapid decrease in the virus titer of ICAC-
add{IC-C] may thus suggest some differenice in the expression
levels of the C protein between ICAC-add[I1C-C] and wt viruses
after 48 h p.i. Nevertheless, all the data indicate that the C
protein expressed from the newly created C gene efficiently
supports virus replication similar to that of the C protein ex-
pressed from the original P gene.

The C protein of the Edmonston tag strain supports MY
replication as efficiently as the wt C protein. Next, the function
of the C protein of the Edmonston tag strain (Ed-C) was
compared with that of IC-C using the newly developed recom-
binant virus system with the inserted C gene. Recombinant
ICAC-add[Ed-C], which encodes the C gene of Ed-C, was
generated. Synthesis of viral RNAs in either ICAC-add[IC-C]-
or ICAC-add[Ed-Cl-infected cells was controlled to a level
similar to that in wt virus-infected cells, whereas it was accel-
erated in ICAC-add[AC}-infected cells, as observed in ICAC-
infected cells (Fig. 3A). No significant differences were found
between the intracellular distribution patterns of Ed-C and
IC-C in virus-infected cells (Fig. 3B). IRF3 was hardly trans-
located into the nucleus in ICAC-add[Ed-Cl-infected cells
(Fig. 3C). In addition, ICAC-add[Ed-C] produced levels of
viral proteins similar to those of ICAC-add[IC-C] (Fig. 3D).
Consequently, ICAC-add[Ed-C] replicated as efficiently as
ICAC-add[IC-C] (Fig. 3E). These data indicate that BEd-C is
fully functional in supporting virus replication and circumvent-
ing host IFN responses, similar to IC-C. These results are
consistent with our previous observation that the ability of the
C protein to inhibit viral RINA synthesis is correlated with the
abilities of MV to circumvent IFN induction and support virus
growth in IFN-competent cells (23). Many studies regarding
the roles of the MV C protein in virus replication and patho-
genesis have been carried out using the Edmonston tag strain
(7, 15, 28, 29, 46). Our present study helps to validate the
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FIG. 2. The C protein expressed from the newly created C gene is fully functional in supporting MV replication. (A) Insertion of an additional
transcription unit (the C gene) between the H and L genes. Transcription regulatory regions (gene end [GE), intergenic, and gene start [GS]
sequences) and the coding sequence for the C protein (C-ORF) were inserted at the junction between the H and L, genes using appropriate
resiriction enzyme recognition sites (Spel, Fsel, and Rsrll). The recombinant MV genome also possesses a transcription unit for EGFP (green).
Le and Tr indicate leader and trailer sequence, respectively. (B) Vero/hSLAM and AS49/hSLAM cells were infected with wt and ICAC-add{IC-C]
viruses at a multiplicity of infection (MOI) of 0.5. At 12 and 24 h p.i., the cells were pulse-labeled with [**S]methionine-cysteine. The C proteins
were immunoprecipitated with an anti-C protein monoclonal antibody (2D10) (23), subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and detected using a Fuji Biolmager 1000 (Fuji, Tokyo, Japan). {C) Indirect immunofiuorescence assay for IRF3.
AS49/hSLAM cells were infected with recombinant MVs (wt, ICAC, ICAC-add[IC-C], and ICAC-add[ACY), which express EGFP (18), at an MOI
of 0.5 and incubated in medium containing a fusion-blocking peptide (32). At36 h p.i., IRF3 was detected by an indirect immunofluorescence assay.
Green and red fluorescence indicate EGFP encoded in the recombinant MV genome and IRF3, respectively. (D) Expression of viral proteins.
A549/hSLAM cells were infected with recombinant MVs at an MOI of 0.5. At 24 h p.i., the N, P, V, C, and H proteins in the cells were detected
by SDS-PAGE and Western blotting using appropriate primary and secondary antibodies. (E) Growth kinetics. Monolayers of A549hSLAM celis
were infected with recombinant MVs ([, wt; X, ICAC; ©, ICAC-add[IC-C}; =, ICAC-add[AC]) at an MOI of 0.01. At various time intervals, the
infectious virus titers were determined by plaque assays. Data represent the means * standard deviations (SD) of results from triplicate samples.

knowledge regarding the functions of the C protein obtained
using the Edmonston tag strain.

C}. In addition, MVs possessing EdPAC, including the Ed-
monston strain and IC/EdP, produced smaller plaques than

The P/V protein of the Edmeonston tag strain is responsible
for the attenuated phenotype. None of the data showed any
functional differences between IC-C and Ed-C. Consequently,
the reduction in virus growth observed for IC/EdP (40) should
be caused by the P and/or V (P/V) proiein of the Edmonston
tag strain. The P gene of the Edmonston tag strain in which C
protein expression was knocked out (EdPAC) was introduced
into the ICAC-add[IC-C] and ICAC-add[Ed-C] genomes to
replace PAC. The generated viruses were termed IC/EdPAC-
add[IC-C] and IC/EdPAC-add[Ed-C], respectively. Recombi-
nant MVs possessing EdPAC (IC/EdPAC-addfIC-C] and IC/
EdPAC-add[Ed-C]) synthesized smaller amounts of viral
RNAs (Fig. 4A) and replicated less efficiently (Fig. 4B) than
those possessing PAC (ICAC-add{IC-C] and ICAC-add[Ed-

those possessing PAC (Fig. 4C) (40). These data confirm that
the attenuated growth of IC/EdP is caused by the P/V protein
of the Edmonston tag strain and not by the C protein. It is
unlikely that the inability of the V protein of the Edmonston
tag strain to counteract IFN signaling (10, 12, 16, 25) is asso-
ciated with the growth attenuation of MV possessing EAPAC,
because we used Vero cells that are defective in the IFN
system (14, 21) in these analyses.

Implications. The mechanisms involved in the attenuation
of the Edmonston and vaccine strains of MV remain to be
elucidated. MV can be attenuated through adaptation to
growth in cultured cells (19), and the Edmonston and vaccine
strains have been generated through large numbers of passages
in various cultured cells (34). Mutations in the P gene are often
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FIG. 3. The C protein of the Edmonston tag strain is equivalent in functionality to the C protein of the IC-B strain. (A) Quantification of viral
mRNAs. Vero/hSLAM cells were infected with recombinant MVs (red, wt; light blue, ICAC; purple, ICAC-add{IC-C); blue, ICAC-add[AC];
yellow, ICAC-add[Ed-C]) at an MOI of 0.5. At 36 h p.i,, the viral mRNA levels in the cells were analyzed by reverse transcription-quantitative PCR
as previously described (23). Data represent the means = SD of results from triplicate samples. (B) Intracellular distribution of the C protein.
Vero/hSLAM cells were infected with recombinant MVs expressing EGFP (18) at an MOI of 0.5 in the presence of a fusion-blocking peptide (32).
At 36 h p.i., the intracellular distribution of the C protein was analyzed by an indirect immunofluorescence assay using appropriate primary and
secondary antibodies (23). Green and red fluorescence indicate EGFP encoded in the recombinant MV genome and the C protein, respectively.
(C) Indirect immunofluorescence assay for IRF3. ICAC-add[Ed-Cl-infected AS49/hSLAM cells were subjected to an indirect immunofluorescence
assay for IRF3 using the same procedures described in the legend for Fig. 2C. (D) Expression of viral proteins. Viral proteins in recombinant
MV-infected AS49/hSLAM cells were detected using the same procedures described in the legend for Fig. 2D. (E) Growth kinetics. Monolayers
of A549/hSLAM, HeLa/hSLAM, and H358 cells were infected with recombinant MVs (O, ICAC-add[IC-CJ; =, ICAC-add[AC]); A, ICAC-add[Ed-
C]) at an MOI of 0.01. At various time intervals, the infectious virus titers were determined by plaque assays. Data represent the means + SD of
results from triplicate samples.

observed during the adaptation process of MV (2, 13, 27, 38, functional C protein by the Edmonston tag and vaccine strains
43) as well as in related viruses (5, 6, 33). The C protein was of MV would be reasonable, since they have to grow in chicken
shown to be dispensable for virus growth in some cultured cells embryo fibroblasts (34), which possess an intact IFN system
(29) but acts as an important virulence factor in vivo (11, 28, (36).

44). Therefore, mutations in the C protein are possibly respon- It has long been believed that the Edmonston strain and
sible for the attenuated phenotypes of the Edmonston and its derivative vaccines have acquired mutations that may
vaccine strains of MV, However, recent studies have indicated promote viral RNA synthesis in cultured cells. However, this
that the C protein plays important roles in circumventing the is unlikely to be the case. Our present data suggest that the
host innate immune responses (16, 22, 23, 37, 47) and is there- P/V protein of the Edmonston tag strain attenuates MV
fore dispensable for virus growth in cultured cells only when growth by reducing the level of viral RNA synthesis. We
the cells have a defective IFN system (15, 22, 44). Our data speculate that this may allow the virus to circumvent the
indicate that Ed-C is fully functional in supporting virus growth host innate immune responses effectively, thereby leading to
in cells possessing a functional IFN system. Preservation of a better survival in various cultured cells. Qur present data
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FIG. 4. The P/V protein, but not the C protein, attenuates MV RNA
synthesis and growth. (A) Quantification of viral mRNAs. Monolayers of
Vero/hSLAM cells were infected with recombinant MVs (light gray,
ICAC-add{IC-CJ; black, ICAC-add{Ed-C]; dark gray, IC/EdPAC-add[IC-
C}; white, IC/EdPAC-add[Ed-C]) at an MOI of 0.01 in the presence of a
fusion-blocking peptide (32). At 18 h p.i., mRNAs were purified from the
cells, and the viral mRNA levels were determined by reverse transcrip-
tion-quantitative PCR as previously described (40). Data represent the
means * SD of results from triplicate samples. (B) Growth kinetics.
Monolayers of Vero/hSLAM cells were infected with recombinant MVs
(O, ICAC-add[IC-C}; A, ICAC-add[Ed-C}; @, IC/EAPAC-add{IC-C}; A,
IC/EAPAC-add[Ed-C]) at an MOI of 0.01. At various lime intervals, the
infectious virus titers were determined by plaque assays. Data represent
the means = SD of results from triplicate samples. (C) Plaque assays.
Monolayers of Vero/hSLAM cells on 12-well cluster plates were infected
with recombinant viruses and overlaid with Dulbecco modified Eagle
medium containing 2% fetal bovine serum and 19z methylcellulose. At 6
days pi., the cells were stained with the RTU Vectastain Elite ABC
reagent (Vector Laboratories) using anti-MV H protein monoclonal an-
tibodies and a biotinylated secondary antibody.

provide clues toward understanding why MV vaccine strains
have become attenuated during the process of adaptation to
growth in unnatural host cells and which v1ral proteins have
contributed to this attennation.
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Measles virus (MV), a member of the family Paramyxoviridae, is a nonsegmented negative-strand RNA viras,
The RNA helicases retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5
(MDAS) are differentially involved in the detection of cytoplasmic viral RNAs and induction of alpha/beta
interferon (IFN-o/B). RIG-I is generally believed to play a major role in the recognition of paramyxoviruses,
whereas many viruses of this family produce V proteins that can inhibit MDAS. To determine the individual
roles of MDAS and RIG-] in IFN induction after MV infection, small interfering RNA-mediated knockdown of
MDAS or RIG-I was performed in the human epithelial cell line H358, which is susceptible to wild-type MV
isolates. The production of IFN-§ mRNA in response to MV infection was greatly reduced in RIG-I knockdown
clones compared to that in H358 cells, confirming the importance of RIG-1 in the detection of MV, The IFN-B
mRNA levels were also moderately reduced in MDAS knockdown clones, even though these clones retained fully
functional RIG-1. AV protein-deficient recombinant MV (MVAY) induced higher amounts of IFN-f mRNA at
the early stage of infection in H358 cells compared to the parental virus. The reductions in the [IFN-§ mRNA
levels in RIG-I knockdown clones were less pronounced after infection with MYAYV than after infection with the
parental virus. Taken together, the present results indicate that RIG-I and MDAS both contribute to the
recognition of MV and that the V protein promotes MV growth at least partly by inhibiting the MDAS5-mediated

IFN responses.

Alpha/beta interferons (IFN-o/f3) play central roles in the
host defense against viral infections (42). Pattern recognition
receptors are the host molecules that detect pathogen-associ-
ated molecular patterns and activate the innale immune re-
sponses that operate at the early stage of infections (1). Toll-
like receptor 3 (TLR3) and TLR7 recognize viral RNAs in the
endosome and induce the production of various cytokines,
including IFNs. In the cytoplasm of virus-infected cells, two
RNA helicases, melanoma differentiation-associated gene 5
(MDAS5) and retinoic acid-inducible gene I (RIG-I), are in-
volved in virus recognition and IFN induction (21, 58, 59).
Studies have shown that MDAS recognizes long double-
stranded RNAs (dsRNAs) (22), which are produced in cells
infected with picornaviruses and reoviruses (23, 28), while
RIG-I detects single-stranded RNAs with 5'-triphosphate (19,
37) and short dsRNAs (22), which are found in cells infected
with a variety of RNA viruses. Therefore, it is generally be-
lieved that RIG-I plays a major role in the recognition of many
RNA viruses, including paramyxoviruses (23, 28), whereas
MDAS only acts as an RNA sensor for certain RNA viruses.

Measles is a febrile acute infectious disease that remains a
major cause of child deaths worldwide, especially in developing
countries (7). Measles virus (MV) is a member of the genus
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Morbillivirus in the family Paramyxoviridae. The MV genome
possesses six genes, which encode N (nucleocapsid), P (phos-
pho-), M (matrix), F (fusion), H (hemagglutinin), and L (large)
proteins, respectively (16). The P gene encodes two additional
proteins, the V and C proteins (5, 10). During transcription of
the P gene, an additional guanine residue may be inserted at a
specific site in the nascent transcript via the recognition of an
editing motif, producing the V mRNA (10). Consequently, the
V protein shares the N-terminal 231 amino acid residues with
the P protein but has a unique C-terminal region with 68 amino
acid residues. The C protein is translated from the P and V
mRNAs using an alternative reading frame (5). Although the
V and C proteins are dispensable for MV growth in some
cultured cells (40, 45), they promote viral replication by cir-
cumventing the host innate immune responses (11, 31, 53) and
are associated with MV virulence in vivo (12, 35, 53, 54). The
V protein blocks signal transduction in response to IFN-o/f (8,
13, 14, 32, 34, 41, 51, 57) and inhibits TLR7- and TLRY-
mediated IFN-o/f production in human plasmacytoid den-
dritic cells by binding to IkB kinase « and IFN regulatory
factor (IRF) 7 (36). Furthermore, the V proteins of many
paramyxoviruses, including MV, bind to MDAS and inhibit its
function (2). Therefore, the role of MDAS in the recognition
of paramyxoviruses may have been underestimated in previous
studies.

In the present study, we generated RIG-I and MDAS knock-
down human cells and a V protein-deficient recombinant MV
(MVAYV) and examined the roles of RIG-I and MDAS in the
detection of MV and the resulting IFN induction. Our results
indicated that these antiviral RNA helicase proteins both con-

—348—

0102 ‘',z Menuer uo sy3SIQ SNOILOAANI 4O LSNI TLYN 18 510"—“39'!/\_,‘ woij papeofumoq



VoL. 84, 2010

tribute to IFN induction in response to MV infection and that
the V protein promotes MV growth at least partly by inhibiting
the MDAS-mediated response in infected cells.

MATERIALS AND METHODS

Plasmid constructions. Using the pBAsi-hU6 pur DNA vector (Takara Bio,
Inc., Shiga, Japan), we constructed three plasmids—pBAsi-MDAS, pBAsi-
RIG-I, and pBAsi-luciferase—that generated stem-loop type small interfering
RNAs {siRNAs). The siRNAs from pBAsi-MDAS, pBAsi-RIG-1, and pBAsi-
luciferase targeted the mRNAs of human MDAS and RIG-I and firefly lucifer-
ase, respectively. The target sequences for the human MDAS and RIG-1 and
firefly luciferase mRNAs were 5'-GGAGAAUAACUCAUCAGAAUC-3, 5-G
CCAGAAUCUUAGUGAGAAUU-3', and 5'-GCCCGCGAACGACAUUUA
UAA-3’, respectively.

The plasmid p(+)MV323-EGFP was derived from p(+)MV323, which en-
coded the fuil-length antigenomic cDNA of the virulent IC-B strain of MV, and
contained an additional transcriptional unit for enhanced green flucrescent pro-
tein (EGFP) (17, 50). The plasmid p(+)MVAV-EGFP was generated by intro-
ducing four nucleotide substitutions into the region corresponding to the RNA
editing motif of the P gene of p(+)MV323-EGFP. All four substitutions were
synonymous in the reading frame of the P protein. Recombinant MVs generated
from p(+)MV323-EGFP and p(+ )MVAV-EGFP were designated wild-type (wt)
MV and MVAYV, respectively, in the present study.

Cells and viruses. H358 (49), VV5-4 (3), and B95a (24) cells were maintained
in RPMI 1640 medium (ICN Biomedicals, Aurora, OH) supplemented with
7.5% fetal bovine serum (FBS). To generate cells constitutively expressing the
siRMAs targeting the mRNAs of human MDAS and RIG-I and firefly luciferase,
H358 cells cultured in 3.5-cm dishes were transfected with 5 g of pBAsi-MDAS,
pBAsi-RIG-I, or pBAsi-luciferase using Lipofectamine 2000 (Invitrogen Life
Technologies, Carlsbad, CA), according to the manufacturer’s instructions. At
36 h posttransfection, the cells were harvested, transferred onto 10-cm dishes,
and selected in RPMI 1640 medium supplemented with 7.5% FBS and 1 pg of
puromycin/ml. After 3 weeks of culture, the puromycin-resistant clones formed
colonies on the 10-cm dishes, and three clones each were isolated from the
pBAsi-MDAS-transfected cells (clones Mi, M2, and M3) and pBAsi-RIG-I-
transfected cells (clones R1, R2, and R3). One clone was also isolated from the
pBAsi-tuciferase-transfected cells. These clones were propagated for further
analyses. Vero cells constitutively expressing human signaling lymphocyte acti-
vation molecule (SLAM) (Vero/hSLAM) (33) were maintained in Dulbecco’s
modified Eagle medium (ICN Biomedicals) supplemented with 7.5% FBS and
500 pg of Geneticin (G418; Nacalai Tesque, Tokyo, Japan)/ml. Recombinant
MVs were generated in VV5-4 cells from the cloned cDNAs and propagated as
described previously (29,47).

Reagents and antibodies. A fusion blocking peptide (FBP), Z-D-Phe-Phe-Gly,
was purchased from Peptide Institute (Osaka, Japan) (43). IFN-aA/D was pur-
chased from Sigma-Aldrich (St: Louis, MO). A serum saniple from a patient with
subacute sclerosing panencephalitis (56) was kindly provided by M. B. A. Old-
stone, The Scripps Research Institute, La Jolla, CA, and used to detect the MV
N protein. Rabbit polyclonal antibodies against the MV P and V proteins and a
mouse monoclonal antibody against the MV C protein (clone 2D10) were de-
scribed previously (30, 31). Rabbit polyclonal antibodies against MDAS and
RIG-I were purchased from ProSci, Inc. (Poway, CA). A rabbit polyclonal
antibody against IRF3 was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). A mouse monoclonal antibody against human actin (clone C2) and a
polyclonal antibody against IFN-induced protein with tetratricopeptide repeats 1
(1SG36) were purchased from Santa Cruz Biotechnology and Abnova Corp.
(Taipei City, Taiwan), respectively. Horseradish peroxidase-conjugated donkey
anti-rabbit and sheep anti-mouse immunoglobulin antibodies were purchased
from GE Healthcare (Piscataway, NJ). A horseradish peroxidase-conjugated
goat anti-human immunoglobulin antibody was purchased from EY Laboratories
(San Mateo, CA).

Virus titration. Monolayers of Vero/hSLAM cells on 12-well plates were
incubated with serially diluted virus samples for 1 h at 37°C, washed with phos-
phate-buffered saline, and overlaid with Dulbecco’s modified Eagle medium
containing 2% FBS and 1.5% methylcellulose 4000 (Wako Pure Chemical In-
dustries, Osaka, Japan). At 5 days after infection, the numbers of PFU were
determined.

Western blot analysis. After being washed with phosphate-buffered saline,
cells were lysed with a buffer (150 mM NaCl, 10 mM Tris-HCI [pH 74], 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS]),
and the polypeptides in the lysates were reduced by heating in the presence of
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B-mercaptoethanol (Nacalai Tesque). For the detection of IRF3 dimers, cells
were lysed with a different lysis buffer (150 mM NaCl, 50 mM Tris-HCI [pH 8.0},
1% NP4} (20) supplemented with serine/threonine phosphatase inhibitor
(Sigma-Aldrich), tyrosine phosphatase inhibitor (Sigma-Aldrich), and protease
inhibitor cocktails (Sigma-Aldrich), and the polypeptides in the lysates were not
reduced. The polypeptides were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE), except for those prepared to detect IRF3 dimers, which were
separated by native PAGE (20). The separated polypeptides were electroblotted
onto polyvinylidene difiuoride (PVDF) membranes (Hybond-P; GE Health-
care). The PVDF membranes were incubated with appropriate primary antibod-
ies for 16 h at 4°C, washed three times with Tris-buffered saline containing 0.05%
Tween 20 (TBST), and incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for 1 h at room temperature. After three washes with TBST,
the PVDF membranes were treated with ECL Plus reagents (GE Healthcare),
and chemiluminescent signals were detected and visualized using a VersaDoc
3000 Imager (Bio-Rad, Hercules, CA). The relative amounts of the proteins were
determined by densitometry using the Quantity One software {Bio-Rad).

Reverse transcription-quantitative PCR (RT-qPCR). Total RNAs were ex-
tracted and purified from cells using TRIzol reagent (Invitrogen Life Technol-
ogies), treated with RQ1 DNase {Promega, Madison, WI), and reverse tran-
scribed into cDNAs by using a PrimeScript RT reagent kit and an oligo{dT)
primer (Takara Bio, Inc.), according to the manufacturer’s instructions. The
ameunts of cDNAs for the viral mRNAs and host B-actin and IFN-B mRNAs
were quantified by using SYBR Premix Ex Tag II (Takara Bio, Inc.) and a
LightCycler (Roche Diagnostics, Indianapolis, IN) as described previously
(31, 48).

Transfection with MV leader RNA. MV leader RNA was synthesized in vitro
by using a MEGAshortscript kit (Ambion, Austin, TX) according to the manu-
facturer’s instructions, and the in vitro transcription products were purified by
using TRIzol reagent as previously described (31). Monolayers of cells on six-well
plates were transfected with 1 ug of MV leader RNA by using Lipofectamine
2000. Cellular RNAs were collected at 6 h posttransfection.

RESULTS

Generation of MDAS or RIG-I knockdown cells. For the
present study, we used the human epithelial cell line H338,
which is susceptible to clinical MV isolates via an as-yet-uni-
dentified receptor (49). Our preliminary results indicated that
the V protein may play an important role in MV growth in
H358 cells, since MV lacking the V protein exhibited reduced
growth in this cell line, but not in other cell lines (see below).
To evaluate the individual contributions of MDAS and RIG-1
to the induction of IFN-o/f after MV infection, we produced
H358 cells that constitutively expressed siRNAs targeting the
MDAS and RIG-I mRNAs. Three MDAS knockdown clones
and three RIG-I knockdown clones were selected to minimize
the effects of clonal variations. The expression levels of MDAS
and RIG-I were examined by Western blot analysis in these
clones at 24 h after treatment with [IFN-«A/D (Fig. 1), since
MDAS and RIG-I were only expressed at low levels without
IFN treatment. The signal intensities for MDAS and RIG-I
were quantified and normalized by that for B-actin. All three
MDAS knockdown clones (M1, M2, and M3) expressed
MDAS at levels of <5% compared to the parental H338 cells,
whereas the RIG-I knockdown clones (R1, R2, and R3) ex-
pressed RIG-I at levels of 5 to 35% compared to the parental
H358 cells.

IFN-B mRNA expression in MDAS and RIG-I knockdown
clones after MV infection. IFN- mRNA expression was ex-
amined by RT-gPCR in the MDAS and RIG-I knockdown
clones, as well as in H358 cells after infection with wt MV. A
clone expressing a nontargeting luciferase siRNA was also
included as a control for the analysis. The IFN-8 mRNA levels
were very low in all cells at 24 h after infection (data not
shown). At 48 h after infection, all three RIG-I knockdown
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FIG. 1. Expression of MDAS and RIG-I in H358 cells and knock-
down clones. The expression levels of MDAS and RIG-1 in the paren-
tal H358 cells, MDAS knockdown clones (MDAS KD: M1, M2, and
M3), and RIG-I knockdown clones (RIG-1 KD: R1, R2, and R3) were
examined by Western blot analysis at 24 h after treatment with IFN-
aA/D. B-actin was evaluated as an internal control. Indicated blow
each band are the signal intensities of MDAS and RIG-I, which were
normalized by that of 8-actin. The value of the parental H358 cells was
set to 100%.

clones produced IFN-g mRNA at levels of <5% compared to
the parental H358 cells (Fig. 2A), in agreement with previous
findings that RIG-I is a chief cytoplasmic RNA sensor for the
detection of paramyxovirus infections (23, 28). H358 cells in-
oculated with wt MV in the presence of the FBP or with
UV-inactivated wt MV expressed as low levels of IFN-8
mRNA as the mock-infected cells, confirming that MV repli-
cation in the cytoplasm was required for the induction of
IFN-B mRNA expression in H358 cells. Furthermore, the con-
trol H358 cells expressing a nontargeting siRNA produced
almost the same amount of IFN-B mRNA as the parental
H358 cells after infection with wt MV, indicating that the
presence of siRNA per se does not affect the expression of
IFN-8 mRNA.

If RIG-I is largely responsible for detecting MV RNA,
knockdown of MDAS should not affect the expression levels of
IFN-8 mRNA in H358 cells. However, expression of IFN-B
mRNA was reduced by 60 to 80% in the three MDAS knock-
down clones (Fig. 2A). To confirm that RIG-I was functioning
properly in these MDAS knockdown clones, the clones were
treated with MV leader RNA transcribed in vitro, which has
been shown to induce IFN-o/f via RIG-I (38). All three
MDAS knockdown clones, as well as the control clone express-
ing a nontargeting siRNA, expressed similar or even higher
levels of IEN-8 mRNA in response to the MV leader RNA
compared to the parental H358 cells (Fig: 2B). As expected,
the RIG-I knockdown clones exhibited reduced expression of
IFN-B mRNA in response to the MV leader RNA. These
results indicate that not only RIG-I but also MDAS is involved
in IFN induction after MV infection.

Generation and properties of a recombinant MV lacking the
V protein. Many previous studies may have failed to demon-
strate the contribution of MDAS to IFN induction because
paramyxoviruses produce V proteins that bind to MDAS,
thereby inhibiting its function. To examine the activity of
MDAS in the absence of the V protein, we generated a re-
combinant MV incapable of producing the V protein
(MVAYV). To this end, four point mutations were introduced
into the P gene editing motif of wt MV, such that they were
synonymous in the reading frame of the P protein (Fig. 3A).
MVAY grew efficiently in SLAM-positive B95a cells (data not
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FIG. 2. IFN-B mRNA expression in H338 cells and knockdown
clones after MV infection or transfection with MV leader RNA.
(A) The parental H358 cells, the clone expressing a nontargeting
luciferase siRNA (Luc), MDAS knockdown clones (MDAS KD: M1,
M2 and M3) and RIG-I knockdown clones (RIG-I KD: R1, R2 and
R3) were infected with wt MV at a multiplicity of infection (MOI) of
0.5. H358 cells were also infected with UV-inactivated wt MV (UV),
treated with an FBP before wt MV infection (FBP), or mock infected
(mock). Total RNAs were extracted from the cells at 48 h after infec-
tion, and the IFN-§ mRNA levels were quantified by RT-qPCR.
(B) H338 cells, the clone expressing a luciferase siRNA, and MDAS
and RIG-I knockdown clones were transfected with in vitro-tran-
scribed MV leader RNA. H338 cells were also mock transfected
(mock). Total RNAs were extracted from the cells at 6 h posttrans-
fection, and the IFN-B mRNA levels were quantified by RT-qPCR. All
data were normalized by the corresponding B-actin mRNA levels in
the respective cells. The mean value in the parental H358 cells infected
with wt MV (A) or transfected with MV leader RNA (B) was set to
100%. The data represent the means * the standard deviations of
triplicate samples. », P < 0.05; =+, P < 0.01 (significant differences
based on a ¢ test).
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FIG. 3. Generation and properties of the V protein-deficient MV
(MVAV). (A) Diagram of the MV genome indicating the locations of
the introduced mutations to generate MVAV, Underlines indicate the
mutated nucleotides. The predicted amino acids are shown below the
trinucleotide codons. nt, nucleotide. (B) Protein synthesis in MV-
infected cells. B95a cells were infected with wt MV or MVAYV at an
MOT of 0.01. At 36 h after infection, viral proteins (N, P, V, and C) in
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shown). cDNAs of the P and V mRNAs from MVAV-infected
B95a cells were amplified by PCR, and the PCR products were
cloned and sequenced to determine the frequency of the RNA
editing. Although 42% (20/48) of the PCR products from wt
MV-infected cells had one or more additional guanine residues
at the editing site, none (0/45) of the PCR products from
MVAV-infected cells had any additional nucleotides. Western
blot analysis further confirmed that the P and C proteins, but
not the V protein, were produced in MVAV-infected B95a
cells (Fig. 3B).

In H358 cells, IFN-8 mRNA production was hardly in-
creased above the background (uninfected) level at 12and 24 h
after infection with wt MV (Fig. 3C). MVAYV induced ~6 times
more IFN-8 mRNA in H358 cells at 24 h after infection com-
pared to wt MV. Similarly, MVAYV induced a larger amount of
the IRF3-activated protein ISG56 at 24 h after infection com-
pared to wt MV (Fig. 3D). At 12 and 24 h after infection, the
amounts of the N mRNA determined by RT-qPCR were com-
parable between wt MV- and MVAV-infected H358 cells (Fig.
3E). Therefore, a difference in the amounts of viral RNAs
produced was unlikely to be responsible for the difference in
the amounts of IFN-8 mRNA and ISG36 induced. Taken
together, these results suggest that the absence of the V pro-
tein led to enhanced activity of MDAS in MVAV-infected
cells, which in turn caused higher inductions of IFN-B and
ISG56. The amount of the N mRNA at 48 h after MVAV
infection was ~10-fold lower than that after wt MV infection
(Fig. 3E), which was probably due to the higher levels of IFN
induced at the early stage of infection (24 h after infection) in
MVAV-infected cells, resulting in the inhibition of virus rep-
lication. This reduction of MV replication (and therefore viral
RNA synthesis) at later times in MVA V-infected cells may also
explain why at 48 h after infection, there is little difference in
the amount of IFN produced between wt MV- and MVAV-
infected cells (Fig. 3C).

Infection of MDAS and RIG-I knockdown cells with MVAYV,
Next, we infected MDAS and RIG-I knockdown clones, as well
as H358 cells, with MVAYV. Detection of MV infection ap-
peared to be suppressed in MVAV-infected MDAS knock-
down clones, as evidenced by decreases in the production of

the infected cells were detected by Western blot analysis. (C) IFN-B
mRNA levels in H358 cells infected with wt MV or MVAV at an MOI
of 0.5. At 12, 24, and 48 h after infection, total RNA was extracted
from the MV-infected cells, and the IFN-B mRNA levels were quan-
tified by RT-qPCR. The data were normalized by the B-actin mRNA
levels, and the mean value in wt MV-infected cells at 48 h after
infection was set to 1009%. The data represent the means * the stan-
dard deviations of triplicate samples. The IFN-B mRNA level in un-
infected cells is also shown (0 h). #*, P < 0.01 (significant difference
based on a { test). (D) Induction of ISG56 in MV-infected cells. H358
cells were mock infected or infected with wt MV or MVAYV at an MOI
of 0.5, At 24 h after infection, the ISG56 levels in the infected cells
were detected by Western blot analysis. B-Actin was analyzed as an
internal control. (E) N mRNA levels in H358 cells infected with wt MV
or MVAV at an MOI of 0.5. At 12, 24, and 48 h after infection, total
RNA was extracted from MV-infected cells, and the N mRNA levels
were quantified by RT-qPCR. The data were normalized by the B-actin
mRNA levels, and the mean value in wt MV-infected cells at 48 h after
infection was set to 100%. *, P < 0.05 (significant difference based on
a t test).
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