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Sendai virus V protein is a known antagonist of RIG-I-like receptors (RLRs) RIG-I and MDA5, which
activate transcription factors IRF3, leading to activation of ISGF3 and NF-kB. These transcription factors
are known activators of inducible NO synthase (iNOS) and increase the production of nitric oxide (NO).
By inhibiting ISGF3 and NF-kB, the V protein acts as an indirect negative regulator of iNOS and NO. Here
we report that the V gene knockout Sendai virus [SeV V(�)] markedly enhanced iNOS expression and
subsequent NO production in infected macrophages compared to wild-type SeV. The knockout of RIG-I in
cells inhibited SeV V(�)-induced iNOS expression and subsequent NO production. To understand the
underlying mechanism of the V protein-mediated negative regulation of iNOS activation, we transfected
HEK293T cells with RIG-I and the RIG-I regulatory protein TRIM25. Our results demonstrated that the V
protein inhibited iNOS activation via the RIG-I/TRIM25 pathway. Moreover, the V protein inhibited
TRIM25-mediated K63-linked ubiquitination of RIG-I, as well as its CARD-dependent interaction with
mitochondrial antiviral signaling (MAVS) molecules. These results suggest that the V protein down-
regulates iNOS activation and inhibits NO production by preventing the RIG-I-MAVS interaction, possibly
through its effect on the ubiquitination status of RIG-I.

© 2020 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
A V gene knockout Sendai virus [SeV V(�)] is attenuated in vivo
but not in vitro [1]. Previous studies have shown that SeV V protein
counteracts innate immune responses other than those mediated
by interferons [2,3], suggesting that the SeV V protein may play a
role in modulating the immune response. This also indicates that
the host factors responsible for the early clearance of SeV V(�)
in vivomight be expressed in cells such macrophages and dendritic
cells rather than in the standard cell lines used to model infection
studies in vitro.

Macrophages are a part of the critical first line of defense of the
immune system, especially against respiratory pathogens [4,5]. In
response to viral infection, macrophages secrete nitric oxide (NO)
as well as large amounts of other cytokines [6]. In addition to its
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microbicidal function, NO can regulate the activation and level of
the innate and adapted immune responses. NO is an early immune
response mediator produced in immune cells by nitric oxide syn-
thase (iNOS) in response to pathogenic challenge [7,8]. The
expression of the iNOS gene is upregulated either directly by
cellular infections [9] or by pro-inflammatory cytokines released by
inflammatory cells. The expression of the iNOS gene is regulated by
transcription factors NF-kB and IFN-stimulated gene factor 3
(ISGF3) [10], which is activated in response to type I interferon
(IFN).

To grow efficiently inside the body, viral pathogens have evolved
virulence factors to counter NO-mediated immune response
pathways [11e13]. For instance, the SeV C protein was reported to
limit the generation of double-stranded (ds) RNA and/or defective
interfering (DI) RNA during viral transcription and replication
[14,15], thereby limiting activation of RIG-I-like receptor (RLR)
pathways that would lead to the activation of transcription factors
IRF3 and NF-kB. Inactivation of the IRF3 pathway does not increase
production of IFN-b, which in turnwould activate ISGF3 via the JAK-
d.
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STAT pathway. This, in turn, keeps prevents iNOS gene expression
and limits NO levels [16]. On the other hand, SeV accessory protein
V has been shown to inhibit the activation and nuclear trans-
location of ISGF3 and NF-kB by interacting with RLRs, thereby
downregulating IFN-b expression [17e21]. Therefore, we hypoth-
esized that SeV may have evolved the V protein to counter the NO-
mediated immune response in the host. In the present study, we
studied SeV V protein-mediated iNOS regulation and the plausible
mechanism behind the regulation. Our results show that SeV V
protein disrupts RIG-I signaling thereby impairing NO production.

1. Materials and methods

1.1. Cells, viruses, and reagents

The ISGF3 reporter cell line RAW-Lucia ISG and the ISGF3 and
NF-kB dual-reporter cell line RAW-Dual cells were used as
RAW264.7 murine macrophages to monitor the activation of the
ISGF3 and NF-kB pathways. RAW-Lucia ISG-knock-out (KO)-RIG-I
cells and RAW-Lucia ISG-KO-MDA5 cells were used as RIG-I-
deficient and MDA5-deficient RAW264.7 macrophages, respec-
tively. The above listed four cell lines were purchased from Inviv-
oGen (San Diego, CA, USA) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
and 200 mg/ml Zeocin according to the manufacture’s instruction.
HEK293T cells and Vero cells were cultured in DMEM containing
10% FBS. SeV WT, a cDNA-derived Z strain, mutant SeV V(�), from
Fig. 1. Activation of NO and iNOS in RAW264.7 cells infected with SeV V(�). (AeD) RAW-Luc
plate (D) were infected with the indicated SeV strains at MOI 5 or transfected with 3p-hpRN
points (A) or at 24 h (C, D) after infection or treatment and assayed for nitrite (A). (B)
immunoblotted with anti-iNOS antibody or anti-SeV serum. (C) ISGF3 activity was determine
kB activity was evaluated by measuring the SEAP activity in culture media from the RAW-Du
test).
which V protein had been knocked out [22], and mutant SeV 4C(�),
from which all four C proteins had been knocked out [23], were
propagated in Vero cells in the presence of 3 mg/ml trypsin.
50Triphosphate hairpin RNA (3p-hpRNA), which is a specific agonist
of RIG-I and does not activate other dsRNA sensors such as TLR3 and
MDA5, was purchased from InvivoGen. The cells were transfected
with 3p-hpRNA using LyoVec, a cationic lipid-based transfection
reagent (InvivoGen).

1.2. ISGF3 luciferase activity and NF-kB secreted alkaline
phosphatase activity

RAW-Lucia ISG cells were stably transfected with an inducible
reporter construct and expression was detected by measuring the
luciferase (Luc) activity. Similarly, RAW-Dual cells were stably
transfected with two inducible reporter constructs, and the acti-
vation of the ISGF3 and NF-kB pathwayswas detected bymeasuring
Luc and alkaline phosphatase (SEAP) activity, respectively as per
the manufacturer’s instructions.

1.3. Plasmid construction

Mammalian expression plasmids encoding cellular or viral
proteins were created by insertion of cDNA fragments containing a
specific open reading frame (ORF) into a multicloning site down-
stream of the cytomegalovirus enhancer chicken b-actin hybrid
(CAG) promoter of pCA 7 [24,25]. The cDNA fragment for mouse
ia ISG cells in a 96-well plate (A, C), a 24-well plate (B), or RAW-Dual cells in a 96-well
A (100 ng/ml) as a positive control. Culture media were collected at the indicated time
Cells were also lysed in RIPA buffer at the indicated time points after infection and
d by measuring the Luc activity in culture media from the RAW-Lucia ISG cells. (D) NF-
al cells. SeVeN, SeV N protein. **: P < 0.01 vs. infection with SeV WT at 24 h (Turkey’s



Fig. 2. Role of RIG-I in the regulation of SeV V(�)-induced iNOS expression. Parent-,
KO RIG-I-RAW-, or KO MDA5-RAW-Lucia ISG cells in a 96-well plate were infected with
the indicated SeV strains at MOI 5. Culture media were collected at 24 h after infection
and assayed for nitrite (A). (B, C) Parent-, KO RIG-I-, or KO MDA5-RAW-Lucia ISG cells
in a 24-well plate were infected with the indicated SeV strains at MOI 5. Cells were
lysed in RIPA buffer at 24 h after infection and immunoblotted with anti-iNOS antibody
or anti-SeV serum. **: P < 0.001 vs. infection with SeV V(�) in parental cells (Dunnett’s
test).
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RIG-I [1e926 aa] was synthesized by reverse transcribing total RNA
isolated from RAW-Lucia ISG cells. The cDNA fragments for mutants
of RIG-I protein (RIG-IN [1e230 aa] and RIG-IC [231e926 aa]), were
synthesized by PCR using appropriate primers and mouse RIG-I
cDNA. The cDNA fragments for RIG-I, RIG-IN, and RIG-IC were
introduced into pCA7 with a Flag tag. The cDNA for mouse TRIM25
was purchased from OriGene (Rockville, MD, USA). The cDNA
fragment containing the ORF was then introduced into pCA7 with a
Myc tag. The mammalian expression plasmid, pCA7 with a V5 tag
encoding SeV V protein [1e384 aa], Vn [1e317 aa], or Vc [318e384
aa], P protein, C protein, Nipah virus (NiV) V protein, NiV P protein,
measles virus (MeV) V protein, or MeV P protein with V5 tag was
described previously [22]. pCA7 with a Myc tag encoding UbK63
was a gift from Y. Kitagawa [26]. The sequences of all the newly
created plasmids were confirmed by sequence analysis.

1.4. Measurement of nitric oxide production

Levels of nitrite, a stable degradation product of NO, were
determined in culture media by the Griess reaction and measured
using a microplate reader as described previously [27]. Sodium
nitrite diluted in complete culture medium was used as the
standard.

1.5. Immunoprecipitation assay

HEK293Tcells were plated in a 6-well plate and transfectedwith
plasmids encoding RIG-IN (300 ng/well), TRIM25 (100 ng/well),
and UbK63 (600 ng/well), along with the plasmids encoding viral
protein (P, V, Vn, Vc [SeV], P, V [NiV], or P, V [MeV]) (1000 ng/well).
At 24 h post-transfection, the cells were lysed in 400 ml of lysis
buffer (50 mM TriseHCl [pH 7.4], 150 mM NaCl, 1% Triton X-100)
containing protease inhibitor cocktail (Nacalai Tesque, Kyoto,
Japan). Subsequently, cell lysates were incubated with anti-Flag or
anti-V5 mouse monoclonal antibody-coated Protein G-magnetic
agarose beads (MBL, Aichi, Japan) at 4 �C for 2 h. Beads were
washed five times with the lysis buffer, and proteins were eluted
from the beads by boiling in Laemmli sample buffer (Nacalai Tes-
que). Eluted proteins were analyzed by IB analysis.

1.6. Immunoblot analysis

Samples were boiled with Laemmli sample buffer (Nacalai
Tesque). Proteins were resolved by SDS-polyacrylamide gel (7.5% or
10e20%) electrophoresis (FUJIFILM Wako, Osaka, Japan) and
transferred onto polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA). Themembranewas blockedwith Blocking
buffer (Nacalai Tesque) for 30e60 min, followed by incubationwith
the following antibodies at room temperature for 1 h: anti-iNOS
rabbit antibody (GTX130246; GeneTex, Irvine, CA, US), anti-SeV
rabbit serum [28], anti-Flag antibody (PM020; MBL), anti-V5 anti-
body (PM003; MBL), anti-Myc antibody (562; MBL), anti-MAVS
antibody (#24930; Cell Signaling Technology, Danvers, MA, US),
or anti-actin antibody (Santa Cruz, Dallas, TX, USA). Subsequently,
the membrane was incubated with horseradish peroxidase-
conjugated anti-mouse, anti-rabbit, or anti-goat IgG secondary
antibodies (Santa Cruz) at room temperature for 30 min. Immu-
noreactive bands were visualized by enhanced chemiluminescence
using the substrate (PerkinElmer, Waltham, MA, USA) and a
chemiluminescence imaging system (Vilber Lourmat, Coll�egien,
France or GE Healthcare).

1.7. Reporter gene assay

HEK293T cells were plated in a 24-well plate and transfected
with the following plasmids in triplicate: iNOS promoter-driven
Firefly luciferase (Fluc) reporter [90 ng/well] [16,29], ISRE-
responsive Fluc reporter (TaKaRa Bio, Shiga, Japan) [90 ng/well],
or an NF-kB-driven Fluc reporter (TaKaRa Bio) [90 ng/well] plasmid,
and Renilla luciferase (Rluc) pRL-TK control vector (Promega,
Madison, WI, USA) [10 ng/well], along with plasmids encoding RIG-
I signaling molecules (RIG-IN [10 ng/well] and/or TRIM25 [10 ng/
well]), and the plasmids encoding the viral proteins (P, C, V, or V
mutants [200 ng/well]), using polyethyleneimine (PEI)



Fig. 3. Effect of SeV V protein on RIG-I/TRIM25-mediated iNOS activation. (AeC) An iNOS promoter-driven (A), ISRE promoter-driven (B), or NF-kB-dependent (C) Fluc reporter
plasmid was transfected into HEK293T cells, along with the internal control, pRL-TK, and the indicated plasmids. At 24 h post-transfection, Fluc and Rluc activities were measured.
Relative luciferase activity was calculated as the ratio of Fluc activity to Rluc activity. *: P < 0.05, **: P < 0.01 vs. transfection with empty vector (Dunnett’s test). (E) HEK293T cells
were transfected with the indicated plasmids. At 24 h post-transfection, the cells were lysed in lysis buffer. (E) The cell lysates were subjected to IB with anti-Flag, anti-Myc, or anti-
V5 antibody. NiV, Nipah virus; MeV, measles virus.
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hydrochloride (MW 40,000) (#24765; Polysciences Inc., Washing-
ton, PA, USA). An equal amount of DNA was used for transfections
by adjusting with an appropriate amount of pCA 7 empty plasmid.
The cells were lysed at 24 h post-transfection, and the relative Luc
activity was determined using the dual-Luc reporter assay system
(Promega).
1.8. Statistical analysis

Two sets of values were compared using Student’s t-test, while
the Dunnett test or Tukey’s test was used for comparing three or
more sets of values. Differences with P < 0.05 were considered
statistically significant.



Fig. 4. Effect of SeV V protein on RIG-I ubiquitination and subsequent RIG-I-MAVS
interaction by TRIM25. HEK293T cells were transfected with the indicated plasmids.
At 24 h post-transfection, the cells were lysed in lysis buffer. (A) The cell lysates were
subjected to IB with anti-Flag, anti-Myc, or anti-V5 antibody. (B) The cell lysates were
subjected to IP with anti-Flag, followed by IB with anti-MAVS antibody. The cell lysates
for IP were also subjected to IB with anti-MAVS, anti-Myc, or anti-Flag antibody. NiV,
Nipah virus. MeV, measles virus.
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2. Results

2.1. SeV V(�) activated iNOS to induce NO production

To determine the effect of SeV V protein on host NO production,
we infected RAW-Lucia ISG cells with the SeV V(�) strain. SeV V(�)
induced NO production rapidly 24 h post-infection (pi), whereas
SeV WT elicited a minimal response (Fig. 1A). The expression of
iNOS was also upregulated (Fig. 1B). Infection with SeV 4C(�) and
transfection with 3p-hpRNA, well-known activators of RLR path-
ways, clearly increased NO production and iNOS expression. Similar
results were obtained in RAW-Dual cells. To ascertain the effect of
the V protein on the modulation of ISGF3 and the NF-kB pathways,
we measured the Luc activity in RAW-Lucia ISG cells infected with
SeV V(�) and the SEAP activity in RAW-Dual cells infected with SeV
V(�). Our results show that SeV V(�) significantly increased Luc
and SEAP activities as compared to SeV WT, which is similar to the
effects of SeV 4C(�) and 3p-hpRNA (Fig. 1C and D), indicating
activation of ISGF3 and NF-kB pathways by the SeV V(�) strain.
These results suggest that SeV V(�) activates the ISGF3 and NF-kB
pathways and indirectly regulates NO production via RLR pathways
in RAW264.7 macrophages.

2.2. RIG-I is required for SeV V(�)-induced NO production

To investigate the role of RLRs in SeV V(�)-induced production
of NO, we infected RAW-Lucia ISG-KO-RIG-I cells or RAW-Lucia ISG-
KO-MDA5 cells with SeV V(�). Our results showed that SeV V(�)-
mediated NO activation was blocked in RIG-I knockout cells.
However, in RAW-Lucia ISG-KO-MDA5 cells, the activation of NO
induced by SeV V(�) was similar to that of the parent cell line
(Fig. 2A). Similar results were obtained for iNOS expression
(Fig. 2BeC). These results indicate that RIG-I, but not MDA5, is
required for SeV V(�)-induced production of NO. NS: not
significant.

2.3. SeV V protein inhibited TRIM25/RIG-I signaling leading to the
activation of iNOS

Results presented in the preceding sections suggested that SeV
V protein negatively regulates iNOS expression and NO production
by inhibiting the RIG-I signaling pathway. To determine whether
SeV V protein blocks the RIG-I signaling pathway, we reconstituted
the iNOS signaling pathway in HEK293T cells. In this reconstituted
system, TRIM25, which is a ubiquitin E3 ligase that catalyzes K63-
linked polyubiquitination of RIG-I [30,31], was transfected into
HEK293T cells along with RIG-IN, which consists of the N-terminal
CARD domain and is constantly active in RIG-I signaling [30]. The
activity was measured by the iNOS-responsive Fluc reporter
plasmid as described previously [16,21]. RIG-IC (consisting of the C-
terminal helicase and regulatory domains) acts as a dominant
negative inhibitor [30], and therefore controls for the RIG-I speci-
ficity of iNOS promoter activation. As shown in Fig. 3A, the trans-
fection of TRIM25 along with RIG-IN significantly activated the
iNOS promoter when compared with RIG-IN transfection alone.
However, this activation was suppressed when cells were trans-
fected with RIG-IC, indicating that the signaling is RIG-I specific.
This suppression was also seen with SeV V or P, as well as NiV V or
MeV V, co-transfection. This confirmed that the V protein-mediated
iNOS suppression is RIG-I specific. This was further confirmed by
the V protein-mediated dose-dependent suppression of Luc activity
(Fig. 3B). These results demonstrated that the V protein inhibits the
activation of iNOS by preventing the activation of the RIG-I/TRIM25
signaling pathway. Since the iNOS promoter is an ISRE-responsive
(ISGF3-driven) and NF-kB-driven promoter, similar experiments
were performed using ISRE-responsive and NF-kB-driven Fluc
plasmids. As shown in Fig. 3C and D, SeV V protein suppressed RIG-
I/TRIM25-induced ISRE and NF-kB activation, similar to NiV V or
MeV V, whereas SeV P protein showed only moderate inhibition in
contrast to NiV or MeV P. To monitor the expression profiles of the
proteins, we performed IB analysis using anti-Flag, anti-Myc, and
anti-V5 antibodies. As previously reported [32], ectopically
expressed Flag-tagged RIG-IN (Flag-RIG-IN) was robustly ubiquiti-
nated, and the ubiquitinationwas enhanced by co-expressing Myc-
tagged TRIM25 (Myc-TRIM25) (Fig. 3E). Thus, the minimal ubiq-
uitination by RIG-IN alone was catalyzed endogenous TRIM25.
When SeV V was co-expressed, RIG-IN showed loss of this ubiq-
uitination as was seenwith NiV V orMeV V [21], indicating that SeV
V inhibits RIG-IN ubiquitination. On the other hand, SeV P moder-
ately suppressed RIG-IN ubiquitination, unlike NiV and MeV P.
Collectively, these results demonstrate that V inhibits the activation
of iNOS by preventing activation of the RIG-I/TRIM25 pathways,
which would lead to activation of both the ISGF3 and NF-kB
pathways, through interfering with TRIM25 ubiquitination of RIG-I.

2.4. SeV V protein inhibited TRIM25-mediated RIG-I ubiquitination
and the downstream RIG-I-MAVS protein interaction

TRIM25 is a ubiquitin E3 ligase that catalyzes K63-linked poly-
ubiquitination of RIG-I [30,31]. This ubiquitination promotes RIG-I
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oligomerization and facilitates RIG-I-MAVS binding, thereby lead-
ing to the activation of the genes downstream of type I IFN and
other cytokines. Next, we thus studied the role of SeV V protein in
blocking TRIM25-mediated K63-linked polyubiquitination of RIG-I
and the downstream RIG-I-MAVS protein interaction. Flag-RIG-IN
and Myc-TRIM25 transfected into HEK293T cells with or without
Myc-tagged UbK63 (Myc-UbK63). First, the ubiquitination level of
RIG-IN was analyzed by probing the IB with anti-Flag or anti-Myc
antibody. As shown in Fig. 4A, a ladder of K63-linked poly-
ubiquitinated RIG-IN bands was observed in cells co-transfected
with Myc-TRIM25 and Myc-UbK63, but this was not observed in
the absence of Myc-UbK63 (Fig. 3E). However, the ubiquitination
was markedly suppressed when SeV V was co-transfected, similar
to the results with NiV orMeV V co-transfection. On the other hand,
SeV P moderately suppressed RIG-IN ubiquitination but no such
effect was observed with NiV P or MeV P.

Next, to detect the interaction between RIG-IN and the MAVS
protein, the cell lysate was subjected to immunoprecipitation (IP)
with anti-Flag antibody followed by IB analysis with MAVS
antibody. When TRIM25 was co-expressed with RIG-IN, the
interaction between RIG-IN and MAVS was enhanced, which
correlated with RIG-IN ubiquitination (Fig. 4B). However, when
SeV V was co-transfected, the interaction was significantly
inhibited. Similar results were observed when NiV V or MeV V
were co-transfected. By contrast, SeV P moderately suppressed
the interaction between RIG-IN and MAVS, unlike NiV and MeV P.
These results also correlated with the results shown in Fig. 4A.
Therefore, SeV V blocks the RIG-I MAVS protein interaction,
correlating with the inhibition of TRIM25-mediated RIG-I
ubiquitination.
2.5. SeV V protein interacted with both RIG-I and TRIM25 to inhibit
RIG-I/TRIM25-mediated iNOS activation

Our results indicate that unlike NiV or MeV, SeV P has a
moderate inhibitory effect on the RIG-I/TRIM25 signaling pathway.
SeV P and V proteins share 317 amino acid residues at the amino
terminus (Vn region), whereas the V protein has 67 V-specific
residues at the carboxyl terminal (Vc region), suggesting that the
SeV P/V common region (aa 1e317) may be responsible for the
inhibitory effect. To map the functional region of the V protein
responsible for its inhibitory effect, we examined the effect of
truncated V mutants, Vn (1e317 aa) and Vc (318e384 aa) (Fig. 5A)
on the RIG-I signaling pathway. A reporter assay using an iNOS
reporter showed that while Vc lost its inhibitory ability upon
introducing mutations, Vn exhibited moderate inhibition (Fig. 5B).
These results were similar to those obtained with the P protein. IB
analysis showed that Vc lost its inhibitory effect on RIG-IN and
MAVS interaction as well, whereas Vn exhibited moderate inhi-
bition (Fig. 5C). This inhibition correlated with the inhibition of
TRIM25-mediated RIG-I ubiquitination. Furthermore, to investi-
gate the interaction of V with RIG-IN or TRIM25, the cell lysates
were subjected to IP with anti-V5 antibody followed by IB analysis
with anti-Flag or anti-Myc antibody. Flag-RIG-IN co-immunopre-
cipitated with V5-tagged V (V5-V), consistent with a previous
report for RIG-IN Ref. [21]. On the other hand, lesser amounts co-
immunoprecipitated with V5-tagged Vn (V5-Vn) but not with V5-
tagged Vc (V5-Vc). Similar results were obtained with Myc-
TRIM25. These results signified the importance of the V interac-
tion with both RIG-IN and TRIM25 in the inhibition of RIG-I-
mediated iNOS activation and showed that both the N- and C-
terminal regions are required for the inhibition of the RIG-I
signaling pathway.
3. Discussion

Earlier studies have evaluated the signaling pathways respon-
sible for the production of NO during viral infection [33,34]. The
viral constituents that activate toll-like receptor (TLR) pathways
have been reported to regulate NO production [8]. In addition to
viral nucleic acids, components of the viral envelope are also
known to modulate NO production.

In this study, we expanded on previous findings that SeV V
protein is a negative regulator of IFN-b production and demonstrate
that SeV V protein inhibits iNOS activation leading to decreased NO
production. However, unlike the earlier published studies [33,34],
our results show that RIG-I is an important player in V protein-
mediated iNOS regulation. To our knowledge, this is the first
study to indicate a relationship between the RIG-I signaling
pathway and iNOS activation.

SeV V(�) induced a high level of NO expression in mouse
RAW264.7 macrophages compared with SeV WT (Fig. 1A). The
knockout of RIG-I in cells inhibited SeV V(�)-induced NO produc-
tion (Fig. 2A). Since SeV V(�) can replicate in RIG-I KO mice as
efficiently as SeV WT [3], the inhibitory activity of NO by SeV V
might partly explain why the V(�) virus is attenuated in vivo.

To reveal the molecular mechanism by which SeV V protein
inhibits iNOS and NO production, we analyzed the effect of the V
protein on iNOS promoter activation in RIG-I/TRIM25-
reconstituted HEK293T cells. Our results showed that the over-
expression of the V protein inhibited RIG-I/TRIM25 signaling and
downstream iNOS activation (Fig. 3). This demonstrated that the V
protein targeted the RIG-I/TRIM25-mediated iNOS signaling
pathway and could do so without requiring other viral proteins.
Moreover, it inhibited TRIM25-mediated ubiquitination of RIG-I
and its CARD-dependent interaction with MAVS (Fig. 4A and B).
Further, the binding of the V protein with both RIG-I and TRIM25
was correlated with its ability to block the iNOS signaling pathway
(Fig. 5B, C, and D). Therefore, our study demonstrates that the SeV
V protein negatively regulates RIG-I signaling by interacting with
RIG-I and TRIM25, leading to iNOS inhibition. An earlier study had
also shown that paramyxovirus V proteins, such as NiV and MeV,
inhibited RIG-I/TRIM25-mediated IFN-b activation by interacting
with both RIG-I and TRIM25 [21]. However, it did not show that
SeV V inhibited the RIG-I/TRIM25-signaling pathway. Our study
demonstrated that in addition to inhibiting iNOS via RIG-I/
TRIM25, SeV V protein also inhibited the RIG-I/TRIM25-mediated
activation of ISRE and NF-kB.

Overall, our results confirm the earlier findings by S�anchez-
Aparicio et al. [21] who reported similar results with NiV V,
although they used RIG-IN and TRIM25 of human origin. The
importance of the SeV interaction with both RIG-IN and TRIM25
was corroborated by using the V mutants (Fig. 5B and C). However,
some conflicting results were observed as to the functional do-
mains of the V protein. S�anchez-Aparicio et al. [21] showed that the
C-terminal domain of NiV V (NiV Vc) interacted with RIG-IN and
TRIM25, although they did not provide any direct evidence for the
NiV Vc-mediated inhibition of RIG-I/TRIM25. The V protein in SeV,
NiV, or MeV is synthesized from an additional mRNA, which is
transcribed from the P gene by insertion of a pseudo-templated G
residue at the specific editing site. As a result, the amino terminus
(Vn region) of the P and V proteins from SeV, NiV, and MeV share
317, 407, or 230 common amino acid residues, respectively,
whereas each V protein has a V-specific 67-, 49-, or 69-residue
carboxyl terminus (Vc region). In our study, while SeV P protein
moderately inhibited RIG-IN/TRIM25-mediated signaling (Fig. 4A
and B), no such inhibition was shownwith the P proteins from NiV
or MeV, indicating that the inhibition by SeV V requires both the Vn
and Vc regions, while in NiV and MeV, the inhibition is mediated in



Fig. 5. Requirement of the protein V binding with RIG-I- and TRIM25 for the inhibition of RIG-I/TRIM25-mediated iNOS activation. (A) Schematic diagram of the SeV mutants Vn
(1e317 aa) and Vc (318e384 aa). (B) HEK293T cells were transfected with the indicated plasmids, an iNOS promoter-driven reporter plasmid, and pRL-TK. At 24 h post-transfection,
Fluc and Rluc activities were measured. Relative luciferase activity was calculated as the ratio of Fluc activity to Rluc activity. **: P < 0.01 vs. transfection with empty vector
(Dunnett’s [1] test). (C) HEK293T cells were transfected with the indicated plasmids. IP and IB were performed as described for Fig. 4A and B. (D) HEK293T cells were transfected
with the indicated plasmids. At 24 h post-transfection, the cell lysates were subjected to IP with anti-V5 antibody, followed by IB with anti-Flag or anti-Myc antibody. The cell lysates
for IP were also subjected to IB with anti-Flag, anti-Myc, or anti-V5 antibody.
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Fig. 6. Schematic representation of RIG-I activation during SeV infection. C and V interfere with distinct steps in RIG-I activation and thereby prevent RIG-I from antagonizing the
production of NO. The effect of V protein on RIG-I activation was assessed in this study. The assessments were performed at their corresponding steps indicated in the schematic of
the RIG-I activation pathway. (A) C presumably antagonizes RIG-I activation by limiting the generation of dsRNA and/or DI RNA during viral transcription and replication [14,15]. (B)
V has previously been determined to interact with RIG-I and TRIM25 [21]. The data presented here support this observation (Fig. 5D) and indicates that V also inhibits the TRIM25-
mediated ubiquitination of the N-terminal CARD domain of RIG-IN and the subsequent CARD-dependent interaction of RIG-IN with MAVS, thereby preventing the activation of the
RIG-I signaling pathway (Figs. 4B and 5C). CTD, C-terminal domain. The concept for RIG-I activation is referenced from published work [35].
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a Vn-independent manner. Our results are consistent with a pre-
vious report showing that RIG-I did not interact with the SeV Vc
region [19]. Because we could not observe the inhibition of iNOS
activation by the interaction of SeV Vc protein with RIG-I and
TRIM25, it would be of great interest to determine the functional
regions involved in V-RIG-I/TRIM25 interactions in these para-
myxoviruses, including those involving the MeV V protein.

It was initially surprising that SeV V did not downregulate the
expression of iNOS during SeV 4C(�) infection. SeV 4C(�) produces
large amounts of dsRNA during viral transcription and replication
[14,15], thereby strongly activating RLR signaling. Although 4C(�)
has an intact V gene, its V protein cannot completely inhibit the
strong activation of the RLR signaling and expression of iNOS. In
contrast, SeV WT produces only a small amount of dsRNAs, thus
only slightly activating the RLR signaling, and its V protein can
inhibit the activation of the RLR signaling and expression of iNOS
[16]. Conversely, since the SeV V protein is an antagonist of RLR, SeV
V(�) stimulates the RLR signaling pathway despite the intact C gene
[17e21]. Although V and C proteins both antagonize RLRs, they
have distinct targets. A schematic of the RLR (especially RIG-I)
activation during SeV infection, showing the specific steps at
which V and C suppress the activation of RIG-I, is illustrated in
Fig. 6.

Our findings raise the critical question of whether the NO
antagonism of SeV-mediated inhibition of iNOS and the concomi-
tant decrease in NO production contributes to its virulence and
pathogenicity. Although NO has not shown significant inhibitory
effects on SeV replication [16], it is involved in both innate and
adaptive immune responses [7,8]. We preliminarily investigated
the effects of macrophage depletion on SeV V(�) replication and
pathogenesis. Depletion of airway macrophages by clodronate-
loaded liposomes enhanced viral replication and pathogenesis
in vivo (unpublished data). Therefore, we infected RAW264.7
macrophages with SeV V(�) to examine the impact on macrophage
function. Although there was no difference in cytotoxicity in
RAW264.7 macrophages, we found a significant increase in NO
production between the SeV V(�) and SeV WT groups. Therefore,
compromising NO production may be one strategy evolved by
these viruses to enhance their pathogenicity.

In summary, our study reveals that SeV protein V suppresses
NO induction in macrophages. Additionally, the V protein blocks
the RIG-I signaling pathway by inhibiting the TRIM25-mediated
ubiquitination of RIG-I and its CARD-dependent interaction with
MAVS.
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