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Abstract: Respiratory syncytial virus (RSV) causes severe acute lower respiratory tract disease.
Retinoic acid-inducible gene-I (RIG-I) serves as an innate immune sensor and triggers antiviral
responses upon recognizing viral infections including RSV. Since tripartite motif-containing protein
25 (TRIM25)-mediated K63-polyubiquitination is crucial for RIG-I activation, several viruses target
initial RIG-I activation through ubiquitination. RSV NS1 and NS2 have been shown to interfere with
RIG-I-mediated antiviral signaling. In this study, we explored the possibility that NS1 suppresses
RIG-I-mediated antiviral signaling by targeting TRIM25. Ubiquitination of ectopically expressed
RIG-I-2Cards domain was decreased by RSV infection, indicating that RSV possesses ability to inhibit
TRIM25-mediated RIG-I ubiquitination. Similarly, ectopic expression of NS1 sufficiently suppressed
TRIM25-mediated RIG-I ubiquitination. Furthermore, interaction between NS1 and TRIM25 was
detected by a co-immunoprecipitation assay. Further biochemical assays showed that the SPRY
domain of TRIM25, which is responsible for interaction with RIG-I, interacted sufficiently with NS1.
Suppression of RIG-I ubiquitination by NS1 resulted in decreased interaction between RIG-I and its
downstream molecule, MAVS. The suppressive effect of NS1 on RIG-I signaling could be abrogated
by overexpression of TRIM25. Collectively, this study suggests that RSV NS1 interacts with TRIM25
and interferes with RIG-I ubiquitination to suppress type-I interferon signaling.
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1. Introduction

Respiratory syncytial virus (RSV) belongs to the family Pneumoviridae and contains a
negative-sense single-stranded RNA genome. RSV infection is a leading cause of severe acute lower
respiratory tract disease and related hospitalization in children and the elderly [1,2]. Despite the global
burden from RSV infection, there are no available RSV-specific vaccines or effective therapeutic agents
at present.

The cellular innate immune system utilizes various sensors including Retinoic acid inducible
gene-1 (RIG-I) and Toll-like receptors (TLRs) to detect viral infection and activate antiviral immune
signaling pathways [3,4]. Among these, RIG-I and Toll-like receptor 3 (TLR3) have been implicated
in early antiviral immune responses against RSV infection in airway epithelial cells [5]. Deficiency
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of mitochondrial antiviral signaling protein (MAVS) and myeloid differentiation primary response
(MyD88), which are crucial downstream molecules of RIG-I signaling and TLR signaling, respectively,
resulted in an increased viral load in mice, indicating the role of RIG-I and TLR signaling pathways
against RSV infection [6]. RIG-, a cytoplasmic RNA-sensing molecule, has been well-known to trigger
antiviral signaling, including the production of type-I interferon [7]. RIG-I comprises 2 N-terminal
caspase recruitment domains (CARDs), a helicase domain and a C-terminal regulatory domain (CTD).
Upon recognition of viral RNAs by the helicase and CTD domain of RIG-I, the two N-terminal
CARD:s are exposed and interact with TRIM25, a E3-ubiquitin ligase. TRIM25 delivers the K63-linked
polyubiquitin chain to the RIG-I CARDs to induce RIG-I oligomerization and subsequent interaction
with MAVS [8]. Since TRIM25 plays a crucial role in RIG-I signaling pathways, several viral proteins
target TRIM25 to evade RIG-I-mediated antiviral responses [9]. For example, NS1 of influenza A virus
interacts with TRIM25 to inhibit its oligomerization and subsequent RIG-I ubiquitination [10].

Like other viruses, RSV has evolved several strategies to antagonize antiviral immune responses [11].
The role of Nonstructural Proteins 1 and 2 (NS1 and NS2) in suppressing innate immune signaling
has been particularly highlighted [12-14]. The RSV NS2 protein has been shown to interact with RIG-I
CARD:s to suppress RIG-I signaling [15]. NS1 protein is also known to co-localize with MAVS, suggesting
its role in suppressing RIG-I-mediated antiviral responses [16]. Interestingly, the NS1 and NS2 of RSV
are capable of inducing the degradation of key molecules in RIG-I signaling and type-I interferon
signaling including RIG-I, IRF3, IRF7, TBK1 and STAT2, to suppress antiviral responses by forming a
large degradative complex [17]. In the previous study, ectopic expression of NS1 or NS2 sufficiently
inhibited RIG-I-mediated interferon production, indicating that NS1 is also capable of suppressing
RIG-I signaling by itself like NS2 [18]. However, the underlying mechanism and molecular target of
NS1-mediated RIG-I signaling inhibition remain elusive yet. In the current study, we explored the
possibility that NS1 proteins of RSV interfere with TRIM25-mediated RIG-I ubiquitination to dissect the
molecular mechanism underlying the direct inhibition of RIG-I signaling by NS1/2 of RSV.

2. Materials and Methods

2.1. Cells, Virus and Plasmids

HEK293T, HEp-2 (Human epithelial type 2) and A549 (human alveolar basal epithelial cells) cells
were maintained in Dulbecco’s High Glucose Modified Eagle’s Medium (DMEM; Hyclone, Logan, UT,
USA) containing 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin (Hyclone).

RSV A2 strain stocks were prepared as described previously [19]. Briefly, HEp2-cells were infected
with RSV and incubated for 5 days. After lysis viral particles were harvested by ultracentrifugation.
The viral titer was determined by plaque assay as described previously [19].

PEBG-GST-RIG-IN (N-terminal 2 Cards domain of RIG-I), pEF-IRES (pIRES)-V5-TRIM25 and
MAVS-CARD-proline rich domain (PRD)-FLAG were described in a previous study [20]. pIRES-V5
-RING, pIRES-V5-B-box/CCD, pIRES-V5-SPRY and pIRES-V5-SPRY deletion mutants were used
previously [8]. We obtained the RSV NS1 and NS2 sequences from GenBank (GenBank KT992094.1) to
synthesize codon-optimized RSV NS1 and NS2 for sufficient expression in mammalian cells. RSV NS1
and NS2 were cloned into the pCDNA 3.1 vector at the restriction enzyme site between BamHI and
Xbal with a C-terminus FLAG tag and HA tag, respectively. Additionally, RSV NS1 was inserted into
the pEF-HisA-V5 plasmid between the BamHI and Notl restriction sites.

2.2. Transfection and Reagents

Conventional calcium phosphate transfection and polyethylenimine (PEI) transfection methods
were used for transfection. The total plasmid content for each sample condition was adjusted using
the empty vector. Low molecular weight polyI:C (Invivogen, San Diego, CA, USA); average size from
0.2kb to 1kb) was transfected with PEI solution to mimic intracellular RNAs.
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2.3. Co-Immunoprecipitation (Co-IP) and GST-Pulldown Assay

Cells were collected and lysed in Triton X-100 cell lysis buffer (50 mM Tris-HCI, 150 mM NaCl,
5mM EDTA, 0.1% Triton X-100) containing protease and phosphatase inhibitor cocktail (Thermo
Scientific, Waltham, MA, USA). Lysates were incubated overnight at 4 °C with the corresponding
antibody. After the binding reaction, protein A/G resin (Sigma, St. Louis, MO, USA) were added
to samples and further incubated for 2 h at room temperature. The resin was then washed four to
five times with cell lysis buffer. Anti-FLAG antibody conjugated resin (Sigma) and anti-V5 antibody
conjugated resin (Sigma) were also used for Co-IP in a similar manner. Precipitated proteins were
eluted with SDS sample buffer (250 mM Tris-HCl, 10% SDS, 30% glycerol, 25% mercaptoethanol, 0.05%
bromophenol blue) and subjected to SDS-PAGE and immunoblotting.

To precipitate GST-tagged fusion proteins, the cell lysates were incubated with glutathione-
conjugated beads (Sigma) at RT for 1-2 h. After incubation, the beads were washed four to five times
with cell lysis buffer, followed by SDS-PAGE and immunoblotting.

2.4. Immunoblotting

After polyacrylamide gel electrophoresis, target proteins on the gel were transferred to a PVDF
membrane (Millipore, St. Charles, MO, USA). The membrane was incubated overnight at 4 °C with
the indicated antibody in 5% bovine serum albumin (BSA, RMBio, Missoula, MT, USA) solution for
binding. After extensive washing with PBST, the membrane was then incubated with the horseradish
peroxidase (HRP) conjugated secondary antibody at RT for 2 h. Luminata Forte (Millipore) was used
as the HRP substrate. Anti-V5 rabbit antibody (Cell signaling, Denvers, MA, USA, #13202), anti-V5
mouse antibody (E-bioscience, San Diego, CA, USA, #14-6796-80), anti-HA mouse antibody (SantaCruz,
Santa Cruz, CA, USA, #sc-7392), anti-FLAG mouse antibody (Sigma, #F7425), anti-ubiquitin (P4D1)
mouse antibody (Cell signaling, #3936), anti-GST antibody (Abcam, Cambridge, UK, #19256) and HRP
conjugated antibodies (Cell signaling, #7074, #7076) were used.

2.5. Luciferase Assay

HEK293T cells in 24-well plates were transfected with Interferon-{3 firefly luciferase (0.25 ng/well)
and thymidine kinase (TK) renilla reporter plasmids (0.13 pg/well) were transfected along with other
constructs as indicated [21]. After 24 h, transfected HEK293T cells were lysed in passive lysis buffer
(Promega, Madison, WI, USA) at RT for 15 min. Cell lysates were then analyzed by a dual-luciferase
assay according to the instruction (Promega). All assays were performed in triplicate and repeated at
least three times.

2.6. Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNAs were extracted using TRIzol (Thermo Scientific, #15596018) according to
the instruction. cDNAs were generated from RNAs (1 ug) using Superscript III reverse
transcriptase (Thermo Scientific, #18080093) and oligo,(dT) primers. Real-time PCR was conducted
using synthesized cDNA (2 pL). The mRNA levels of interferon-f and interferon-stimulated
gene 15 (ISG15) were determined using the following primers and normalized to those of
B-actin: interferon-p-forward; 5-AAGAGTTACACTGCCTTTGCCATC-3/, interferon-B-reverse;
5-CACTGTCTGCTGGTGGAGTTCATC-3, ISG15-forward; 5'-CCTCTGAGCATCCTGGT-3/, ISG15-reverse;
5-AGGCCGTACTCCCCCAG-3,  B-actin-forward;  5-TGGAATCCTGTGGCATCCATGAAAC-3,
B-actin-reverse; 5'-TAAAACGCAGCTCAGTAACAGTCCG-3'.

2.7. Confocal Microscopy

HEK293T cells were seeded onto fibronectin coated coverslips in a 24-well plate. After 24 h,
cells were transfected with FLAG-tagged RSV NS1 and V5-tagged TRIM25 and incubated for 24 h.
Then, cells were fixed with 4% paraformaldehyde followed by blocking and permeabilization in
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permeabilization buffer (0.5% BSA, 0.2% triton X-100 in PBS) at RT in 5 min. The cells were incubated
with anti-FLAG mouse and anti-V5 rabbit antibodies in 0.5% BSA solution at 4 °C overnight. Next day,
the cells were extensively washed and incubated with FITC- and PE-labeled secondary antibodies at
RT for 2 h. The co-localization between RSV NS1-FLAG and TRIM25-V5 was analyzed by Nanoscope
K1-Fluo confocal microscope.

2.8. Statistical Analysis

Data were presented as the mean 4= SEM. Statistical comparisons between the control and treated
groups were performed using the Student’s f-test. A value of p < 0.05 was considered to be significant.

3. Results

3.1. RSV NS1 Inhibits RIG-1-Mediated Interferon Signaling

To confirm the suppression of RIG-I-mediated signaling by NS1, RSV NS1 was transfected along
with constitutively active RIG-I-2CARDs (RIG-IN). Ectopically expressed NS1 inhibited interferon-f3
promoter activity that was induced by RIG-IN as determined by the luciferase assays in HEK293T
cells, confirming that NS1 itself is capable of inhibiting RIG-I-mediated antiviral signaling (Figure 1A).
Consistently, RIG-IN-mediated induction of interferon-f3 and ISG15 mRNA synthesis was significantly
hampered by ectopic expression of NS1 (Figure 1B). Similar results were obtained from experimental
settings using A549 and HEp-2 cells, suggesting that NS1 is able to suppress RIG-I-mediated type-I
interferon production in various cells including airway epithelial cells (Figure 1C,D).
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Figure 1. Suppression of RIG-I dependent interferon signaling by RSV NS1. (A) HEK293T cells were
transfected with RIG-I-2Cards (RIG-IN; 10 ng/well) together with increasing amount of RSV NS1
(63, 125, 250 ng/well) as indicated together with Interferon (IFN)- promoter firefly luciferase and
Thymidine kinase (TK) renilla luciferase reporter plasmids. Promoter activities were determined by
dual-luciferase assays. Data were presented as the mean + SEM. * p < 0.05. (B-D): HEK293T (B)
A549 (C) and HEp-2 (D) cells were transfected with RIG-IN together with increasing amounts of NS1
(63 and 250 ng/well). Total RNAs were prepared 24 h after transfection and subjected to RT-qPCR
to determine mRNA levels of IFN-f3 and ISG15. Data were presented as the mean + SEM. * p < 0.05.
All experiments were repeated at least three times. The results show the most representative data from
a single experiment conducted in triplicate.
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3.2. RSV NS1 Suppresses TRIM25-Mediated RIG-I Ubiquitination

Because TRIM25-mediated RIG-I CARD ubiquitination is an essential step for the successful
induction of RIG-I-mediated antiviral responses, we explored the possibility that RSV suppresses RIG-I
activation by inhibiting the TRIM25-mediated RIG-ubiquitination. First, we have tested whether RIG-I
ubiquitination is suppressed by RSV infection. As seen in Figure 2A, ubiquitination of ectopically
expressed GST-RIG-IN is decreased by the presence of RSV (multiplicity of infection = 4), suggesting
that RSV is capable of suppressing RIG-I ubiquitination to modulate RIG-I signaling. Next, we have
tested whether RIG-I ubiquitination is affected by the presence of NS1. As shown in Figure 2B, both NS1
and NS2 suppressed the TRIM25-mediated ubiquitination of RIG-IN. Increasing amounts of NS1
resulted in an augmented effect on reducing the ubiquitinated form of RIG-IN (Figure 2C). The results
clearly showed that NSI1 is capable of interfering with TRIM25-mediated RIG-I ubiquitination to
suppress RIG-I-mediated interferon production.
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Figure 2. Inhibition of RIG-I ubiquitination by RSV NS1. (A) HEK293T cells were transfected with
vector (pEBG-GST; 7 ng/dish) or GST-RIG-I-2Cards (GST-RIG-IN; 10 pg/dish) and incubated for 24 h.
Cells were infected with RSV (m.o.i. = 4) as indicated and further incubated for 24 h. Cell lysates
were subjected to GST-pulldown and immunoblotting using indicated antibodies to analyze the
ubiquitination of GST-RIG-IN. Ubiquitinated forms were detected using anti-ubiquitin antibody (P4D1).
(B) RSV NS1 and NS2 expression plasmids were transfected to HEK293T cells together with RIG-IN
and TRIM25 as indicated. Cell lysates were subjected to GST-pulldown assays. Ubiquitination of
RIG-IN was analyzed by immunoblotting of GST pulldown samples and whole cell lysates (WCL).
(C) RIG-IN and TRIM25 were transfected with increasing amounts of RSV NS1. RIG-IN ubiquitination
was analyzed as in (B). Ubiquitination of RIG-I was quantitatively analyzed by densitometry and
normalized to pulled-down GST-RIG-IN (unubiquitinated form) of each sample. All experiments were
conducted at least three times with similar results.

3.3. RSV NS1 Protein Interacts with TRIM25

Interaction between RIG-IN and NS1 was examined using a GST-pulldown assay to test whether
NS1 interacts with RIG-IN similar to NS2. However, we could not detect any interaction (Data not
shown). Therefore, interaction between TRIM25 and NS1 was investigated to determine whether NS1
targets TRIM25 to suppress RIG-I ubiquitination. Obvious interaction between ectopically expressed
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TRIM25 and NS1 was detected by the co-immunoprecipitation assay, whereas interaction between NS2
and TRIM25 was not detected (Figure 3A). Furthermore, endogenous TRIM25 was also co-precipitated
with NS1, supporting that RSV NS1 targets TRIM25 (Figure 3B). Co-localization of NS1 and TRIM25 in
the cytoplasm was detected by confocal microscopic observation (Figure 3C). To further dissect the
interaction between NS1 and TRIM25, we determined the domain of TRIM25 that is responsible for
this interaction using truncated TRIM25 domains. FLAG-tagged NS1 was expressed along with the
RING domain, B-Box/CCD domain, or SPRY domain of TRIM25 and co-immunoprecipitation assays
were performed. As depicted in Figure 3D, the SPRY domain sufficiently interacts with NS1, whereas
the RING or B-Box/CCD domains do not show any interaction. In addition, the SPRY deleted TRIM25
mutant failed to interact with NS1, indicating that the SPRY domain is required for interaction with
NS1 (Figure 3E).
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Figure 3. Interaction between RSV NS1 and TRIM25. (A) To test whether RSV NS proteins interact
with TRIM25, V5-TRIM25 was expressed with RSV NS1-FLAG or NS2-HA in HEK293T. Whole
cell lysates (WCL) were subjected to co-immunoprecipitation (co-IP) and immunoblotting using
indicated antibodies. (B) FLAG-tagged RSV NS1 was overexpressed in HEK293T. Cell lysates were
immunoprecipitated with anti-FLAG antibody and analyzed by immunoblotting. (C) HEK293T cells
were transfected with FLAG-tagged NS1 and V5-tagged TRIM25 expression plasmids. Localization
of NS1 and TRIM25 were visualized by primary antibodies and FITC- and PE-labeled secondary
antibodies as described in Material and Methods. The lower panel shows the intensity of NS1 (green)
and TRIM25 (red) along the white line of the upper panel images. (D) TRIM25 truncated mutants
including V5-tagged RING, B-box/CCD and SPRY domain constructs were expressed in HEK293T
cells together with RSV NS1. Co-IP was performed followed by immunoblotting. The arrowheads
indicate the bands with correct size of each construct. (E) Wild type TRIM25 or SPRY deletion (ASPRY)
mutant plasmid was transfected with RSV NS1-FLAG followed into HEK293T cells. Interaction was
analyzed by co-IP and immunoblotting as indicated. All experiments were conducted at least three

times with similar results.

3.4. RSV NS1 Protein Hinders RIG-1 2CARD Interaction with MAVS CARD

Because RIG-I ubiquitination is prerequisite for interaction with MAVS, decreased RIG-I CARD
ubiquitination by RSV NS1 should result in disruption of RIG-I interaction with MAVS. Thus,
the interaction between RIG-IN and MAVS upon virus infection was analyzed. As shown in
Figure 4A, clear interaction between FLAG-tagged MAVS-CARD-proline rich domain (PRD) and
GST-tagged RIG-IN was detected by co-IP. However, RSV infection resulted in decrease of both RIG-IN
ubiquitination and the interaction between RIG-IN and MAVS-CARD, supporting that RSV is capable
of suppressing RIG-I ubiquitination and the subsequent RIG-I interaction with MAVS (Figure 4A).
To further confirm the effect of NS1 on RIG-I activation, the effect of NS1 ectopic expression on RIG-IN
interaction with MAVS was examined. FLAG-tagged MAVS-CARD-PRD and GST-tagged RIG-IN
was co-expressed with increasing amounts of V5-tagged NS1 followed by a co-immunoprecipitation
assay using an anti-FLAG antibody. As seen in Figure 4B,C, the clear interaction between RIG-IN
and MAVS-CARD-PRD was decreased by NS1 expression in a dose-dependent manner. These results
suggest that RSV NS1 expression diminishes the interaction between RIG-I and MAVS by interfering
with TRIM25-mediated RIG-I ubiquitination. Since TRIM25 oligomerization is crucial for its E3-ligase
activity, it has been tested whether NS1 suppresses TRIM25 E3-ligase activity by interfering the
oligomerization. As seen in Figure 4D, expression of NS1 did not affect the interaction between
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HA-tagged TRIM25 and V5-tagged TRIM25 while interaction between V5-tagged TRIM25 and NS1
was detected. It indicates that decreased RIG-I ubiquitination by NS1 is not due to the inhibition of
TRIM25 oligomerization.
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Figure 4. Inhibition of RIG-IN interaction with MAVS-CARD-PRD by RSV NS1. (A) GST-RIG-IN
or GST vector was transfected to HEK293T cells together with MAVS-CARD-PRD-FLAG plasmid as
indicated. After 24h, cells were infected with RSV (moi=4) as indicated and further incubated for 24 h.
Cell lysates were subjected to GST-pulldown and immunoblotting using indicated antibodies to analyze
the ubiquitination of GST-RIG-IN. (B) MAVS-CARD-PRD-FLAG, RSV NS1-V5 and GST-RIG-IN or GST
vector plasmids were transfected into HEK293T cells as indicated. The lysates (WCL) were analyzed by
co-IP and immunoblotting. Ubiquitinated forms were detected using anti-ubiquitin antibody (P4D1).
(C) Densitometric analysis of the precipitated MAVS-CARD-PRD-FLAG. The levels of co-precipitated
MAVS-CARD-PRD-FLAG were analyzed by densitometry using Vision-Capt software and normalized
to the levels of pulled-down GST-RIG-IN. (D) HA- and V5-tagged TRIM25 (10 pg/®10 cm dish) with or
without FLAG-tagged NS1 (0, 4 or 8 ug/®10 cm dish) were transfected into HEK293T cells as indicated.
Interaction between HA-TRIM25 and V5-TRIM25 was analyzed by co-IP and immunoblotting using
indicated antibodies. All experiments were conducted at least three times with similar results.
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3.5. Ectopic Expression of TRIM25 Reverses the Effect of NS1 on RIG-I-Mediated Interferon Signaling

To confirm that interaction between NS1 and TRIM25 contributes to the interferon-suppressive
effect of NS1, the effect of TRIM25 overexpression on the suppression of RIG-I signaling by NS1 was
investigated using interferon-f3 luciferase promoter assays. As shown in Figure 5A, activation of
interferon-f3 promoter activity by polyl:C transfection was suppressed by NS1 expression. The effect
of NS1 was abrogated by the overexpression of TRIM25 (Figure 5A). Similarly, suppression of
RIG-IN-induced interferon-f3 promoter activity by NS1 was also reversed by the ectopic expression of
TRIM25 (Figure 5B). These results indicate that NS1 interaction with TRIM25 contributes to its RIG-I
suppressive activity.
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Figure 5. Ablation of interferon-§ promoter suppressive effect of NS1 by ectopic expression of TRIM25.
(A,B) RSV NSI1 was expressed with increasing amount of TRIM25 in HEK293T cells. To induce
interferon-f3 promotor activity, low molecular weight polyl:C (A) or RIG-IN (B) were transfected at
the same time as indicated. Interferon (IFN)- promoter firefly luciferase and Thymidine kinase (TK)
renilla luciferase reporter plasmids were co-transfected. Interferon-promoter activities were analyzed
by luciferase assays. Data were presented as the mean £+ SEM. * p < 0.05. The experiments were
repeated at least three times. The results show the most representative data from a single experiment
conducted in triplicate.

4. Discussion

Many viruses possess defensive mechanisms against the host immune system for their effective
replication. The NSI1 and NS2 proteins of RSV have been shown to effectively inhibit the host
immune system. NS proteins target diverse proteins related to type-I interferon induction and
signal transduction. For example, RSV NS1 upregulates SOCS1 and SOCS3 and triggers STAT2
degradation [12]. RSV NSI1 also inhibits the interferon alpha response by targeting the interferon alpha
receptor [13]. NS2 also degrades STAT2 to downregulate interferon-mediated JAK-STAT signaling
responses [14]. In addition, NS1 and NS2 exert suppressive activities on the RIG-I-mediated antiviral
signaling pathway, which is a crucial response against RSV infection. Previous studies suggest that
NS1 and NS2 inhibit RIG-I-mediated signaling by inducing degradation of key molecules such as
IRF3/7 [21,22].

In this study, we explored the possibility that these proteins interfere with RIG-I signaling by
directly inhibiting RIG-I activation. Indeed, we could demonstrate that NS1 and NS2 suppressed
TRIM25-mediated ubiquitination of RIG-I, which is a crucial step for RIG-I activation. Previously, NS2
has been shown to interact with RIG-I, whereas the interaction between NS1 and RIG-I could not be
detected [15]. Thus, suppression of RIG-I ubiquitination by NS2 may be due to its interaction with
RIG-I. We also could not detect interaction between NS1 and RIG-], indicating that NS1 may utilize a
separate molecular mechanism to suppress RIG-I1 ubiquitination. In addition, a previous study showed
that NS1 co-localizes with MAVS and inhibits RIG-I interaction with MAVS [16]. Considering that
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RIG-I ubiquitination is required for its oligomerization and interaction with MAVS, it is conceivable
that NS1 suppresses RIG-I interaction with MAVS by interfering with RIG-I ubiquitination, as shown
in the current study.

Thus, it was tempting to test the hypothesis that NS1 targets TRIM25, an E3-ubiquitin ligase
responsible for RIG-I ubiquitination. Moreover, several viruses utilize their proteins to interfere
with TRIM25 activation and subsequent RIG-I activation. For instance, the Influenza NS1 binds
to TRIM25 and inhibits TRIM25 multimerization [10]. The SARS coronavirus nucleocapsid protein
binds to TRIM25 SPRY and disrupts RIG-I ubiquitination [23]. In this study, the interaction between
NS1 and TRIM25 was demonstrated. Since several studies have shown that TRIM25 migrates to the
mitochondria upon viral infection to interact with MAVS [24], the interaction between MAVS and
NS1 might be a result of the interaction between NS1 and TRIM25. As expected, NS1 inhibited the
interaction between RIG-I CARD and MAVS. These results clearly indicate that NS1 is capable of
suppressing RIG-I activation by targeting TRIM25 and inhibiting RIG-I ubiquitination through TRIM25.
We have shown that NS1 could suppress the interferon-f3 promoter activity induced by RIG-IN and
MAVS, indicating that NS1 is also capable of suppressing downstream signaling. This can be explained
by previous studies showing that NS1 can trigger the degradation of critical downstream molecules
such as IRF3. Nonetheless, we have shown that NS1 can suppress TRIM25-mediated ubiquitination of
RIG-IN without affecting its amount and that its effect on RIG-IN-mediated interferon- promoter
activity can be reversed by an excessive amount of TRIM25. These results indicate that inhibition
of TRIM25-mediated RIG-I ubiquitination by NS1 contributes to the suppression of RIG-I signaling,
at least in part.

Interestingly, the biochemical domain mapping study revealed that the SPRY domain of TRIM25
is responsible for interaction with NS1. Given that the SPRY domain is responsible for interaction with
RIG-], a possible molecular mechanism is that NS1 binds to TRIM25 and sequesters it to prevent its
interaction with RIG-I. However, we could not observe a significant reduction in interaction between
RIG-T and TRIM25 by NS1 (Data not shown). Further studies are needed to identify the detailed
molecular mechanism of RSV NS1-mediated TRIM25 dysfunction.

RSV NS2 is known to bind with RIG-I CARD and disrupts its activation [15] and we showed
that RSV NS1 interacts with TRIM25 to decrease CARD ubiquitination. In a previous study, RSV NS1
and NS2 have been shown to exist as homo- or heterodimers in mammalian cells. The RSV N51-NS2
dimer was detected in mitochondria, suggesting that NS1 and NS2 can cooperate to suppress RIG-I
signaling [18]. It is also possible that the dimer of RSV NS1 and NS2 interacts with TRIM25 and
RIG-I CARD through each NS protein interacting with TRIM25 or RIG-I CARD. Although we could
not observe a significant synergistic effect of NS1 and NS2 co-expression in terms of suppression of
RIG-I ubiquitination (Figure 1C), the NS1 and NS2 interaction may have additional functions in RIG-I
signaling. For instance, it is possible that the NS1/NS2 complex induces RIG-I degradation followed
by suppression of RIG-I1 K63-ubiquitination for complete inhibition of the RIG-I signaling pathway.

Collectively, this study demonstrates that RSV NS1 interacts with TRIM25 and suppresses
TRIM25-mediated RIG-I activation to evade RIG-I-mediated antiviral responses. Further studies
including structural analysis of protein interaction and analysis of the interaction modes between
RIG-I, TRIM25, NS1 and NS2 need to be conducted.

Author Contributions: J.B. and N.-R.L. performed the experiments; J.B. and K.-S.1. conceived and designed the
experiments; J.B., N.-R.L. and N.-J.L. analyzed the data; J.B. and K.-S.I. wrote the paper and K.-S.I., ] K.L. and
F-5.Q. contributed to the editing.

Funding: This work was supported by the Basic Science Research Program grants through the National
Research Foundation of Korea (NRF), which was funded by the Ministry of Science, ICT and Future Planning
(NRF-2017R1A2B4005596) and by the KIST Institutional Program (Project No. 2Z05460-18-075).

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2018, 10, 716 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hall, C.B.; Weinberg, G.A.; Iwane, M.K,; Blumkin, A K.; Edwards, K.M.; Staat, M.A.; Auinger, P; Griffin, M.R,;
Poehling, K.A.; Erdman, D.; et al. The burden of respiratory syncytial virus infection in young children.
N. Engl. ]. Med. 2009, 360, 588-598. [CrossRef] [PubMed]

Nair, H.; Nokes, D.J.; Gessner, B.D.; Dherani, M.; Madhi, S.A.; Singleton, R.J.; O’Brien, K.L.; Roca, A;
Wright, PF,; Bruce, N.; et al. Global burden of acute lower respiratory infections due to respiratory syncytial
virus in young children: A systematic review and meta-analysis. Lancet 2010, 375, 1545-1555. [CrossRef]
Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801.
[CrossRef] [PubMed]

Meylan, E.; Tschopp, J.; Karin, M. Intracellular pattern recognition receptors in the host response. Nature
2006, 442, 39-44. [CrossRef] [PubMed]

Liu, P; Jamaluddin, M,; Li, K.; Garofalo, R.P; Casola, A.; Brasier, A.R. Retinoic acid-inducible gene I mediates
early antiviral response and Toll-like receptor 3 expression in respiratory syncytial virus-infected airway
epithelial cells. J. Virol. 2007, 81, 1401-1411. [CrossRef] [PubMed]

Bhoj, V.G.; Sun, Q.; Bhoj, E.J.; Somers, C.; Chen, X.; Torres, ].P.; Mejias, A.; Gomez, A.M.; Jafri, H.; Ramilo, O.;
et al. MAVS and MyD88 are essential for innate immunity but not cytotoxic T lymphocyte response against
respiratory syncytial virus. Proc. Natl. Acad. Sci. USA 2008, 105, 14046-14051. [CrossRef] [PubMed]
Yoneyama, M.; Kikuchi, M.; Natsukawa, T.; Shinobu, N.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Akira, S.;
Fujita, T. The RNA helicase RIG-I has an essential function in double-stranded RN A-induced innate antiviral
responses. Nat. Immunol. 2004, 5, 730-737. [CrossRef] [PubMed]

Gack, M.U,; Shin, Y.C.; Joo, C.H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.;
et al. TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007,
446, 916-920. [CrossRef] [PubMed]

Martin-Vicente, M.; Medrano, L.M.; Resino, S.; Garcia-Sastre, A.; Martinez, I. TRIM25 in the Regulation of
the Antiviral Innate Immunity. Front. Immunol. 2017, 8, 1187. [CrossRef] [PubMed]

Gack, M.U.; Albrecht, R.A.; Urano, T.; Inn, K.S.; Huang, I.C.; Carnero, E.; Farzan, M.; Inoue, S.; Jung, J.U.;
Garcia-Sastre, A. Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host
viral RNA sensor RIG-I. Cell Host Microbe 2009, 5, 439-449. [CrossRef] [PubMed]

Canedo-Marroquin, G.; Acevedo-Acevedo, O.; Rey-Jurado, E.; Saavedra, ].M.; Lay, M.K.; Bueno, S.M.;
Riedel, C.A.; Kalergis, A.M. Modulation of Host Immunity by Human Respiratory Syncytial Virus Virulence
Factors: A Synergic Inhibition of Both Innate and Adaptive Immunity. Front. Cell. Infect. Microbiol. 2017,
7,367. [CrossRef] [PubMed]

Xu, X.; Zheng, J.; Zheng, K.; Hou, Y.; Zhao, F.; Zhao, D. Respiratory syncytial virus NS1 protein degrades
STAT2 by inducing SOCS1 expression. Intervirology 2014, 57, 65-73. [CrossRef] [PubMed]

Zhang, Y.; Yang, L.; Wang, H.; Zhang, G.; Sun, X. Respiratory syncytial virus non-structural protein 1
facilitates virus replication through miR-29a-mediated inhibition of interferon-alpha receptor. Biochem. Biophys.
Res. Commun. 2016, 478, 1436-1441. [CrossRef] [PubMed]

Zheng, ].; Yang, P; Tang, Y.; Pan, Z.; Zhao, D. Respiratory Syncytial Virus Nonstructural Proteins Upregulate
SOCS1 and SOCS3 in the Different Manner from Endogenous IEN Signaling. J. Immunol. Res. 2015, 2015, 738547.
[CrossRef] [PubMed]

Ling, Z.; Tran, K.C.; Teng, M.N. Human respiratory syncytial virus nonstructural protein NS2 antagonizes the
activation of beta interferon transcription by interacting with RIG-I. J. Virol. 2009, 83, 3734-3742. [CrossRef]
[PubMed]

Boyapalle, S.; Wong, T.; Garay, J.; Teng, M.; San Juan-Vergara, H.; Mohapatra, S.; Mohapatra, S. Respiratory
syncytial virus NS1 protein colocalizes with mitochondrial antiviral signaling protein MAVS following
infection. PLoS ONE 2012, 7, €29386. [CrossRef] [PubMed]

Goswami, R.; Majumdar, T.; Dhar, J.; Chattopadhyay, S.; Bandyopadhyay, S.K.; Verbovetskaya, V.; Sen, G.C.;
Barik, S. Viral degradasome hijacks mitochondria to suppress innate immunity. Cell Res. 2013, 23, 1025-1042.
[CrossRef] [PubMed]

Swedan, S.; Andrews, J.; Majumdar, T.; Musiyenko, A.; Barik, S. Multiple functional domains and complexes
of the two nonstructural proteins of human respiratory syncytial virus contribute to interferon suppression
and cellular location. J. Virol. 2011, 85, 10090-10100. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa0804877
http://www.ncbi.nlm.nih.gov/pubmed/19196675
http://dx.doi.org/10.1016/S0140-6736(10)60206-1
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1038/nature04946
http://www.ncbi.nlm.nih.gov/pubmed/16823444
http://dx.doi.org/10.1128/JVI.01740-06
http://www.ncbi.nlm.nih.gov/pubmed/17108032
http://dx.doi.org/10.1073/pnas.0804717105
http://www.ncbi.nlm.nih.gov/pubmed/18780793
http://dx.doi.org/10.1038/ni1087
http://www.ncbi.nlm.nih.gov/pubmed/15208624
http://dx.doi.org/10.1038/nature05732
http://www.ncbi.nlm.nih.gov/pubmed/17392790
http://dx.doi.org/10.3389/fimmu.2017.01187
http://www.ncbi.nlm.nih.gov/pubmed/29018447
http://dx.doi.org/10.1016/j.chom.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19454348
http://dx.doi.org/10.3389/fcimb.2017.00367
http://www.ncbi.nlm.nih.gov/pubmed/28861397
http://dx.doi.org/10.1159/000357327
http://www.ncbi.nlm.nih.gov/pubmed/24480984
http://dx.doi.org/10.1016/j.bbrc.2016.08.142
http://www.ncbi.nlm.nih.gov/pubmed/27569280
http://dx.doi.org/10.1155/2015/738547
http://www.ncbi.nlm.nih.gov/pubmed/26557722
http://dx.doi.org/10.1128/JVI.02434-08
http://www.ncbi.nlm.nih.gov/pubmed/19193793
http://dx.doi.org/10.1371/journal.pone.0029386
http://www.ncbi.nlm.nih.gov/pubmed/22383950
http://dx.doi.org/10.1038/cr.2013.98
http://www.ncbi.nlm.nih.gov/pubmed/23877405
http://dx.doi.org/10.1128/JVI.00413-11
http://www.ncbi.nlm.nih.gov/pubmed/21795342

Viruses 2018, 10, 716 12 of 12

19.

20.

21.

22.

23.

24.

Choi, M.S.; Heo, J.; Yi, CM,; Ban, ].; Lee, N.J.; Lee, N.R.; Kim, S.W.; Kim, N.J.; Inn, K.S. A novel p38 mitogen
activated protein kinase (MAPK) specific inhibitor suppresses respiratory syncytial virus and influenza A
virus replication by inhibiting virus-induced p38 MAPK activation. Biochem. Biophys. Res. Commun. 2016,
477,311-316. [CrossRef] [PubMed]

Gack, M.U.; Kirchhofer, A.; Shin, Y.C,; Inn, K.S,; Liang, C.; Cui, S.; Myong, S.; Ha, T.; Hopfner, K.P;
Jung, J.U. Roles of RIG-I N-terminal tandem CARD and splice variant in TRIM25-mediated antiviral signal
transduction. Proc. Natl. Acad. Sci. USA 2008, 105, 16743-16748. [CrossRef] [PubMed]

Ren, J.; Liu, T,; Pang, L.; Li, K.; Garofalo, R.P; Casola, A.; Bao, X. A novel mechanism for the inhibition of
interferon regulatory factor-3-dependent gene expression by human respiratory syncytial virus NS1 protein.
J. Gen. Virol. 2011, 92, 2153-2159. [CrossRef] [PubMed]

Spann, K.M.; Tran, K.C.; Collins, P.L. Effects of nonstructural proteins NS1 and NS2 of human respiratory
syncytial virus on interferon regulatory factor 3, NF-kappaB, and proinflammatory cytokines. J. Virol. 2005,
79, 5353-5362. [CrossRef] [PubMed]

Hu, Y,; Li, W,; Gao, T.; Cui, Y,; Jin, Y.; Li, P; Ma, Q.; Liu, X.; Cao, C. The Severe Acute Respiratory Syndrome
Coronavirus Nucleocapsid Inhibits Type I Interferon Production by Interfering with TRIM25-Mediated RIG-I
Ubiquitination. J. Virol. 2017, 91, €02143-16. [CrossRef] [PubMed]

Castanier, C.; Zemirli, N.; Portier, A.; Garcin, D.; Bidere, N.; Vazquez, A.; Arnoult, D. MAVS ubiquitination
by the E3 ligase TRIM25 and degradation by the proteasome is involved in type I interferon production after
activation of the antiviral RIG-I-like receptors. BMC Biol. 2012, 10, 44. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.bbrc.2016.06.111
http://www.ncbi.nlm.nih.gov/pubmed/27346133
http://dx.doi.org/10.1073/pnas.0804947105
http://www.ncbi.nlm.nih.gov/pubmed/18948594
http://dx.doi.org/10.1099/vir.0.032987-0
http://www.ncbi.nlm.nih.gov/pubmed/21632562
http://dx.doi.org/10.1128/JVI.79.9.5353-5362.2005
http://www.ncbi.nlm.nih.gov/pubmed/15827150
http://dx.doi.org/10.1128/JVI.02143-16
http://www.ncbi.nlm.nih.gov/pubmed/28148787
http://dx.doi.org/10.1186/1741-7007-10-44
http://www.ncbi.nlm.nih.gov/pubmed/22626058
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cells, Virus and Plasmids 
	Transfection and Reagents 
	Co-Immunoprecipitation (Co-IP) and GST-Pulldown Assay 
	Immunoblotting 
	Luciferase Assay 
	Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Confocal Microscopy 
	Statistical Analysis 

	Results 
	RSV NS1 Inhibits RIG-I-Mediated Interferon Signaling 
	RSV NS1 Suppresses TRIM25-Mediated RIG-I Ubiquitination 
	RSV NS1 Protein Interacts with TRIM25 
	RSV NS1 Protein Hinders RIG-I 2CARD Interaction with MAVS CARD 
	Ectopic Expression of TRIM25 Reverses the Effect of NS1 on RIG-I-Mediated Interferon Signaling 

	Discussion 
	References

