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Abstract

Retinoic acid-inducible gene I (RIG-I) is a pattern recognition receptor and is involved in the innate immune response

against RNA viruses infection. Here, we demonstrate that the Ras-GTPase-activating protein SH3-domain-binding

protein 1 (G3BP1) serves as a positive regulator of the RIG-I-mediated signaling pathway. G3BP1-deficient cells

inhibited RNA virus-triggered induction of downstream antiviral genes. Furthermore, we found that G3BP1 inhibited

the replication of Sendai virus and vesicular stomatitis virus, indicating a positive regulation of G3BP1 to cellular

antiviral responses. Mechanistically, G3BP1 formed a complex with RNF125 and RIG-I, leading to decreased RNF125 via

its auto-ubiquitination; thus, promoting expression of RIG-I. Overall, the results suggest a novel mechanism for G3BP1

in the positive regulation of antiviral signaling mediated by RIG-I.

Introduction

The innate immune system defenses against invading

microbial pathogens via the recognition of pathogen-

associated molecular patterns (PAMPs) by a range of

pattern recognition receptors (PRRs)1,2. The PRR family is

divided into four different classes, such as transmembrane

proteins [Toll-like receptors (TLRs) and C-type lectin

receptors (CLRs)] and cytoplasmic proteins [retinoic acid-

inducible gene (RIG)-I-like receptors (RLRs) and NOD-

like receptors (NLRs)]1,3,4. It is widely accepted that the

RLR family is composed of RIG-I, melanoma

differentiation-associated gene 5 (MDA5), and laboratory

of genetics and physiology 2 (LGP2)5–8.

RIG-I activity is regulated by a series of post-

translational modifications, such as poly-ubiquitination,

sumoylation, and phosphorylation9–14. In particular,

ubiquitination is crucial for regulating RIG-I activity. The

E3 ubiquitin ligases TRIM25 and Riplet (also known as

RNF135) have been reported to catalyze the K63-linked

poly-ubiquitination of RIG-I, thereby leading to a sig-

nificant increase in RIG-I downstream signaling activ-

ities9,15,16. In contrast, RIG-I undergoes degradation after

conjugation to E3 ubiquitin ligases RNF125 and

RNF12213,17. Moreover, many host proteins are involved

in the regulation of RIG-I-mediated innate immune sig-

naling. For instance, cyclophilin A (CypA) positively

regulates the antiviral response by increasing TRIM25-

mediated K63-linked ubiquitination of RIG-I18, which is

also boosted by the interaction between 14-3-3ε and RIG-

I19. DDX6 acts as an RNA co-sensor through colocaliza-

tion with RIG-I, resulting in the augmentation of innate

immune signaling20.

Ras-GTPase activating SH3-domain-binding-protein 1

(G3BP1), a multi-domain protein, has been identified to

be evolutionarily conserved from yeast to human21.

G3BP1 is considered as a critical component of mam-

malian cell stress granules (SG), which are formed when

cells are undergoing stress and where host mRNAs are
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sequestered and translationally arrested22,23. A recent

study has demonstrated that G3BP1 is pivotal for the

efficient activation of cGAS and for DNA sensing by

promoting the formation of large cGAS complexes24. In

addition, G3BP1 binds to viral dsRNA and RIG-I to

enhance IFN-β response25. However, the effect of G3BP1

on RNA virus replication and the molecular mechanism

remains unclear.

In the current study, our data suggest that G3BP1

inhibits the replication of Sendai virus (SeV) and vesicular

stomatitis virus (VSV). Mechanistically, G3BP1 suppresses

RNF125-mediated K48-linked ubiquitination of RIG-I to

increase RIG-I expression and positively regulates antiviral

innate immunity.

Materials and methods

Reagents, virus, and cells

Antibodies against Myc-tag, G3BP1, RIG-I, p-P65, P65,

p-IRF3, IRF3, p-IκBα, and IκBα were obtained from Cell

Signaling Technology; anti-Flag, anti-HA, and anti-

β-actin were from Sigma; horseradish peroxidase (HRP)-

conjugated anti-mouse IgG and anti-rabbit IgG were from

Thermo; HRP-conjugated anti-goat IgG was from Zhong

Shan Jin Qiao; MG132 and 3-MA were from Sigma;

RNF125 and K48-Ub were from Abcam; Ub was from

Santa Cruz Biotechnology; 5´ppp-dsRNA was from Invi-

voGen; EZ-link Psoralen-PEG3-Biotin and Streptavidin

agarose resin were from Thermo Fisher. SeV and VSV-

GFP were described previously26,27. The cultivation of

human embryonic kidney (HEK) 293 T cells have been

described previously28.

Constructs

Luciferase reporter plasmids under the control of Nifty,

ISRE, the IFN-β promoter and mammalian expression

plasmids encoding RIG-I (CARD), MDA5, MAVS (also

known as VISA), TBK1, IKKε, TRAF6, IRF3, and IRF7

were generated as described previously29,30. CMV

promoter-based mammalian expression plasmids encod-

ing HA-, Myc-, or Flag-tagged G3BP1 and HA- or Flag-

tagged RNF125 were constructed via standard molecular

biology techniques. Mammalian expression plasmids for

G3BP1 or RNF125 mutants were constructed by a stan-

dard mutagenesis method.

Reporter assays

HEK293T cells (1 × 105) were transfected with the

corresponding plasmids by standard calcium phosphate

precipitation for 12 h. Meanwhile, 20 ng of pRL-TK

(Renilla luciferase) reporter plasmid was added to each

transfection to normalize the transfection efficiency.

Then adual-specific luciferase assay kit (Promega) was

used for performing the luciferase reporter assays. Firefly

luciferase activity was measured and normalized to

Renilla luciferase activity. The experiment was repeated

in triplicate.

Co-immunoprecipitation (Co-IP) and western blot analysis

For transient transfection and Co-IP experiments,

HEK293T cells (2 × 106) were transfected with the indicated

plasmids for 24 h. Cells were lysed with 1ml of lysis buffer

(15mM Tris, 150mM NaCl, 1% Triton, 25mM KCl, 2mM

EGTA, 2mM EDTA, 0.1mM dithiothreitol, 0.5% Triton X-

100, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 0.5mM

phenylmethylsulfonyl fluoride, pH 7.5). Then a 0.4-ml ali-

quot of lysate was incubated with 0.2 μg of the indicated

monoclonal antibody or control mouse IgG and 20 μl of

protein G agarose beads (Amersham Biosciences) at 4 °C for

2 h. The beads were washed three times with 1ml of lysis

buffer containing 0.5M NaCl and the precipitates were

analyzed using western blot. For endogenous immunopre-

cipitation experiments, cells were uninfected or infected

with 0.1 MOI of SeV for the indicated time. Cells were then

harvested and lysed in 5ml of lysis buffer, and the lysate was

incubated with 1 μg of the indicated antiserum or pre-

immune control serum. The subsequent procedures were

conducted as described before. Each western blot assay was

repeated at least three times.

Quantitative real-time polymerase chain reaction (qRT-

PCR)

Total RNA was isolated from HEK293T cells utilizing

TRIzol reagent (Invitrogen) according to the manu-

facturer’s instruction. qRT-PCR analysis was carried out to

measure transcription of IFNB1, RANTES, TNFa, IL-8, IL-

6, IP-10, ISG56, SeV P, VSV P, and GAPDH genes, with

the following primers: IFNB1, 5′-cagcaattttcagtgtcagaagct-

3′ and 5′-cagtgactgtactccttggcctt-3′; RANTENS, 5′-ggcagc

cctcgctgtcatcc-3′ and 5′-gcagcagggtgtggtgtccg-3′; TNFa,

5′-gccgcatcgccgtctcctac-3′ and 5′-cctcagccccctctggggtc-3′;

IL-8, 5′-gagagtgattgagagtggaccac-3′ and 5′-cacaaccctctg-

cacccagttt-3′; IL-6, 5′-ttctccacaagcgccttcggtc-3′ and 5′-

tctgtgtggggcggctacatct-3′; IP-10, 5′-ggtgagaagagatgtctgaat

cc-3′ and 5′-gtccatccttggaagcactgca-3′; ISG56, 5′-acggctgc

ctaatttacagc-3′ and 5′-agtggctgatatctgggtgc-3′; SeV P: 5′-

caaaagtgagggcgaaggagaa-3′ and 5′- cgcccagatcctgagata

caga-3′; VSV P: 5′-gtgacggacgaatgtctcataa-3′ and 5′-

tttgactctcgcctgattgtac-3′; GAPDH, 5′-aaaatcaagtggggcgat

gct-3′; and 5′-gggcagagatgatgacccttt-3′. GAPDH was

applied to normalize the relative abundance of

indicated mRNA.

RNA interference

Double-strand oligonucleotides corresponding to the

target sequences were cloned into the pSuper.retro RNAi

plasmid (Oligoengine). The target sequences for human

G3BP1 cDNA were as follows: #1: 5′-ggattggattcaaatg-

gaaag-3′; #2: 5′-ggagattcatgcaaacgtttg-3′. A pSuper.retro
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RNAi plasmid targeting GFP was used as a control for all

RNAi-related experiments.

In vivo ubiquitination assays

Cells were lysed in 100 μl lysis buffer, and the supernatant

proteins were denatured at 95 °C for 5min in the presence

of 1% SDS. Then the denatured lysates were diluted with

lysis buffer until the concentration of SDS was reduced to

0.1%, followed by immunoprecipitation (denatured-IP) was

performed with the indicated antibodies. The immunopre-

cipitants were then subjected to immunoblotting with anti-

ubiquitin or anti-K48-linked ubiquitin chains.

In vitro pull-down assays

5´ppp-dsRNA was conjugated with biotin by UV

(365 nm wave-length) cross-linking for 45min.

HEK293T cells transfected with the indicated plasmids

were lysed with NP-40 lysis buffer. Lysates were incubated

with biotinylated-5´ppp-dsRNA at 4 °C for 1 h, and then

incubated with streptavidin beads at 4 °C for another 2 h.

The beads were washed three times with lysis buffer and

the proteins were analyzed by immunoblotting.

Transfection

A control-RNAi or G3BP1-RNAi retroviral plasmid

(10 μg) was co-transfected into HEK293T cells (1 × 106)

with two packaging plasmids pGag-Pol (10 μg) and pVSV-

G (3 μg) by calcium phosphate precipitation. Cells were

washed 12 h post-transfection and replenished with

antibiotic-free medium for additional 24 h. The recom-

binant virus-containing medium was filtered and used to

infect HEK293T cells in the presence of polybrene (4 μg/

ml, Millipore). The infected HEK293T cells were then

selected with puromycin (0.5 μg/ml) for 14 days prior to

further experiments.

Generation of G3BP1-knockout cell lines by CRISPR-Cas9

To generate G3BP1-knockout cell lines, double-stranded

oligonucleotides (G3BP1: 5′-tacttggtctgggtcccctt-3′) cor-

responding to the target sequences

were cloned into the lenti-CRISPR-V2 vector and co-

transfected into HEK293T cells with packaging plasmids

for 24 h. HEK293T cells were infected with lentivirus for

24 h, followed by selection with puromycin (1 μg/ml,

Amresco) for 14 days.

Statistical analysis

Statistical tests were performed using Microsoft Excel.

The significance of differences between samples was

assessed using an unpaired two-tailed Student t-est. The

variance was estimated by calculating the standard

deviation (SD) and is represented by error bars.

Experiments were repeated as described in the figure

legends, with a representative experiment being shown.

Statistical significance was denoted as follows: *P < 0.05;

**P < 0.01.

Results

G3BP1 overexpression potentiates RNA virus-triggered

signaling

Although G3BP1 acts as a SG resident protein, the

mechanism mediated by G3BP1 in host innate immunity

against RNA viruses is unclear. To assess the role of

G3BP1 in the innate immune response to RNA viruses,

we first constructed a flag-tagged G3BP1 expression

plasmid and performed reporter assays in HEK293T cells.

The results showed that G3BP1 overexpression facilitated

both SeV- and RNA analog poly (I:C)-triggered activation

of the IFN-β promoter, interferon-stimulated response

element (ISRE), and Nifty (Fig. 1a–f) in a dose-dependent

manner (Fig. 1h–j). In addition, phosphorylation of TBK1,

IRF3, P65, and Iκbα following SeV infection (a hallmark of

virus-triggered signaling) was enhanced in G3BP1-

overexpressed cells, compared with that in control cells

transfected with empty vector (EV) (Fig. 1g). Consistently,

qRT-PCR analysis indicated that overexpression of

G3BP1 increased the mRNA levels of IFNB1, IP-10,

TNFα, IL8, RANTES, ISG56, and IL6 genes induced by

SeV or poly (I:C) (Supplementary Fig. 1a–n). These results

suggest that G3BP1 positively regulates RNA virus-

triggered induction of the antiviral response.

Both G3BP1 knockdown and knockout inhibits SeV- and

poly (I:C)-triggered signaling

To explore whether endogenous G3BP1 is involved in

the positive regulation of RIG-I signaling, we first con-

structed two human G3BP1-RNAi plasmids that effi-

ciently suppressed the expression of both transfected and

endogenous G3BP1 in HEK293T cells (Fig. 2a). We found

that knockdown of G3BP1 inhibited SeV- and poly (I:C)-

triggered activation of the IFN-β promoter, ISRE, and

Nifty (Fig. 2b–g). Additionally, SeV- and poly (I:C)-

induced phosphorylation of TBK1, IRF3, P65, and Iκbα

was diminished in G3BP1-knockdown cells compared

with control cells (Fig. 2h). Furthermore, SeV- and poly (I:

C)-induced production of IFNB1, IP-10, TNFα, IL8,

RANTES, ISG56, and IL6 were also attenuated in G3BP1-

knockdown cells compared with control cells (Supple-

mentary Fig. 2a–n). Taken together, these results indicate

that G3BP1 knockdown negatively regulates RNA virus-

triggered antiviral responses.

We next examined if G3BP1-knockout also suppresses

SeV- and poly (I:C)-triggered signaling. G3BP1 knockout

in mice is lethal at the embryonic stage31; therefore, we

constructed a G3BP1-deficient HEK293T cell line via

CRISPR/Cas9 technology. Immunoblotting analysis result

showed that G3BP1 was undetectable in G3BP1-deficient

HEK293T cells (Fig. 3a). G3BP1-knockout experiments
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Fig. 1 G3BP1 positively regulates SeV-triggered signaling. a–c G3BP1 activates SeV-induced IFN-β promoter, ISRE, and Nifty. HEK293T cells (1 ×

105) were transfected with IFN-β reporter, ISRE, and Nifty (0.1 μg), TK (0.02 μg), and G3BP1 plasmids (0.1 μg) for 24 h and then uninfected or infected

with SeV for 12 h before luciferase assays were performed. The experiment was repeated in triplicates. d–f G3BP1 activates poly (I:C)-induced IFN-β

promoter, ISRE, and Nifty. HEK293T cells (1 × 105) were transfected with IFN-β reporter, ISRE and Nifty (0.1 μg), TK (0.02 μg) and G3BP1 plasmids

(0.1 μg) for 24 h and then transfected with poly (I:C) (1 μg/ml) for 18 h before luciferase assays were performed. The experiment was repeated in

triplicates. g Effects of G3BP1 overexpression on SeV-induced phosphorylation of TBK1, IRF3, P65, and Iκbα. HEK293T cells stably overexpressing

G3BP1 were infected or uninfected with SeV for the indicated time and then immunoblotting analysis was performed. For the phosphorylation of

TBK1, IRF3, P65, and Iκbα, band intensities were determined by Image J software. h–j G3BP1 activates the IFN-β promoter, ISRE, and Nifty in a dose-

dependent manner. HEK293T cells (1 × 105) were transfected with the IFN-β reporter (0.1 μg) and increasing amounts of G3BP1 plasmid (0, 50, 100,

and 200 ng) for 24 h and then uninfected or infected with SeV for 12 h before luciferase assays were performed. The experiment was repeated in

triplicates. Data are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, two-tailed t-test. EV empty vector, Luc luciferase.
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Fig. 2 Effects of G3BP1 knockdown on virus-triggered signaling. a Effects of G3BP1-RNAi plasmids on exogenous or endogenous G3BP1

expression. b–d G3BP1 knockdown inhibits SeV-induced IFN-β promoter, ISRE, and Nifty. Stable G3BP1-RNAi knockdown cells (1 × 105) were

transfected with the IFN-β reporter, ISRE and Nifty (0.1 μg), and TK (0.02 μg) for 24 h, and then uninfected or infected with SeV for 12 h before

luciferase assays. The experiment was repeated in triplicates. e–g G3BP1 knockdown inhibits poly (I:C)-induced IFN-β promoter, ISRE, and Nifty. Stable

G3BP1-knockdown HEK293T cells (1 × 105) were transfected with the IFN-β reporter, ISRE, Nifty (0.1 μg), and TK (0.02 μg) for 24 h, and then transfected

with poly (I:C) (1 μg/ml) for 18 h before luciferase assays were performed. The experiment was repeated in triplicates. h Effects of G3BP1 knockdown

on SeV-induced phosphorylation of TBK1, IRF3, P65, and Iκbα. Stable G3BP1-knockdown HEK293T cells were infected or uninfected with SeV for the

indicated time before immunoblotting was performed. For the phosphorylation of TBK1, IRF3, P65, and Iκbα, band intensities were determined by

Image J software. Data are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, two-tailed t-test. Coni control-RNAi, Luc luciferase.
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Fig. 3 G3BP1-knockout suppresses SeV- and poly (I:C)-triggered signaling. a Deficiency of G3BP1 in the KO clones was confirmed by

immunoblotting with anti-G3BP1. The G3BP1-deficient HEK293T clones were generated by the CRISPR-Cas9 method. b–g G3BP1 KO inhibits SeV- or

poly (I:C)-induced IFN-β promoter, ISRE, and Nifty. G3BP1-deficient HEK293T cells (1 × 105) were transfected with the IFN-β reporter, ISRE, and Nifty

(0.1 μg), and TK (0.02 μg) for 24 h, and then stimulated with SeV for 12 h or with poly (I:C) (1 μg/ml) for 18 h before luciferase assays were performed.

Meanwhile, the unstimulated cells were used as the controls. The experiment was repeated in triplicates. h Effects of G3BP1 deficiency on SeV-

induced phosphorylation of TBK1, IRF3, P65, and Iκbα. G3BP1-deficient HEK293T cells were uninfected or infected with SeV for the indicated time

before immunoblotting was performed. For the phosphorylation of TBK1, IRF3, P65, and Iκbα, band intensities were determined by Image J software.

i, j G3BP1-deficient HEK293T cells were reconstituted with G3BP1 by retroviral-mediated gene transfer. The experiments were similarly described in b.

Data are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, two-tailed t-test. KO knockout, WT wild-type, Luc luciferase.
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Fig. 4 G3BP1 positively regulates the cellular antiviral response. a, b G3BP1-overexpressed HEK293T cell lines a or G3BP1-deficient HEK293T cells

b were infected with SeV or VSV-GFP (MOI= 0.1) for the indicated time, and then the cell lysates were analyzed by immunoblotting with the

antibodies against SeV, GFP, or β-actin. c Effects of G3BP1 on SeV and VSV infection. G3BP1-overexpressed or G3BP1-deficient and control

HEK293T cells were infected with SeV for 12 h or with VSV-GFP (MOI= 0.1) for 4 h. The mRNA level of the SeV P and VSV P proteins in cells was

determined by qRT-PCR. The experiment was repeated in triplicates. d Effects of G3BP1-overexpressed on VSV titer. G3BP1-overexpressed

HEK293T cells were transfected with 1 μg/ml poly (I:C) for 16 h and infected with VSV-GFP (MOI= 0.1) for 18 h. Supernatants were then analyzed for

VSV production by standard plaque assays. The experiment was repeated in triplicates. e G3BP1-overexpressed HEK293T cells were infected with VSV-

GFP (MOI= 0.1) for 4 h. Images were captured by fluorescence microscopy. In addition, the GFP fluorescence levels in VSV-GFP-infected cells were

analyzed by flow cytometry. The experiment was repeated in triplicates. f Effects of G3BP1-deficient on VSV titer. The experiments were similarly to

those described in c. The experiment was repeated in triplicates. g G3BP1-deficient HEK293T cells were infected with VSV-GFP (MOI= 0.1) for 2 h.

Images were then captured by fluorescence microscopy. In addition, the GFP fluorescence levels in VSV-GFP-infected cells were analyzed by flow

cytometry. The experiment was repeated in triplicates. qRT-PCR, quantitative real-time polymerase chain reaction. The experiments were similarly

described in b. Data are mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, two-tailed t-test.
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produced similar results as G3BP1-knockdown experi-

ments (Fig. 3b–h). In addition, reconstitution of G3BP1 in

the first G3BP1-deficient cell restored activation of IFN-β

promoter, ISRE, and Nifty induced by SeV- and poly (I:C)

(Fig. 3i–j). Furthermore, the transcription levels of IFNB1,

IP-10, TNFα, IL8, RANTES, ISG56, and IL6 (Supplemen-

tary Fig. 3a–n) in G3BP1-deficient cells were lower than

those in wild-type (WT) cells, whereas reconstitution of

G3BP1 into the first G3BP1-deficient clone cell restored

SeV- or poly (I:C)-induced transcription of the afore-

mentioned downstream genes (Supplementary Fig. 4a–n).

Collectively, these data suggest that G3BP1 is essential for

the efficient induction of antiviral responses against RNA

viruses and cytoplasmic poly (I:C).

G3BP1 potentiates cellular antiviral responses

Considering that G3BP1 positively regulates RLR-

mediated induction of type I IFNs, we next examined

whether G3BP1 affected cellular antiviral responses. The

replication of SeV and VSV was evaluated by immuno-

blotting analysis, using antibodies against viral proteins.

As shown in Fig. 4a, the expressions of SeV and GFP

proteins in G3BP1-overexpressing cells were lower than

those in control cells. In contrast, the replication of both

SeV and VSV increased in G3BP1-deficient cells com-

pared with wild-type cells at all examined time points

post-infection (Fig. 4b). Accordingly, G3BP1

overexpression inhibited the mRNA level of SeV P and

VSV P proteins, whereas G3BP1 knockout exhibited the

opposite effect (Fig. 4c). To further confirm these results,

VSV replication was measured by immunofluorescence

microscopy of VSV tagged with GFP and plaque assays.

The results showed that G3BP1 overexpression resulted

in decreased VSV replication, as indicated by the lower

virus titers (Fig. 4d) and the reduced green fluorescence

(Fig. 4e) in the G3BP1-overexpressed cells, suggesting that

G3BP1 plays a pivotal role in robust antiviral response.

On the contrary, we observed that G3BP1 knockout led to

the increased replication of VSV (Fig. 4f–g) in the G3BP1-

deficient HEK293T cells. Collectively, these observations

suggest that G3BP1 positively regulates cellular antiviral

responses.

G3BP1 targets at upstream of MAVS

To identify the potential regulatory targets of G3BP1,

we next examined the effects of G3BP1 on the activation

of the IFN-β promoter and ISRE mediated by various

components of the RLR signaling pathways. Reporter

assay results showed that the activation of IFN-β pro-

moter and ISRE mediated by RIG-I and MDA5, but not

mediated by MAVS or TBK1, diminished in G3BP1-

knockdown cells compared with that of control cells (Fig.

5a–b). These results demonstrate that G3BP1 targets at

upstream of MAVS.

Fig. 5 G3BP1 targets at upstream of MAVS. a, b Effects of G3BP1 knockdown on the IFN-β promoter and ISRE activation. The control or stable

G3BP1-knockdown HEK293T cells (1 × 105) were transfected with the IFN-β promoter a or ISRE reporter b (0.1 μg), TK (0.02 μg), and the indicated

plasmids (0.1 μg each) for 24 h followed by luciferase assays. The experiment was repeated in triplicates. Data are mean ± SD of three independent

experiments. *P < 0.05, **P < 0.01, two-tailed t-test. EV empty vector, Luc luciferase, NC control RNAi.
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Fig. 6 G3BP1 interacts with RIG-I. a G3BP1 interacts with RIG-I but not with MDA5, MAVS, TBK1, or IRF3 in the overexpression system. HEK293T cells

(2 × 106) were transfected with the indicated plasmids (5 μg of each) for 24 h. Then Co-IP and immunoblotting analysis were performed with the

indicated antibodies. b Endogenous G3BP1 interacted with RIG-I in HEK293T cells. HEK293T cells (5 × 107) were uninfected or infected with SeV for

the indicated time. Co-IP and immunoblotting experiments were performed with the indicated antibodies. c, d Domain identification of G3BP1 and

RIG-I interaction. HEK293T cells were transfected with the expression plasmids encoding RIG-I and G3BP1 or the corresponding mutants (5 μg each)

for 24 h. Co-IP and immunoblotting were performed with the indicated antibodies. e, f Effects of G3BP1 overexpression and its mutants on SeV-

triggered IFN-β promoter and ISRE activation. HEK293T cells (1 × 105) were transfected with the IFN-β promoter or ISRE reporter (0.1 μg) and the

indicated expression plasmids (0.1 μg) for 24 h. Then cells were uninfected or infected with SeV for 12 h before luciferase assays. The experiment was

repeated in triplicates. Data are mean ± SD of three independent experiments. Co-IP Co-immunoprecipitation, EV empty vector, Luc luciferase, αF

anti-Flag, αH anti-HA, HC heavy chain, WT wild-type.
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G3BP1 interacts with RIG-I

We next explored the molecular mechanisms involving

G3BP1 in mounting an innate immune responses against

RNA viruses. The Co-IP results showed that G3BP1 was

associated with RIG-I but not with MDA5, TBK1, MAVS,

or IRF3 (Fig. 6a). Furthermore, we found that SeV infec-

tion resulted in the gradual interaction between G3BP1

and RIG-I (Fig. 6b). These results suggest that G3BP1 was

able to interact with RIG-I.

To identify the domain of G3BP1 mediates its binding

to RIG-I, we constructed a series of truncated plasmids

for G3BP1 and RIG-I. The glutamic acid-284 (E284) site

has been proven to play a role in porcine G3BP1

function32. Sequence analysis has indicated that the

porcine G3BP1 (E284) site corresponds to the human

G3BP1 E285 site; hence, we constructed a human

G3BP1 (E285) mutant to investigate its function in

innate immunity. We observed that the 286–467 aa

domain of G3BP1 and helicase domains of RIG-I were

required for the interaction between G3BP1 and RIG-I,

while G3BP1 (E285A) mutant did not affect their

interaction (Fig. 6c–d). G3BP1 contains five conserved

domains: nuclear trans-porter factor 2 (NTF2) domain,

acidic domain, PXXP domain, RNA-recognition mod-

ule (RRM), and RGG (arginine–glycine–glycine)

motif33. We further found that G3BP1 but not G3BP1

NTF2, G3BP1 acidic domain, G3BP1 PXXP, G3BP1

RRM, and G3BP1 (delete RGG) interacted with RIG-I

or RIG-I (helicase) (Fig. 6c–d). In addition, reporter

assay results showed that G3BP1 (286–467 aa) mutant,

but not G3BP1 (1–285 aa) mutant, participated in RIG-

I-mediated activation of IFN-β promoter (Fig. 6e–f).

These results indicate that G3BP1 (286–467 aa) domain

interacts with RIG-I (helicase) domain and this inter-

action is essential for the function of G3BP1 in RIG-I-

mediated signaling.

G3BP1 antagonizes RNF125-mediated degradation of RIG-I

and enhances the binding of RIG-I to 5´ppp-dsRNA in vivo

Considering that G3BP1 enhances RIG-I-mediated sig-

naling, we hypothesized that G3BP1 affects the expression

of RIG-I. We found that G3BP1 overexpression facilitated

the expression of RIG-I but not IRF3 (Fig. 7a–b). To

further investigate how G3BP1 upregulates RIG-I

expression, we assessed the influence of 3-MA (inhibitor

of the autophagy-dependent degradation pathway),

NH4Cl (inhibitor of the lysosome-dependent degradation

pathway), and MG132 (inhibitor of the ubiquitin-

proteasome-dependent degradation pathway) on G3BP1-

mediated upregulation of RIG-I in a mammalian over-

expression system. The results indicated that MG132

inhibited G3BP1-mediated upregulation of RIG-I (Fig. 7c)

and G3BP1 stabilized RIG-I via the ubiquitin-proteasome

pathway.

It is widely accepted that E3 ubiquitin ligase enzyme

RNF125 drives proteasomal degradation of RIG-I and

negatively regulates innate antiviral immunity13. We next

investigated whether G3BP1 is involved in the ubiquiti-

nation of RIG-I by RNF125. Ubiquitination assay results

showed that G3BP1 overexpression diminished RNF125-

mediated ubiquitination of RIG-I, whereas this function

mediated by inactive mutant RNF125 (C72/75 A) was not

affected by G3BP1 overexpression (Fig. 7d–e). In contrast,

G3BP1-knockdown enhanced RIG-I ubiquitination (Fig.

7f). Moreover, we observed that G3BP1 overexpression

inhibited K48-linked poly-ubiquitination of RIG-1 medi-

ated by RNF125 (Fig. 7g). Furthermore, both knockdown

and knockout of G3BP1 potentiated K48-linked poly-

ubiquitination of RIG-1 in SeV-infected HEK293T cells

(Fig. 7h–i). In addition, RNA pull-down experiment

results indicated that G3BP1 overexpression could bind to

5´ppp-dsRNA and enhanced the binding of RIG-I to 5

´ppp-dsRNA in vivo (Fig. 7j). These data suggest that

(see figure on previous page)

Fig. 7 G3BP1 antagonizes RNF125-mediated degradation of RIG-I. a, b Dose-dependent effects of G3BP1 on the expression of RIG-I or IRF3.

HEK293T cells (4 × 105) were transfected with the G3BP1 (0, 1, and 2 μg) and the RIG-I or IRF3 (2 μg) plasmids for 24 h. Then the cell lysates were

subjected to immunoblotting with the indicated antibodies. For the HA-RIG-I, HA-G3BP1 and HA-IRF3, band intensities were determined by Image J

software. c Effects of inhibitors on G3BP1-mediated stabilization of RIG-I. HEK293T cells (4 × 105) were transfected with the indicated plasmids for 18 h

and then cells were treated with the indicated inhibitors for 6 h before immunoblotting analysis. For the Flag-RIG-I, band intensities were determined

by Image J software. d, e Effects of G3BP1 on ubiquitination of RIG-I mediated by RNF125 or RNF125 (C72/75 A) mutant. HEK293T cells (2 × 106) were

transfected with RIG-I (10 μg), G3BP1 (3 μg), HA-Ub (2 μg), and RNF125 or RNF125 (C72/75 A) (5 μg) for 24 h. Co-IP and immunoblotting analysis were

performed with the indicated antibodies. f Effects of G3BP1 knockdown on RNF125-mediated ubiquitination of RIG-I. The stable G3BP1-knockdown

HEK293T cells were transfected with RIG-I (10 μg), HA-Ub (2 μg), and RNF125 (5 μg) for 24 h. Then Co-IP and immunoblotting were performed with

the indicated antibodies. g Effects of G3BP1 on K48-linked ubiquitination of RIG-I mediated by RNF125. The experiments were similarly to those

described in d. h Effects of G3BP1 knockdown on K48-linked ubiquitination of RIG-I. The stable G3BP1-knockdown HEK293T cells were infected or

uninfected with SeV for the indicated time. Then Co-IP and immunoblotting analysis were performed with the indicated antibodies. i Effects of

G3BP1 knockout on K48-linked ubiquitination of RIG-I. The experiments were similarly to those described in h. j G3BP1 binds to 5´ppp-dsRNA and

enhances the binding of RIG-I to 5´ppp-dsRNA. HEK293T cells (2 × 106) were transfected with the indicated plasmids (5 μg each). Cell lysates were first

incubated with biotinylated-5´ppp-dsRNA and streptavidin-Sepharose. Then conjugated proteins were analyzed by immunoblotting with anti-Flag

and anti-HA antibodies. Co-IP Co-immunoprecipitation, αF anti-Flag, Coni control RNAi, KO knockout, WT wild-type.
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G3BP1 stabilizes RIG-I by downregulating K48-linked

ubiquitination of RIG-I mediated by RNF125 and

enhances the binding of RIG-I to 5´ppp-dsRNA in vivo.

G3BP1 promotes degradation of RNF125 via its auto-

ubiquitination

To confirm if there is an association between G3BP1

and RNF125, we first examined the interaction between

G3BP1 and RNF125 in the mammalian overexpression

system. Co-IP results showed that G3BP1 indeed inter-

acted with RNF125 (Fig. 8a). This result was further

corroborated by endogenous Co-IP experiments in SeV-

infected HEK293T cells (Fig. 8b). Additionally, we found

that G3BP1 suppressed RNF125 expression in a dose-

dependent manner, whereas the expression of RNF125

mutant (C72/75 A) was not affected (Fig. 8c–d). More-

over, we found that the G3BP1 expression was enhanced

following SeV stimulation in HEK293T cells, whereas

RNF125 expression was reduced following SeV stimula-

tion in HEK293T cells (Fig. 8e). We next found that

MG132 inhibited RNF125 degradation in G3BP1-

overexpressed HEK293T cells (Fig. 8f). To further inves-

tigate how G3BP1 degrades RNF125, we examined the

oligomerization and auto-ubiquitination of RNF125 after

G3BP1 transfection. The results showed that RNF125

formed a homo-dimer (Fig. 8g) and G3BP1 increased

RNF125 homo-dimerization (Fig. 8h). Furthermore, we

observed that G3BP1 promoted auto-ubiquitination of

RNF125 (Fig. 8i). Further results showed that RNF125

inhibited RIG-I-triggered activation of the IFN-β pro-

moter and ISRE, whereas G3BP1 was able to reverse this

inhibition (Fig. 8j–k). In transient transfection and co-

immunoprecipitation experiments, we found that RIG-I

interacted with G3BP1 and RNF125 in HEK293T cells

(Fig. 8l). In addition, we also found that G3BP1 but not

G3BP1 NTF2, G3BP1 acidic domain, G3BP1 PXXP,

G3BP1 RRM, and G3BP1 (delete RGG) interacted with

RNF125 (Fig. 8m). Taken together, these results suggest

that G3BP1 degrades RNF125 by promoting RNF125-

mediated oligomerization and auto-ubiquitination.

Discussion

The cytoplasmic viral RNA sensor RIG-I is a receptor

protein, playing critical roles in the recognition of cyto-

plasmic dsRNA and activation of IRFs as well as NF-κB34.

It is well known that RIG-I-deficient cells fail to recognize

various RNA viruses, such as paramyxoviruses, influenza

virus, and VSV35,36. Consistently, RIG-I knockout mice

have been reported to be more susceptible to VSV,

hepatitis C virus (HCV), and Japanese encephalitis virus6.

The protein level of RIG-I is also delicately regulated

during virus infection to ensure the optimal activation and

timely termination of innate immune responses. However,

the molecular mechanism of RIG-I activity regulated by

post-translational modifications has not been fully eluci-

dated. In this study, we found that G3BP1 acts as a

positive regulator of RIG-I, dynamically maintaining the

stability of RIG-I and ensuring that a proper innate

immune response is mounted against RNA viruses.

Previously, it has been shown that G3BP1 over-

expression contributes to the IFN-β production induced

by RIG-I25. Consistent with this observation, we first

found that G3BP1 overexpression potentiates SeV- and

poly (I:C)-triggered induction of IFN-β, whereas knock-

down or knockout of G3BP1 exhibits the opposite effect.

We further identified that G3BP1 is able to interact with

RIG-I and boost its expression. The RING-type E3 ubi-

quitin ligase RNF125, also known as T cell RING

(see figure on previous page)

Fig. 8 G3BP1 promotes degradation of RNF125 via its auto-ubiquitination. a Interaction between G3BP1 and RNF125 in the mammalian

overexpression system. HEK293T cells were transfected with the indicated plasmids (5 μg of each) for 24 h. Co-IP and immunoblotting were

performed with the indicated antibodies. b Endogenous G3BP1 interacted with RNF125 in HEK293T cells. HEK293T cells (5 × 107) were untreated or

infected with SeV for the indicated time. Co-IP and immunoblotting experiments were performed with the indicated antibodies. c, d Effects of G3BP1

on the expression of RNF125 or RNF125 (C72/75 A) mutant were evaluated. HEK293T cells were transfected with HA-G3BP1 (0, 0.5, 1.5, and 3 μg) and

HA-RNF125 or HA-RNF125 (C72/75 A) plasmids (2 μg) for 24 h. Then the cell lysates were analyzed by immunoblotting with the indicated antibodies.

e Effects of SeV infection on the expression of endogenous G3BP1 and RNF125 in HEK293T cells. HEK293T cells were uninfected or infected with SeV

for the indicated time. The cell lysates were analyzed by immunoblotting with the indicated antibodies. f Effects of MG132 on G3BP1-mediated

destabilization of RNF125. HEK293T cells (4 × 105) were transfected with the indicated plasmids for 18 h and then the cells were treated with DMSO or

MG132 for 6 h before immunoblotting analysis. g Interaction between RNF125 and RNF125 in the mammalian overexpression system. HEK293T cells

were transfected with the indicated plasmids (5 μg of each). Co-IP and immunoblotting were performed with the indicated antibodies. h Effects of

G3BP1 on the interaction between RNF125 and RNF125. The experiments were similarly to those described in g. i Effects of G3BP1 on the

ubiquitination of RNF125. HEK293T cells (2 × 106) were transfected with the indicated plasmids for 18 h and then treated with MG132 for 6 h. Co-IP

and immunoblotting were performed with the indicated antibodies. j, k Effects of G3BP1 overexpression on RNF125-mediated RIG-I activation were

assessed. HEK293T cells (1 × 105) were transfected with the IFN-β reporter, ISRE (0.1 μg), HA-RIG-1 (100 ng), Flag-RNF125 (100 ng) or G3BP1 (0, 100,

200, and 400 ng) expression plasmids for 24 h before luciferase assays were performed. The experiment was repeated in triplicates. l Interaction

between G3BP1, RIG-I, and RNF125 in HEK293T cells. HEK293T cells were transfected with the indicated plasmids for 24 h. Co-immunoprecipitation

and immunoblotting analysis were performed with the indicated antibodies. m Interaction between G3BP1, G3BP1 mutants, and RNF125. The

experiments were similarly to those described in l. Data are mean ± SD of three independent experiments. Co-IP Co-immunoprecipitation, EV, empty

vector, Luc luciferase, αH anti-HA tag, HC heavy chain.
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Activation protein 1 (TRAC-1), targets RIG-I for its

subsequent proteasomal degradation13,37,38. Our data

suggest that G3BP1 maintains RIG-I levels by antag-

onizing RNF125-mediated degradation of RIG-I. Firstly,

RIG-I expression could be stabilized by G3BP1 via

antagonizing RNF125-mediated RIG-I degradation. Sec-

ondly, we demonstrated that G3BP1 potentiates the self-

association and auto-ubiquitination of RNF125. Hence, it

is more likely that G3BP1 first promotes RNF125 degra-

dation by enhancing self-association and auto-

ubiquitination of RNF125, and then RIG-I degradation

mediated by RNF125 is alleviated.

Previous studies have suggested that G3BP1 is involved

in the life cycle of various RNA viruses. For example,

G3BP1 directly interacts with foot-and-mouth disease

virus IRES and negatively regulates IRES function39. The

overexpression of G3BP1-SGs negatively regulates the

replication of coxsackievirus type B3 at the RNA, protein,

and viral progeny levels40. Besides, G3BP1 also inhibits

mammalian orthoreovirus replication during viral infec-

tion41. Interestingly, a recent study has revealed that

G3BP1 binds to viral dsRNA and RIG-I to enhance IFN-β

response25. Consistently, we found that G3BP1 could bind

to viral dsRNA and enhance the binding of RIG-I to

dsRNA in vivo. Notably, our data reveal that G3BP1 could

enhance RIG-I expression by inhibiting RIG-I ubiquiti-

nation. In particular, although Kim et al., demonstrate

that G3BP1 directly binds RIG-I via the C-terminal RGG

domain of G3BP125, there is no evidence to show that

G3BP1 could enhance RIG-I to bind dsRNA in vitro and it

is likely that G3BP1 increases RIG-I expression to

enhance the binding of RIG-I to dsRNA. Therefore, it will

be important to test whether G3BP1 is a co-sensor to

promote RIG-I recognition of pathogenic RNA in vitro, in

the future. Taken together, upon infection with RNA

viruses, G3BP1 increases ubiquitination of RNF125 to

attenuate RNF125 expression, thereby promoting the

expression of RIG-I. These results provide important

insights into the molecular mechanisms of innate immune

responses mounted against RNA viruses.

Acknowledgements

We thank Prof. Hongbing Shu for technical assistance and generous donation

of materials used in the present study. This work was supported by Grants from

National Natural Science Foundation of China (U1501213), Chinese Ministry of

Science and Technology (2015BD12B04), Gansu Provincial Science and

Technology Department of China (17JR5RA323), National Natural Science

Foundation of China (31672585) and Chinese Academy of Agricultural

Sciences (Y2017JC55).

Conflict of interest

The authors declare that they have no conflict of interest.

Publisher’s note

Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/

10.1038/s41419-019-2178-9).

Received: 29 July 2019 Revised: 20 November 2019 Accepted: 21

November 2019

References

1. Takeuchi, O. & Akira, S. Pattern recognition receptors and inflammation. Cell

140, 805–820 (2010).

2. Baccala, R. et al. Sensors of the innate immune system: their mode of action.

Nat. Rev. Rheumatol. 5, 448–456 (2009).

3. Akira, S. TLR signaling. Curr. Top. Microbiol Immunol. 311, 1–16 (2006).

4. Kumar, H., Kawai, T. & Akira, S. Pathogen recognition by the innate immune

system. Int. Rev. Immunol. 30, 16–34 (2011).

5. Andrejeva, J. et al. The V proteins of paramyxoviruses bind the IFN-inducible

RNA helicase, mda-5, and inhibit its activation of the IFN-beta promoter. Proc.

Natl Acad. Sci. USA 101, 17264–17269 (2004).

6. Takeuchi, O. & Akira, S. Innate immunity to virus infection. Immunol. Rev. 227,

75–86 (2009).

7. Yoneyama, M. & Fujita, T. Structural mechanism of RNA recognition by the

RIG-I-like receptors. Immunity 29, 178–181 (2008).

8. Yoneyama, M. et al. Shared and unique functions of the DExD/H-box helicases

RIG-I, MDA5, and LGP2 in antiviral innate immunity. J. Immunol. 175,

2851–2858 (2005).

9. Gack, M. U. et al. TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-

mediated antiviral activity. Nature 446, 916–920 (2007).

10. Hu, M. M., Liao, C. Y., Yang, Q., Xie, X. Q. & Shu, H. B. Innate immunity to RNA

virus is regulated by temporal and reversible sumoylation of RIG-I and MDA5.

J. Exp. Med. 214, 973–989 (2017).

11. Wallach, D. & Kovalenko, A. Phosphorylation and dephosphorylation of the

RIG-I-like receptors: a safety latch on a fateful pathway. Immunity 38, 402–403

(2013).

12. Oshiumi, H., Matsumoto, M., Hatakeyama, S. & Seya, T. Riplet/RNF135, a RING

finger protein, ubiquitinates RIG-I to promote interferon-beta induction during

the early phase of viral infection. J. Biol. Chem. 284, 807–817 (2009).

13. Arimoto, K. et al. Negative regulation of the RIG-I signaling by the ubiquitin

ligase RNF125. Proc. Natl Acad. Sci. USA 104, 7500–7505 (2007).

14. Wies, E. et al. Dephosphorylation of the RNA sensors RIG-I and MDA5 by the

phosphatase PP1 is essential for innate immune signaling. Immunity 38,

437–449 (2013).

15. Oshiumi, H. et al. The ubiquitin ligase Riplet is essential for RIG-I-dependent

innate immune responses to RNA virus infection. Cell Host Microbe 8, 496–509

(2010).

16. Lian, H. et al. The zinc-finger protein ZCCHC3 binds RNA and facilitates viral

RNA sensing and activation of the RIG-I-like receptors. Immunity 49, 438–448

(2018).

17. Wang, W. et al. RNF122 suppresses antiviral type I interferon production by

targeting RIG-I CARDs to mediate RIG-I degradation. Proc. Natl. Acad. Sci. USA

113, 9581–9586 (2016).

18. Liu, W. et al. Cyclophilin A-regulated ubiquitination is critical for RIG-I-mediated

antiviral immune responses. elife 6, e24425 (2017).

19. Liu, H. M. et al. The mitochondrial targeting chaperone 14-3-3epsilon regulates

a RIG-I translocon that mediates membrane association and innate antiviral

immunity. Cell Host Microbe 11, 528–537 (2012).

20. Nunez, R. D. et al. The RNA helicase DDX6 associates with RIG-I to augment

induction of antiviral signaling. Int. J. Mol. Sci. 19, E1877 (2018).

21. Parker, F. et al. A Ras-GTPase-activating protein SH3-domain-binding protein.

Mol. Cell Biol. 16, 2561–2569 (1996).

22. Paul, A. & Nancy, K. RNA granules. J. Cell Biol. 172, 803–808 (2006).

23. Nover, L., Scharf, K. D. & Neumann, D. Formation of cytoplasmic heat shock

granules in tomato cell cultures and leaves. Mol. Cell. Biol. 3, 1648–1655 (1983).

24. Liu, Z. S. et al. G3BP1 promotes DNA binding and activation of cGAS. Nat.

Immunol. 20, 18–28 (2019).

25. Kim, S. S., Sze, L. & Lam, K. P. The stress granule protein G3BP1 binds viral

dsRNA and RIG-I to enhance IFN-beta response. J. Biol. Chem. 294, 6430–6438

(2019).

26. Chen, L. T., Hu, M. M., Xu, Z. S., Liu, Y. & Shu, H. B. MSX1 modulates RLR-

mediated innate antiviral signaling by facilitating assembly of TBK1-associated

complexes. J. Immunol. 197, 199–207 (2016).

Yang et al. Cell Death and Disease          (2019) 10:946 Page 14 of 15

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-019-2178-9
https://doi.org/10.1038/s41419-019-2178-9


27. Li, Y. et al. LSm14A is a processing body-associated sensor of viral nucleic acids

that initiates cellular antiviral response in the early phase of viral infection. Proc.

Natl Acad. Sci. USA 109, 11770–11775 (2012).

28. Zhou, Q. et al. The ER-associated protein ZDHHC1 is a positive regulator of

DNA virus-triggered, MITA/STING-dependent innate immune signaling. Cell

Host Microbe 16, 450–461 (2014).

29. Xu, L. G. et al. VISA is an adapter protein required for virus-triggered IFN-beta

signaling. Mol. Cell 19, 727–740 (2005).

30. Diao, F. et al. Negative regulation of MDA5- but not RIG-I-mediated innate

antiviral signaling by the dihydroxyacetone kinase. Proc. Natl Acad. Sci. USA

104, 11706–11711 (2007).

31. Zekri, L. et al. Control of fetal growth and neonatal survival by the RasGAP-

associated endoribonuclease G3BP. Mol. Cell Biol. 25, 8703–8716 (2005).

32. Ye, X. et al. Foot-and-mouth disease virus counteracts on internal ribo-

some entry site suppression by G3BP1 and inhibits G3BP1-mediated

stress granule assembly via post-translational mechanisms. Front.

Immunol. 9, 1142 (2018).

33. Reineke, L. C. & Lloyd, R. E. The stress granule protein G3BP1 recruits protein

kinase R to promote multiple innate immune antiviral responses. J. Virol. 89,

2575–2589 (2015).

34. Yoneyama, M. et al. The RNA helicase RIG-I has an essential function in

double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 5,

730–737 (2004).

35. Kato, H. et al. Differential roles of MDA5 and RIG-I helicases in the recognition

of RNA viruses. Nature 441, 101–105 (2006).

36. Kato, H. et al. Cell type-specific involvement of RIG-I in antiviral response.

Immunity 23, 19–28 (2005).

37. Oshiumi, H., Matsumoto, M. & Seya, T. Ubiquitin-mediated modulation of the

cytoplasmic viral RNA sensor RIG-I. J. Biochem 151, 5–11 (2012).

38. Maelfait, J. & Beyaert, R. Emerging role of ubiquitination in antiviral RIG-I

signaling. Microbiol Mol. Biol. Rev. 76, 33–45 (2012).

39. Galan, A., Lozano, G., Pineiro, D. & Martinez-Salas, E. G3BP1 interacts directly

with the FMDV IRES and negatively regulates translation. FEBS J. 284,

3202–3217 (2017).

40. Fung, G. et al. Production of a dominant-negative fragment due to G3BP1

cleavage contributes to the disruption of mitochondria-associated protective

stress granules during CVB3 infection. PLoS ONE 8, e79546 (2013).

41. Choudhury, P., Bussiere, L. & Miller, C. L. Mammalian orthoreovirus factories

modulate stress granule protein localization by interaction with G3BP1. J. Virol.

91, e01298–17 (2017).

Yang et al. Cell Death and Disease          (2019) 10:946 Page 15 of 15

Official journal of the Cell Death Differentiation Association


	G3BP1 inhibits RNA virus replication by positively regulating RIG-I-mediated cellular antiviral response
	Introduction
	Materials and methods
	Reagents, virus, and cells
	Constructs
	Reporter assays
	Co-immunoprecipitation (Co-IP) and western blot analysis
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	RNA interference
	In vivo ubiquitination assays
	In vitro pull-down assays
	Transfection
	Generation of G3BP1-knockout cell lines by CRISPR-Cas9
	Statistical analysis

	Results
	G3BP1 overexpression potentiates RNA virus-triggered signaling
	Both G3BP1 knockdown and knockout inhibits SeV- and poly (I:C)-triggered signaling
	G3BP1 potentiates cellular antiviral responses
	G3BP1 targets at upstream of MAVS
	G3BP1 interacts with RIG-I
	G3BP1 antagonizes RNF125-mediated degradation of RIG-I and enhances the binding of RIG-I to 5&#x000B4;ppp-dsRNA in�vivo
	G3BP1 promotes degradation of RNF125 via its auto-ubiquitination

	Discussion
	ACKNOWLEDGMENTS


