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BAG6 negatively regulates the
RLR signaling pathway by
targeting VISA/MAVS

*

Jing-Ping Huang, Jing Li, Yan-Ping Xiao and Liang-Guo Xu

College of Life Science, Jiangxi Normal University, Nanchang, China

The virus-induced signaling adaptor protein VISA (also known as MAVS, ISP-1,
Cardif) is a critical adaptor protein in the innate immune response to RNA virus
infection. Upon viral infection, VISA self-aggregates to form a sizeable prion-
like complex and recruits downstream signal components for signal
transduction. Here, we discover that BAG6 (BCL2-associated athanogene 6,
formerly BAT3 or Scythe) is an essential negative regulator in the RIG-I-like
receptor signaling pathway. BAG6 inhibits the aggregation of VISA by
promoting the K48-linked ubiquitination and specifically attenuates the
recruitment of TRAF2 by VISA to inhibit RLR signaling. The aggregation of
VISA and the interaction of VISA and TRAF2 are enhanced in BAG6-deficient
cell lines after viral infection, resulting in the enhanced transcription level of
downstream antiviral genes. Our research shows that BAG6 is a critical
regulating factor in RIG-1/VISA-mediated innate immune response by
targeting VISA.
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Introduction

The immune system is composed of innate and adaptive immunity. Innate immune
is the first line of defense, which resists the invasion of microbial pathogens. Pathogen-
associated molecular patterns (PAMPs) are recognized by pattern recognition receptors
(PRRs) to initiate signal cascades resulting in the activation of antiviral genes such as type
I interferon and proinflammatory cytokines for clearance of invading pathogens (1, 2).

The PRRs include Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), DNA
sensors and NOD-like receptors (3, 4). RLRs include RIG-I, MDA5, and LGP2, sensing
cytoplasmic RNA viruses (3). Both RIG-I and MDAS5 contain a C-terminal domain that
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recognizes RNA ligand, two N-terminal caspase activation and
recruitment domains, which are used to transfer signals, and a
central DExD/H RNA helicase domain for RNA binding and
facilitating ATP hydrolysis (5, 6). RIG-I and MDAS5 have a
common adaptor protein VISA (also termed MAVS, IPS-1, and
Cardif) (7-10) located at mitochondria. Upon RNA virus
infection, the RLRs mediated antiviral signaling is activated,
VISA aggregates, and forms a large prion-like polymer, which
recruits downstream molecules TRAFs, TBK1, IKK complex,
and cIAP1/2 for signaling (11), resulting in the activation of
IRF3 and NF-KB to initiate the transcription of antiviral genes.

Previous studies have shown that RIG-I, K63-Ub4, and
SNX8 induce VISA aggregation and activate VISA signaling
function (11, 12). TRIM31 promotes the aggregation of VISA by
K63-linked ubiquitination (13). RNF125, RNF153, AIP4, A20,
SMUREF2, and MARCH5 are negative regulators that inhibit
VISA signaling by K48-ubiquitinating and promoting
proteasome degradation of VISA except for A20 (14-18).
Besides, PINK1 inhibits the aggregation and signaling of VISA
(19). Whether other molecules negatively regulate VISA
aggregation is unclear after viral infection.

BAG6 (BCL2-associated athanogene 6, also known as BAT3
or Scythe) is a nucleocytoplasmic shuttling protein involved in
protein quality control (20, 21), identified as a ligand for NKp30
involved in antitumor immunity of NK cells (22, 23). Moreover,
BAGS6 forms a complex with p300 and promotes subsequent p53
acetylation, which is essential in controlling the p53 acetylation
required for DNA damage responses (24, 25). In addition, BAG6
promotes the PINKI1 signaling pathway and is essential for
mitophagy (26). However, whether BAG6 is involved in the
innate immune response is unclear. This paper discovered that
BAGS is a negative regulator in the innate immune by targeting
VISA. BAG6 interacts with VISA and inhibits VISA aggregation,
reducing TRAF2 recruitment. Besides, BAG6 negatively
regulates RNA virus-mediated innate immune via promoting
K48 poly-ubiquitination of VISA/TRAF2. BAG6 knockout
studies suggest that BAG6 deficiency enhances the innate
immune response to RNA viruses. Upon Sendai virus
infection, downstream antiviral genes’ transcription level is
significantly enhanced in BAG6-deficient mouse primary
BMDMs cells.

Materials and methods
Antibodies and reagents

Anti-Flag (Sigma, F3165-0.2 MG), anti-Myc (Santa Cruz, sc-
40), anti-HA (Sigma, H3663), anti-IRF3 (Santa Cruz, sc-33641;
CST #4302S), anti-p-IRF3 (CST #29047, $396), anti-TBK1 (CST
#35048S), anti-p-TBK1 (CST #5483S, S172), anti-P65 (CST
#8242P, #12629P), anti-p-P65 (CST #3033P, S536), anti-VISA
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(Santa Cruz, sc-166583, sc-68881; Proteintech, 14341-1-AP),
anti-TRAF2 (Santa Cruz, sc-136999), anti-Ub (Santa Cruz, sc-
8017), anti-BAG6 (Santa Cruz, sc-365928; Proteintech, 26417-1-
AP), anti-actin (Santa Cruz, sc-1616), anti-mouse IgG, HRP-
linked (CST #7076), Alexa Fluor 555-labeled Donkey anti-
Rabbit/Mouse IgG (H+L) (Beyotime Biotechnology, cat:
A0453/A0460), DAPI (Solarbio, cat: C0065), Mito-Tracker Red
CMXRos (Beyotime, cat: C1035). Sendai virus, VSV and VSV-
GFP were donated by Dr. Hong-Bing Shu (Medical Research
Institute, Wuhan University, Wuhan, China).

Cell culture

HEK 293, HeLa, A549, NIH3T3, Vero (provided by Dr.
Hong-Bing Shu, Wuhan University, China), and mouse primary
BMDMs cells were cultivated in DMEM, containing 10% (vol/
vol) Fetal Bovine Serum with 1% penicillin-streptomycin, with
5% CO, at 37°C. All these cells were tested for no
mycoplasma contamination.

Transfection and dual-luciferase reporter
assay

HEK 293 cells were cultured in a 100 mm dish, 6 or 24-wells
plates, and the indicated plasmids were transferred into the cells
with calcium phosphate. Sendai viruses were used to infect cells
for the indicated time after 12 h, cells were harvested for analysis
after virus infection, and the reporter gene experiments were
performed as previously described (27, 28).

Immunoprecipitation, native PAGE, and
western blot

These experiments were performed as previously described
(27, 29).

Semi-denaturing detergent agarose gel
electrophoresis (SDD-AGE)

Cells were harvested by native lysate buffer. Then, the lysates
were diluted with 2 x sample buffer (1 x TBE, 20% glycerol, 4%
SDS, and 0.005% bromophenol blue) and loaded with a vertical
1% agarose gel (SDD-AGE, 0.5 x TBE, 1% SDS and 1% agarose).
Electrophoresis in running buffer (0.5 x TBE, 0.1% SDS) for
60 min with a constant voltage of 100 V at 4°C, the proteins were
transferred to PVDF membranes with transfer buffer (0.5 x
TBE) and a constant current of 0.3 A at 4°C for Western
blot analysis.
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Mice and preparation of BMDMs

Wild-type mice (C57BL/6]) were purchased from Hunan
Silaikejingda Experimental Animal Co., Ltd. The method of
separating bone marrow cells as previously described (30). All
mouse experiments were permitted by the Animal Care
Committee of Jiangxi Normal University College of
Life Sciences.

Quantitative RT-PCR

The total RNA was extracted by RNA extraction Kit from
Promega, then reverse transcription was performed with 1 ug of
total RNA by Eastep RT Master Mix Kit from Promega. The
primers for qPCR were as follows:

B-actin forward: GTCGTCGACAACGGCTCCGGCATG
B-actin reverse: ATTGTAGAAGGTGTGGTGCCAGAT
IFN-f3 forward: CTAACTGCAACCTTTCGAAGC
IFN-f3 reverse: GGAAAGAGCTGTAGTGGAGAAG
ISG56 forward: TCATCAGGTCAAGGATAGTC

ISG56 reverse: CCACACTGTATTTGGTGTCTAGG
CXCL10 forward: TGACTCTAAGTGGCATTCAAGG
CXCL10 reverse: GATTCAGACATCTCTTCTCACCC
mGapdh forward: TTCACCACCATGGAGAAGGC
mGapdh reverse: GGCATCGACTGTGGTCATGA
mlfn-P forward: CTGCGTTCCTGCTGTGCTTCTCCA
mlfn-f3 reverse: TTCTCCGTCATCTCCATAGGGATC
mlsg56 forward: ACAGCAACCATGGGAGAGAATGCTG
mlsg56 reverse: ACGTAGGCCAGGAGGTTGTGCAT
mCxcl10 forward: CCAAGTGCTGCCGTCATTTTC
mCxcl10 reverse: TCCCTAAGGCCCTCATTCTCA

Plasmids

Mammalian expression plasmids, including VISA, RIG-I,
RIG-I-N (1-284aa), TBK1, IKKe, TRAF2, TRAF5, IRF3-5D,
IFN-B promoter, ISRE luciferase, ubiquitin, and its mutants
K48, K63 were described previously (27, 31). pRK5-Flag/HA/
Myc-hBAG6 plasmids were constructed using the
following primers:

hBAG6-F-Sall (Forward): AAAAGTCGACCATGGAGCC
TAATGATAGTACCAG;

hBAG6-R-Notl (Reverse): AAAAGCGGCCGCCTAAGG
ATCATCAGCAAAGG.
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CRISPR-Cas9 knockout.

The double-stranded oligonucleotides of human or mouse
BAG6 were cloned into a lenti-CRISPR-V2 vector and
transfected into HEK 293 cells with psPAX2 and pMD2G. The
supernatants were harvested after 48 h and centrifuged at 3000
rpm for 15 min. The viruses were used to infect HEK 293, HeLa,
NIH3T3, or BMDMs cells. The infected cells were screened with
puromycin (1 ug/mL) for 7 days to obtain BAG6 deficiency
monoclonal cells, except for mouse primary BMDMs. BMDMs
were infected with the above viruses for 48 h and subsequently
replaced with a fresh medium for viral infection.

hBAG6 gRNA: 5-CTGTCAGGCTCCTCCACAG3’
5-GCAAGATGATAAGAAGCTTC-3

mBAG6 gRNA: 5-GCGGTACTGGCACTATCACT-3
5-GCCTGACAGCCTGGAGGTAC-3.

Plaque assays, VSV-GFP fluorescence
imaging experiment, and viral infection

For plaque assays and VSV-GFP fluorescence imaging
experiment, HEK 293-BAG6, HeLa-BAG6 wild, and knockout
cells were infected with SeV, VSV or VSV-GFP (MOI = 0.1).
After 1 h, the viruses were removed, pre-warmed PBS was used
to wash the cell for twice, and cells were cultured in a fresh
medium. The supernatants were harvested for the VSV-GFP
fluorescence imaging experiment, and Vero cells were observed
and imaged directly by fluorescence microscopy. For plaque
assays, the supernatants were used to infect Vero cells for 48 h.
The following steps and viral infection were performed as
previously described (32).

Fluorescent confocal microscopy

A549, Hela cells were incubated with Mito-Tracker Red
CMXRos (Beyotime, C1035) following protocols provided by the
manufacturer. A549, HeLa cells were fixed with pre-warmed 4%
paraformaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 (in PBS) for 10 min, and blocked with 1% BSA (in PBS)
for 30 min. Then, cells were stained with anti-mouse VISA
(Santa Cruz sc-166583, 1/250) and anti-BAG6 antibody (rabbit
polyclonal, Proteintech, 26417-1-AP, 1/200) at RT for 60 min.
Alexa Fluor 488-labeled Goat Anti-Mouse (green) (Beyotime
Biotechnology, A0428) and Alexa Fluor 555-labeled Donkey
Anti-Rabbit (red) (Beyotime Biotechnology, A0453) (diluted in
1% BSA) was added for 60 min to detect VISA and BAG6. Nuclei
were stained with 10 ug/mL DAPI at RT for 15 min. Finally,
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images were acquired with a Leica DMi8 confocal microscopy
under a x40 objective and analyzed with Leica LAS X software.

Result

BAG6 interacts with VISA specifically

To further investigate the regulatory mechanism of VISA in
the RLRs-mediated antiviral signaling pathway, the yeast-two
hybrid screening was performed by using VISA as the bait to
screen the 293 cell cDNA expression library, trying to discover
the novel partner of VISA. Multiple VISA-interacting candidate
genes, including BAG6, were obtained. A further co-
immunoprecipitation assay was performed in 293 cells, and
the results showed that BAG6 interacts specifically with VISA
(Figure 1A). The endogenous co-immunoprecipitation assay in
HEK 293 cells consistently showed that the interaction between
BAG6 and VISA was enhanced upon Sendai virus (SeV)

infection (Figure 1B). Further immunofluorescence
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experiments in A549 and HeLa cells showed that BAG6 was
co-localized with VISA on the outer membrane of mitochondria
(Figure 1C), suggesting that BAG6 interacts with VISA
specifically and may play a role in VISA-mediated antiviral
signaling pathways.

BAG6 negatively regulates RLR-mediated
antiviral response

To further investigate the role of BAG6 in RNA virus-
triggered innate immunity, reporter assays were performed,
and the results showed that overexpression of BAG6 in HEK
293 cells inhibited SeV-induced the activation of IFN-B
promoter, ISRE, and NF-kB in a dose-dependent manner
(Figure 2A). The results of qPCR experiments indicated that
overexpression of BAG6 in HEK 293 cells reduced the
transcription level of IFNf, ISG56, and CXCLIO induced by
RNA virus (Figure 2B). Furthermore, overexpression of BAG6 in
HEK 293 cells weakened the dimerization of IRF3 significantly
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BAG6 interacts with VISA specifically. (A) BAG6 interacts with VISA. HEK 293 cells (2x10°) were transfected with indicated plasmids. 12 h after
transfection, the cells were infected with SeV (MOI = 1) for 12 h or left untreated before co-immunoprecipitation and Western bolt analysis. (B)
Endogenous BAG6 is associated with VISA. HEK 293 cells (2x10”) were infected with SeV (MOI = 1) for indicated times or left untreated before
endogenous co-immunoprecipitation and Western bolt analysis. (C) A549 or Hela cells were incubated with anti-VISA (green) and anti-BAG6
(red) antibodies. Mitochondria were stained with Mito-tracker Red CMXRos, and Nuclei were stained with DAPI. Images were acquired with a

Leica DMI8 and Leica LAS X software. The size bar represents 50 um.
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Identification of BAG6 as a negative regulator of RIG-I-mediated signaling. (A) BAG6 inhibits the IFN-B promoter, ISRE, and NF-kB in a dose-
dependent manner. HEK 293 cells (1x10°) were transfected with IFN-B promoter (0.025 ug), ISRE (0.025 pg) and NF-xB (0.05 ug) reporter
plasmids and BAG6 plasmids (0, 0.05, 0.1, 0.2, 0.4, 0.8 ug). Twelve hours after transfection, cells were infected with SeV (MOI = 1) for 12 h or
untreated before luciferase analysis. (B) Overexpression of BAG6 reduces the transcription of downstream antiviral genes. HEK 293 cells were
transfected with control or BAG6 plasmid for 24 h. The cells were infected with SeV (MOI = 1) for 12 h or left untreated, followed by qPCR
analysis. (C) Overexpression of BAG6 inhibits RNA virus-induced dimerization of IRF3 and phosphorylation of TBK1, P65, and IRF3. HEK 293 cells
(2x10°) were transfected with control and BAG6 plasmid for 24 h, and cells were left uninfected or infected with SeV (MOI = 1) for 12 h,
followed by immunoblotting analysis. (D) BAG6 inhibits RNA virus-triggered innate immunity by targeting VISA. HEK 293 cells (3x10°) were
transfected with IFN-B promoter (0.025 ug), ISRE (0.025 pg), BAG6 plasmids (0, 0.1, 0.2, 0.4 ug) and RIG-I-N, VISA, TBK1 or IRF3-5D (0.5 pug) for
twenty h before luciferase analysis. (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significant difference)
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and inhibited the phosphorylation of TBK1, P65, and IRF3
induced by SeV (Figure 2C). We then investigated BAG6’s
molecular target responsible for its role in innate antiviral
signaling. Reporter assay results demonstrated that BAG6
inhibited RIG-I-N and VISA-mediated activation of the IFN-f3
promoter and ISRE, but not the downstream TBK1 and IRF3-5D
(Figure 2D), suggesting that BAG6 negatively regulated RNA
virus-triggered innate immune cells by targeting VISA.

The deficiency of BAG6 enhances SeV-
mediated antiviral immune responses in
human cell lines

To investigate the effect of endogenous BAG6 on antiviral
innate immune signaling, we generated BAG6-deficient
monoclonal HeLa and HEK 293 cell lines by using the
CRISPR Cas9-mediated gene knockout method. As shown in
Figures 3A, B, we successfully knocked out the expression of
BAG6 in HeLa and HEK 293 cells, and the qPCR analysis
indicated the transcription level of IFNf, ISG56, and CXCLI0
induced by SeV infection were significantly increased in BAG6-
deficient HeLa and HEK 293 cells. Plaque assay showed that
BAG®6-deficiency in HeLa and HEK 293 cells inhibited the
replication of SeV and VSV (Figures 3C, D). Furthermore, we
found that the replication of GFP-tagged VSV was inhibited in
BAG6-deficient HeLa cells compared with its wild-type cells
(Figure 3E). The knockout of BAG6 in HeLa and HEK 293 cells
dramatically promoted the IRF3 dimerization and the
phosphorylation of TBK1, P65, and IRF3 after SeV infection
(Figures 3F, G). However, the reconstitution of BAG6 in BAG6-
deficient HeLa cells could turn its transcription of IFNf, ISG56,
and CXCLI0 genes induced by SeV back to a level similar to
those in wild-type cells (Figure 3H). The reconstitution of BAG6
in BAG6-deficient HeLa cells could also turn the replication of
GFP-tagged VSV back to a level similar to those in wild-type
cells (Figure 3I). Further experiments found that the
reconstitution of BAG6 in BAG6-deficient HeLa turned its
potentiated phosphorylation of TBK1, P65, and IRF3 induced
by SeV infection back to a level similar to those in wild-type cells
(Figure 3]). These data suggest that BAG6 is a negative regulator
of RNA virus-triggered signaling.

The deficiency of BAG6 enhances SeV-
mediated antiviral immune responses in
primary mouse cells

To further confirm the function of BAG6 in RLR-mediated
signaling, we generated BAG6-deficient mixed primary mouse
BMDMs cells by CRISPR Cas9-mediated gene knockout
technology to assess the role of BAG6 in SeV-triggered
signaling in primary mouse cells. We first verified that BAG6

Frontiers in Immunology

06

10.3389/fimmu.2022.972184

was successfully knocked out in mouse NIH3T3 using the
CRISPR-Cas9 method. Then, we performed a transient
transfection using the CRISPR-Cas9 system to produce the
BAG6-deficient primary mouse BMDMs cells. As shown in
Figures 4A, B, the qPCR analysis showed that the SeV-induced
transcription of Ifnf, Isg56, and Cxcll0 was significantly
increased in BAG6-deficient NIH3T3 cells and primary mouse
BMDMs. The knockout of BAG6 in NIH3T3 cells and mouse
primary BMDMs cells dramatically promoted the
phosphorylation of TBK1, P65, and IRF3 after SeV infection
(Figures 4C, D). Furthermore, plaque assay showed that BAG6-
deficient inhibited the replication of SeV in mouse primary
BMDMs cells (Figure 4E). These experimental data suggest that
BAG6 negatively regulates the RLR-mediated signaling in
primary immune cells.

BAG6 regulates the aggregation and
recruitment of downstream signaling
molecules of VISA

The aggregation of VISA is essential for its activation. Upon
virus infection, VISA translocates to the outer membrane of
mitochondria from cytoplasm and aggregates to form a giant
prion-like aggregation complex which provides a platform for
recruitment of downstream signaling molecules (11). We
speculate whether BAG6 has an impact on the aggregation of
VISA. The semi-denaturing detergent agarose gel
electrophoresis (SDD-AGE) analysis indicated that
overexpression of BAG6 extremely inhibited the aggregation of
VISA in HEK 293 cells (Figure 5A), whereas BAG6-deficiency
increased the SeV-triggered aggregation of VISA in NTH3T3 and
primary mouse BMDMs cells (Figures 5B, C). These results
indicate that BAG6 reduces antiviral response by inhibiting the
aggregation of VISA. The activated VISA recruits downstream
signaling molecules TRAFs, TBK1 and IKK complex. The results
of the overexpression experiment in HEK 293 cells indicated that
BAG6 inhibited the association of VISA with TRAF2 but not
other TRAFs (Figures 5D-G). Endogenous co-
immunoprecipitation results confirmed that the association
between VISA and TRAF2 was hindered upon SeV infection
(Figure 5H). Furthermore, BAG6-deficient significantly
strengthened the association of VISA with TRAF2 in Hela
cells (Figure 5I). These results suggest that BAG6 inhibits
innate immune signaling by attenuating the recruitment of
TRAF2 to VISA.

BAG6 potentiates the K48-linked
ubiquitination of VISA/TRAF2

It has been reported that the polyubiquitination of VISA is
essential for its activation (33, 34). To further investigate
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(MOI = 1) for 8 h before gPCR analysis. (B) BAG6-deficiency enhances the transcription of downstream antiviral genes in HEK 293 cells. BAG6-
deficient HEK 293 cells were left uninfected or infected with SeV (MOI = 1) for 8 h before qPCR analysis. (C) BAG6-deficiency inhibits the
replication of SeV and VSV in Hela cells. BAG6-deficiency Hela cells were infected with SeV or VSV (MOI = 0.1) for twenty hours. The
supernatants were collected for plaque assays to determine the viral titer. (D) BAG6-deficiency inhibits the replication of SeV and VSV in HEK
293 cells. BAG6-deficiency HEK 293 cells were infected with SeV or VSV (MOI = 0.1) for twenty hours. The supernatants were collected for
plaque assays to determine the viral titer. (E) Effects of BAG6 deficiency on VSV-GFP replication. BAG6-deficient HelLa and control cells were
infected with VSV-GFP (MOI = 0.1). The cells were viewed with Fluorescence Microscope after 16 h, and the supernatants were collected to
infect Vero cells to determine the VSV-GFP replication. (F, G) BAG6 deficiency enhances RNA virus-induced dimerization of IRF3 and
phosphorylation of TBK1, P65, and IRF3. BAG6-deficient HeLa and HEK 293 cells were uninfected or infected with SeV (MOI = 1) for 8 h before
immunoblotting. (H) Reconstitution of BAG6 in BAG6-deficient Hela cells suppresses virus-mediated innate immune responses. HeLa-BAG6-
KO cells were transfected with control or BAG6 plasmids for 36 h. Cells then were left uninfected or infected with SeV (MOI = 1) for 8 h before
gPCR analysis. (I) Reconstitution of BAG6 in BAG6-deficient Hela cells enhances the replication of the virus. Similar to (E), HeLa-BAG6-KO cells
were transfected with control or BAG6 plasmids for 36 h, and cells then were infected with VSV-GFP (MOI = 0.1). (3) The experimental
treatment was the same as (H) before immunoblotting. (**p < 0.01; ***p < 0.001; ns, no significant difference). The size bar represents 500 um.
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FIGURE 4

BAG6-deficiency significantly increases the RLR signaling in primary immune cells. (A) BAG6-deficiency enhances the transcription of
downstream antiviral genes in NIH3T3 cells. BAG6-deficient NIH3T3 cells were left uninfected or infected with SeV (MOI = 1) for 8 h before
gPCR analysis. (B) BAG6-deficiency enhances the transcription of downstream antiviral genes in mouse BMDMs. Mouse wild-type BMDMs
(4x10°) were infected with lentivirus containing BAG6-CRISPR CAS9 sgRNA, the supernatants were replaced with fresh medium after 48 h, and
the cells were infected with SeV (MOI = 1) for 8 h before gPCR analysis. (C, D) BAG6-deficiency enhances RNA virus-induced phosphorylation
of TBK1, P65, and IRF3. BAG6-deficient NIH3T3 and BMDMs were untreated or treated with SeV for 8 h before immunoblotting. (E) Effects of
BAG6-deficiency on virus replication. BAG6-deficient and wild-type BMDMs cells were infected with SeV (MOl = 0.1) for twenty hours. The
supernatants were collected for plaque assays. (***p < 0.001; ns, no significant difference).

whether BAG6 affects the ubiquitination of VISA and TRAF2,
co-immunoprecipitation experiments were performed, and the
results showed that the overexpression of BAG6 in HEK 293
cells enhanced K48 but not K63-linked ubiquitination of VISA
(Figure 6A), and the opposite results were obtained using the
endogenous co-immunoprecipitation experiments in HEK 293-
BAG6-deficient cells (Figure 6B). Further experiments showed
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that overexpression of BAG6 in HEK 293 cells enhanced K48-
linked ubiquitination and inhibited K63-linked ubiquitination of
TRAF2, ultimately leading to an increase in total ubiquitination
(Figure 6C), and the consistent results were obtained using the
endogenous co-immunoprecipitation experiments (Figure 6D).
These data indicate that BAG6 may promote the K48-linked
ubiquitination of VISA and TRAF2, reducing VISA aggregation
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BAG6 regulates the aggregation and recruitment of downstream signaling molecules of VISA. (A) Overexpression of BAG6 inhibits SeV-induced
aggregation of VISA. HEK 293 cells (2x10°) were transfected with vector or Flag-BAG6 for 20 h, and cells were infected with SeV (MOI = 1) for

8 h before harvest. Then, the lysates were fractionated by SDD-AGE and SDS-PAGE before immunoblotting analysis. (B) BAG6-deficiency
increases SeV-induced aggregation of VISA in NIH3T3 cells. Wild type and BAG6-deficient NIH3T3 cells were untreated or treated with SeV
(MOI = 1) for 8 h before harvest. Then, the lysates were fractionated by SDD-AGE and SDS-PAGE before immunoblotting analysis. (C) BAG6-
deficiency increases SeV-induced aggregation of VISA in BMDMs. Wild-type BMDMs were infected with lentivirus containing BAG6-CRISPR Cas9
sgRNA for 48 h before viral infection. Wild type and BAG6-deficient BMDMs cells were untreated or treated with SeV (MOI = 1) for 8 h before
harvest. Then, the lysates were fractionated by SDD-AGE and SDS-PAGE before immunoblotting analysis. (D—G) Overexpression of BAG6
inhibits the interaction of VISA and TRAF2 specifically. HEK 293 cells (2x10°) were transfected with the indicated plasmids for 22 h, and cells
were untreated or treated with SeV (MOI = 1) for 10 h following co-immunoprecipitation and Western bolting analysis. (H) Overexpression of
BAG6 impairs the endogenous interaction of VISA and TRAF2. HEK 293 cells (4x10°) were transfected with the indicated plasmids for 22 h, and
cells were untreated or treated with SeV (MOI = 1) for 10 h following co-immunoprecipitation and Western bolting analysis. (1) BAG6-deficiency
increases the endogenous interaction of VISA and TRAF2. Wild type and BAG6-deficient Hela cells (1x107) were untreated or treated with SeV
(MOI = 1) for 10 h before co-immunoprecipitation and Western bolting analysis.
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BAG6 promotes the K48-linked ubiquitination of VISA/TRAF2. (A) Overexpression of BAG6 increases the K48-linked polyubiquitin of VISA. HEK
293 cells (4x10°) were transfected with Flag-VISA, HA-ubiquitin (WT, K63R, or K48R), and Myc-BAG6 plasmids for 22 h, and cells were untreated
or treated with SeV (MOI = 1) for 10 h before co-immunoprecipitation and Western bolting analysis. (B) BAG6-deficiency inhibits the K48-linked
polyubiquitin of VISA. HEK 293 wild type and BAG6-deficient cells (4x10°) were transfected with HA-ubiquitin (K63R or K48R) for 22 h, and cells
were untreated or treated with SeV (MOI = 1) for 10 h before co-immunoprecipitation and Western bolting analysis. (C) Overexpression of BAG6
increases the K48-linked polyubiquitin and impairs the K63-linked polyubiquitin of TRAF2. HEK 293 cells (4x10°) were transfected with Flag-
TRAF2, HA-ubiquitin (WT, K63R, or K48R), and Myc-BAG6 plasmids for 22 h. Cells were untreated or treated with SeV (MOI = 1) for 10 h before
co-immunoprecipitation and Western bolting analysis. (D) Overexpression of BAG6 increases the K48-linked polyubiquitin and impairs the K63-
linked polyubiquitin of endogenous TRAF2. HEK 293 cells (4x10°) were transfected with HA-ubiquitin (WT, K63R, or K48R) and Flag-BAG6
plasmids for 22 h, and cells were untreated or treated with SeV (MOI = 1) for 10 h before co-immunoprecipitation and Western bolting analysis.

Frontiers in Immunology 10

frontiersin.org


https://doi.org/10.3389/fimmu.2022.972184
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

and further reducing the recruitment of TRAF2 to regulate RLR-
mediated antiviral signal transduction negatively.

Discussion

The RLRs (RIG-I-like receptors) in the cytoplasm,
including RIG-I and MDAS5, recognize viral RNA. This viral
RNA binding leads to a conformational change of the RLRs,
triggering their oligomerization and activation. The activated
oligomerization of RLRs provides a template of the oligomer
to initiate the assembly of adaptor protein VISA on the outer
membrane of mitochondria, leading to VISA’s activation.
Once VISA is aggregated and activated, the downstream
signaling molecules, including the kinase IKKs, and TBKI,
are recruited to the aggregation platform, leading to
the activation of IRF3/IRF7 and NF-xB to turn on the
production of interferons and proinflammatory cytokines. A
few E3 ubiquitin ligases, including TRAF2, TRAF3, TRAFS5,
and TRAF6, are recruited by VISA through their specific
binding motif. The K63 and K48-linked polyubiquitination
modification in these signaling cascades are essential for VISA
downstream signaling (35). Our study demonstrates the
critical role of BAG6 in the innate immune response by
promoting the K48-linked ubiquitination of VISA, resulting
in a weakened aggregation of VISA.

BAGS is a ubiquitin-like protein shuttling between nuclear
and cytoplasm involved in apoptosis, T-cell response, and
antigen presentation (20). It interacts with HSC70 protein and
recognizes the misfolded protein, allowing their proteasomal
degradation (20). BAGS6 is critical for regulating autophagy by
modulating EP300/p300 intracellular location (36). It was
reported that BAG6 associates with mitofusinl and 2,
localizing on mitochondria, and has a physiological function
in mitochondrial fission (37).

Previously, we identified several regulatory proteins
(including TARBP2 (31), RACK1 (38), HSPBP1 (39), SNX5
(40), DUT (41) and N4BP3 (42)) involved in the RIG-I/VISA
signaling pathway. Recently, our experiments suggest that
BAG®6 is crucial in negatively regulating RLRs-VISA-mediated
antiviral signaling. Overexpression of BAG6 hampered SeV-
triggered activation of IFN-f promoter, ISRE, and NF-xB.
BAG6-deficiency greatly enhanced the transcription of IFNf,
ISG56, and CXCLIO induced by SeV infection. Further
experimental results showed that overexpression of BAG6
inhibited SeV-induced phosphorylation of TBKI, P65, and
IRF3. In contrast, the opposite results were obtained in
BAG6-deficiency cells (HEK 293, HeLa, NIH3T3, and
primary mouse BMDMs).

Our experimental results also showed that overexpression of
BAG6 inhibited RIG-I-N and VISA-mediated, but not TBK1 or
IRF3-5D-mediated activation of IFN-f promoter and ISRE,
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indicating that BAG6 inhibits RLRs-VISA-mediated signaling
by targeting VISA. Consistently, BAG6 interacted with VISA
specifically, and the interaction between BAG6 and VISA was
enhanced upon SeV infection.

Virus infection-induced VISA aggregation is critical for
downstream antiviral signaling activation (11, 13). Our
experimental results demonstrated that BAG6 inhibited the
aggregation of VISA induced by SeV infection. The further co-
immunoprecipitation experiment showed that recruitment of
TRAF2 to VISA is hindered. Previous studies have shown that
the aggregation of VISA could be robustly induced in vitro by
incubating mitochondria with RIG-I and K63 ubiquitin chains
(11, 13), which suggests that K63 ubiquitination of VISA is
important for its activation. The analysis of the results of
ubiquitination experiments indicated that BAG6 enhanced
K48-linked ubiquitination of VISA but had no effect on K63-
linked ubiquitination. It has been confirmed that PINKI inhibits
aggregation and signaling of VISA (19), and BAG6 promotes the
PINK1 signaling pathway (26). Perhaps BAG6 and PINKI have
a synergistic effect on inhibiting the aggregation of VISA. BAG6
facilitated the K48-linked ubiquitination of VISA may lead to
inhibition of signal transduction by a failure of VISA to
aggregate normally after virus Infection. However, BAG6 is
not an E3 ubiquitin ligase; according to current reports, E3
ubiquitin ligases-mediated (RNF5, RNF125, MARCHS5,
TRIM25, AIP4) K48-linked ubiquitination initiates
proteasomal degradation of VISA (43, 44). Moreover, it’s
reported that TRIM29 induced ubiquitination of Lys371,
Lys420 and Lys500 sites on VISA and degradation of VISA
through K11-linked polyubiquitination (45). TRIM29 was also
found to promote K48 ubiquitination and degradation of NEMO
to suppress the innate immune response (46). These evidences
suggest that TRIM29 is an important E3 ligase in the negative
regulation of VISA-mediated signaling pathways. BAG6
correlates well with E3 ubiquitin ligases RNF126 and FBXO7-
SCF. Whether BAG6 is involved in regulating the ubiquitination
of VISA through them or the reported E3 ubiquitin ligases
remains to be investigated. Besides, BAG6 inhibited K63-linked
and promoted K48-linked ubiquitination of TRAF2. Previous
studies have shown that phosphorylation and K63-linked
ubiquitination of TRAF2 is important for signaling (47-50).

TRAFs, critical proteins involved in VISA-mediated signaling,
are essential for RNA virus-induced IRF3 activation and IFNf
production. The current studies have shown that VISA-mediated
innate immune activation is dependent on TRAFs and partially on
NEMO, but not on TBK1 binding proteins (51). When TRAF2/3/
5/6 were compounded via CRISPR Cas9 knockout, cells absolutely
lost the RNA virus response, suggesting that TRAFs are essential
in VISA-mediated signal transduction (51, 52). When a single
TRAF was knockout, type I interferon levels in TRAF2”" and
TRAF6™ cells were decreased substantially, while type I interferon
levels in TRAF3” and TRAF5”" cells remained normally induced
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(51). TRAF2, TRAF3, TRAF5, and TRAF6 were reconstituted in
cells with TRAF2/3/5/6 compound knockout, respectively, and
cells with reintroduced TRAF6 had the strongest type I interferon
production, while TRAF5 had the lowest activity, these results
suggest that TRAF6 is essential, while TRAF5 is dispensable (51).
Another study showed that IRF3 phosphorylation was extensively
lost when TRAF2 and TRAF5 were double knockout, and IRF3
phosphorylation could be induced normally when TRAF2 or
TRAF5 were knockout alone (52). Furthermore, after
reconstitution of TRAF2 or TRAF5 in TRAF2 and TRAF5
double knockout cells, TRAF2 reintroduction led to a basic
restoration of IRF3 phosphorylation levels. In contrast, TRAF5-
induced IRF3 phosphorylation level was low, suggesting that
TRAF2 is a lot greater essential than TRAF5 in the signaling
process and that TRAF5 may play a partly regulatory role in
VISA-mediated signaling but is not required (52). Our
experimental results show that BAG6 hinders the signal
transduction of VISA and downstream TRAF2 but not TRAF5
by interacting with VISA, which is consistent with the
above findings.

In conclusion, our results indicate that BAG6 suppresses
RNA virus-mediated innate immunity by promoting K48-linked
ubiquitination of VISA/TRAF2 and inhibiting VISA
aggregation, further inhibiting the recruitment of downstream
components reduced the transcript levels of downstream
antiviral genes.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by the Animal
Care Committee of Jiangxi Normal University College of
Life Sciences.

References

1. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
(2010) 140(6):805-20. doi: 10.1016/j.cell.2010.01.022

2. Kumar H, Kawai T, Akira S. Pathogen recognition by the innate immune
system. Int Rev Immunol (2011) 30(1):16-34. doi: 10.3109/08830185.2010.529976

3. Kawai T, Akira S. Toll-like receptor and RIG-i-like receptor signaling. Ann N
Y Acad Sci (2008) 1143:1-20. doi: 10.1196/annals.1443.020

4. Kawai T, Akira S. The roles of TLRs, RLRs and NLRs in pathogen
recognition. Int Immunol (2009) 21(4):317-37. doi: 10.1093/intimm/dxp017

5. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi
M, et al. The RNA helicase RIG-I has an essential function in double-stranded

Frontiers in Immunology

12

10.3389/fimmu.2022.972184

Author contributions

J-PH: Investigation, formal analysis, writing-original draft.
JL: Validation, formal analysis. Y-PX: Validation. L-GX:
Supervision, writing-original draft, writing-review and editing,
funding acquisition, conceptualization, methodology. All
authors read, and approved the submitted version. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 81971502, 82060298).

Acknowledgments

We sincerely thank Dr. Hong-Bing Shu (Medical Research
Institute, Wuhan University) for providing plasmids and other
reagents. We thank Jiangxi Normal University, College of
Chemistry and Chemical Engineering for help with the Laser
Confocal Microscope analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

RNA-induced innate antiviral responses. Nat Immunol (2004) 5(7):730-7. doi:
10.1038/ni1087

6. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al.
Differential roles of MDA5 and RIG-I helicases in the recognition of RNA viruses.
Nature (2006) 441(7089):101-5. doi: 10.1038/nature04734

7. Kawai T, Takahashi K, Sato S, Coban C, Kumar H, Kato H, et al. IPS-1, an
adaptor triggering RIG-i- and Mda5-mediated type I interferon induction. Nat
Immunol (2005) 6(10):981-8. doi: 10.1038/ni1243

8. Meylan E, Curran J, Hofmann K, Moradpour D, Binder M, Bartenschlager
R, et al. Cardif is an adaptor protein in the RIG-I antiviral pathway and is

frontiersin.org


https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3109/08830185.2010.529976
https://doi.org/10.1196/annals.1443.020
https://doi.org/10.1093/intimm/dxp017
https://doi.org/10.1038/ni1087
https://doi.org/10.1038/nature04734
https://doi.org/10.1038/ni1243
https://doi.org/10.3389/fimmu.2022.972184
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

targeted by hepatitis ¢ virus. Nature (2005) 437(7062):1167-72. doi: 10.1038/
nature04193

9. Seth RB, Sun L], Ea CK, Chen ZJJ. Identification and characterization of
MAVS, a mitochondrial antiviral signaling protein that activates NF-kappa b and
IRF3. Cell (2005) 122(5):669-82. doi: 10.1016/j.cell.2005.08.012

10. Xu LG, Wang YY, Han KJ, Li LY, Zhai ZH, Shu HB. VISA is an adapter
protein required for virus-triggered IFN-beta signaling. Mol Cell (2005) 19(6):727-
40. doi: 10.1016/j.molcel.2005.08.014

11. Hou F, Sun L, Zheng H, Skaug B, Jiang QX, Chen ZJ]. MAVS forms
functional prion-like aggregates to activate and propagate antiviral innate
immune response. Cell (2011) 146(3):448-61. doi: 10.1016/j.cell.2011.06.041

12. Guo W, Wei ], Zhong X, Zang R, Lian H, Hu MM, et al. SNX8 modulates the
innate immune response to RNA viruses by regulating the aggregation of VISA.
Cell Mol Immunol (2020) 17(11):1126-35. doi: 10.1038/s41423-019-0285-2

13. Liu B, Zhang M, Chu H, Zhang H, Wu H, Song G, et al. The ubiquitin E3
ligase TRIM31 promotes aggregation and activation of the signaling adaptor
MAVS through Lys63-linked polyubiquitination. Nat Immunol (2017) 18
(2):214-24. doi: 10.1038/ni.3641

14. Lin R, Yang L, Nakhaei P, Sun Q, Sharif-Askari E, Julkunen I, et al. Negative
regulation of the retinoic acid-inducible gene I-induced antiviral state by the ubiquitin-
editing protein A20. J Biol Chem (2006) 281(4):2095-103. doi: 10.1074/jbc.M510326200

15. Arimoto K-i, Takahashi H, Hishiki T, Konishi H, Fujita T, Shimotohno K.
Negative regulation of the RIG-I signaling by the ubiquitin ligase RNF125. Proc
Natl Acad Sci USA (2007) 104:7500-5. doi: 10.1073/pnas.0611551104

16. You F, Sun H, Zhou X, Sun W, Liang S, Zhai Z, et al. PCBP2 mediates
degradation of the adaptor MAVS via the HECT ubiquitin ligase AIP4. Nat
Immunol (2009) 10(12):1300-8. doi: 10.1038/ni.1815

17. Pan Y, Li R, Meng JL, Mao HT, Zhang Y, Zhang J. Smurf2 negatively
modulates RIG-i-dependent antiviral response by targeting VISA/MAVS for
ubiquitination and degradation. J Immunol (2014) 192(10):4758-64. doi:
10.4049/jimmunol.1302632

18. Yoo YS, Park YY, Kim JH, Cho H, Kim SH, Lee HS, et al. The mitochondrial
ubiquitin ligase MARCHS5 resolves MAVS aggregates during antiviral signalling.
Nat Commun (2015) 6:7910. doi: 10.1038/ncomms8910

19. Kim SH, Shin HJ, Yoon CM, Lee SW, Sharma L, Dela Cruz CS, et al. PINK1
inhibits multimeric aggregation and signaling of MAVS and MAVS-dependent
lung pathology. Am ] Respir Cell Mol Biol (2021) 64(5):592-603. doi: 10.1165/
rcmb.2020-04900C

20. Kawahara H, Minami R, Yokota N. BAG6/BAT3: emerging roles in quality
control for nascent polypeptides. J Biochem (2013) 153(2):147-60. doi: 10.1093/jb/
mvs149

21. Lee JG, Ye Y. Bag6/Bat3/Scythe: a novel chaperone activity with diverse
regulatory functions in protein biogenesis and degradation. Bioessays (2013) 35
(4):377-85. doi: 10.1002/bies.201200159

22. Reiners KS, Topolar D, Henke A, Simhadri VR, Kessler ], Sauer M, et al.
Soluble ligands for NK cell receptors promote evasion of chronic lymphocytic
leukemia cells from NK cell anti-tumor activity. Blood (2013) 121(18):3658-65. doi:
10.1182/blood-2013-01-476606

23. Dassler-Plenker J, Reiners KS, van den Boorn JG, Hansen HP, Putschli B,
Barnert S, et al. RIG-I activation induces the release of extracellular vesicles with
antitumor activity. Oncoimmunology (2016) 5(10):e1219827. doi: 10.1080/
2162402X.2016.1219827

24. Sasaki T, Gan EC, Wakeham A, Kornbluth S, Mak TW, Okada H. HLA-b-
associated transcript 3 (Bat3)/Scythe is essential for p300-mediated acetylation of
p53. Genes Dev (2007) 21(7):848-61. doi: 10.1101/gad.1534107

25. Sebti S, Prebois C, Perez-Gracia E, Bauvy C, Desmots F, Pirot N, et al. BAT3
modulates p300-dependent acetylation of p53 and autophagy-related protein 7
(ATG7) during autophagy. Proc Natl Acad Sci USA (2014) 111(11):4115-20. doi:
10.1073/pnas.1313618111

26. Ragimbeau R, El Kebriti L, Sebti S, Fourgous E, Boulahtouf A, Arena G, et al.
BAGS6 promotes PINK1 signaling pathway and is essential for mitophagy. FASEB |
(2021) 35(2):€21361. doi: 10.1096/1j.202000930R

27. He TS, Chen T, Wang DD, Xu LG. HAUS8 regulates RLRVISA antiviral
signaling positively by targeting VISA. Mol Med Rep (2018) 18(2):2458-66. doi:
10.3892/mmr.2018.9171

28. He TS, Huang ], Chen T, Zhang Z, Cai K, Yu J, et al. The kinase MAP4K1
inhibits cytosolic rna-induced antiviral signaling by promoting proteasomal
degradation of TBKI1/IKKepsilon. Microbiol Spectr (2021) 9(3):e0145821. doi:
10.1128/Spectrum.01458-21

29. Chen T, Wang D, Xie T, Xu LG. Secl3 is a positive regulator of VISA-
mediated antiviral signaling. Virus Genes (2018) 54(4):514-26. doi: 10.1007/
511262-018-1581-0

30. Zhou Q, Lin H, Wang S, Wang S, Ran Y, Liu Y, et al. The ER-associated
protein ZDHHCI is a positive regulator of DNA virus-triggered, MITA/STING-

Frontiers in Immunology

13

10.3389/fimmu.2022.972184

dependent innate immune signaling. Cell Host Microbe (2014) 16(4):450-61. doi:
10.1016/j.chom.2014.09.006

31. Ling T, Li SN, Weng GX, Wang W, Li C, Cao L, et al. TARBP2 negatively
regulates IFN-beta production and innate antiviral response by targeting MAVS.
Mol Immunol (2018) 104:1-10. doi: 10.1016/j.molimm.2018.10.017

32. Zhang M, Zhang MX, Zhang Q, Zhu GF, Yuan L, Zhang DE, et al. USP18
recruits USP20 to promote innate antiviral response through deubiquitinating
STING/MITA. Cell Res (2016) 26(12):1302-19. doi: 10.1038/cr.2016.125

33. Zeng W, Sun L, Jiang X, Chen X, Hou F, Adhikari A, et al. Reconstitution of
the RIG-I pathway reveals a signaling role of unanchored polyubiquitin chains in
innate immunity. Cell (2010) 141(2):315-30. doi: 10.1016/j.cell.2010.03.029

34. Quicke KM, Diamond MS, Suthar MS. Negative regulators of the RIG-i-like
receptor signaling pathway. Eur J Immunol (2017) 47(4):615-28. doi: 10.1002/
€ji.201646484

35. Liu S, Cai X, Wu ], Cong Q, Chen X, Li T, et al. Phosphorylation of innate
immune adaptor proteins MAVS, STING, and TRIF induces IRF3 activation.
Science (2015) 347(6227):aaa2630. doi: 10.1126/science.aaa2630

36. Sebti S, Prebois C, Perez-Gracia E, Bauvy C, Desmots F, Pirot N, et al.
BAG6/BAT3 modulates autophagy by affecting EP300/p300 intracellular
localization. Autophagy (2014) 10(7):1341-2. doi: 10.4161/auto.28979

37. Saita S, Ishihara T, Maeda M, Iemura S, Natsume T, Mihara K, et al. Distinct
types of protease systems are involved in homeostasis regulation of mitochondrial
morphology via balanced fusion and fission. Genes Cells (2016) 21(5):408-24. doi:
10.1111/gtc.12351

38. Xie T, Chen T, Li C, Wang W, Cao L, Rao H, et al. RACK]1 attenuates RLR
antiviral signaling by targeting VISA-TRAF complexes. Biochem Biophys Res
Commun (2019) 508(3):667-74. doi: 10.1016/j.bbrc.2018.11.203

39. Yang YX, Huang JP, Li SN, Li J, Ling T, Xie T, et al. HSPBP1 facilitates
cellular RLR-mediated antiviral response by inhibiting the K48-linked
ubiquitination of RIG-I. Mol Immunol (2021) 134:62-71. doi: 10.1016/
j.molimm.2021.03.002

40. LiJ, Chen T, Xie T, Yang YX, He TS, Xu LG. SNX5 inhibits RLR-mediated
antiviral signaling by targeting RIG-I-VISA signalosome. Biochem Biophys Res
Commun (2020) 522(4):889-96. doi: 10.1016/j.bbrc.2019.11.121

41. Weng GX, Ling T, Hou W, Li SN, Chen T, Zhang Z, et al. Mitochondrial
DUT-m potentiates RLR-mediated antiviral signaling by enhancing VISA and
TRAF2 association. Mol Immunol (2021) 132:117-25. doi: 10.1016/
j.molimm.2021.01.023

42. Wang C, Ling T, Zhong N, Xu LG. N4BP3 regulates rig-i-like receptor
antiviral signaling positively by targeting mitochondrial antiviral signaling protein.
Front Microbiol (2021) 12:770600. doi: 10.3389/fmicb.2021.770600

43. Ren Z, Ding T, Zuo Z, Xu Z, Deng ], Wei Z. Regulation of MAVS expression
and signaling function in the antiviral innate immune response. Front Immunol
(2020) 11:1030. doi: 10.3389/fimmu.2020.01030

44. Chen Y, Shi Y, Wu J, Qi N. MAVS: A two-sided card mediating antiviral
innate immune signaling and regulating immune homeostasis. Front Microbiol
(2021) 12:744348. doi: 10.3389/fmicb.2021.744348

45. XingJ, Zhang A, Minze L], Li XC, Zhang Z. TRIM29 negatively regulates the
type i ifn production in response to rna virus. ] Immunol (2018) 201(1):183-92. doi:
10.4049/jimmunol.1701569

46. Xing]J, Weng L, Yuan B, Wang Z, Jia L, Jin R, et al. Identification of a role for
TRIM29 in the control of innate immunity in the respiratory tract. Nat Immunol
(2016) 17(12):1373-80. doi: 10.1038/ni.3580

47. Shi CS, Kehrl JH. Tumor necrosis factor (TNF)-induced germinal center
kinase-related (GCKR) and stress-activated protein kinase (SAPK) activation
depends upon the E2/E3 complex Ubcl13-UevlA/TNF receptor-associated factor
2 (TRAF2). ] Biol Chem (2003) 278(17):15429-34. doi: 10.1074/jbc.M211796200

48. Habelhah H, Takahashi S, Cho SG, Kadoya T, Watanabe T, Ronai Z.
Ubiquitination and translocation of TRAF2 is required for activation of JNK but
not of p38 or NF-kappaB. EMBO ] (2004) 23(2):322-32. doi: 10.1038/
sj.emboj.7600044

49. Wu CJ, Conze DB, Li X, Ying SX, Hanover JA, Ashwell JD. TNF-alpha
induced c-IAP1/TRAF2 complex translocation to a Ubc6-containing compartment
and TRAF2 ubiquitination. EMBO ] (2005) 24(10):1886-98. doi: 10.1038/
sj.embo;.7600649

50. Li S, Wang L, Dorf ME. PKC phosphorylation of TRAF2 mediates
IKKalpha/beta recruitment and K63-linked polyubiquitination. Mol Cell (2009)
33(1):30-42. doi: 10.1016/j.molcel.2008.11.023

51. Fang R, Jiang Q, Zhou X, Wang C, Guan Y, Tao J, et al. MAVS activates
TBK1 and IKKepsilon through TRAFs in NEMO dependent and independent
manner. PloS Pathog (2017) 13(11):e1006720. doi: 10.1371/journal.ppat.1006720

52. Liu S, Chen J, Cai X, Wu J, Chen X, Wu YT, et al. MAVS recruits multiple
ubiquitin E3 ligases to activate antiviral signaling cascades. Elife (2013) 2:¢00785.
doi: 10.7554/eLife.00785

frontiersin.org


https://doi.org/10.1038/nature04193
https://doi.org/10.1038/nature04193
https://doi.org/10.1016/j.cell.2005.08.012
https://doi.org/10.1016/j.molcel.2005.08.014
https://doi.org/10.1016/j.cell.2011.06.041
https://doi.org/10.1038/s41423-019-0285-2
https://doi.org/10.1038/ni.3641
https://doi.org/10.1074/jbc.M510326200
https://doi.org/10.1073/pnas.0611551104
https://doi.org/10.1038/ni.1815
https://doi.org/10.4049/jimmunol.1302632
https://doi.org/10.1038/ncomms8910
https://doi.org/10.1165/rcmb.2020-0490OC
https://doi.org/10.1165/rcmb.2020-0490OC
https://doi.org/10.1093/jb/mvs149
https://doi.org/10.1093/jb/mvs149
https://doi.org/10.1002/bies.201200159
https://doi.org/10.1182/blood-2013-01-476606
https://doi.org/10.1080/2162402X.2016.1219827
https://doi.org/10.1080/2162402X.2016.1219827
https://doi.org/10.1101/gad.1534107
https://doi.org/10.1073/pnas.1313618111
https://doi.org/10.1096/fj.202000930R
https://doi.org/10.3892/mmr.2018.9171
https://doi.org/10.1128/Spectrum.01458-21
https://doi.org/10.1007/s11262-018-1581-0
https://doi.org/10.1007/s11262-018-1581-0
https://doi.org/10.1016/j.chom.2014.09.006
https://doi.org/10.1016/j.molimm.2018.10.017
https://doi.org/10.1038/cr.2016.125
https://doi.org/10.1016/j.cell.2010.03.029
https://doi.org/10.1002/eji.201646484
https://doi.org/10.1002/eji.201646484
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.4161/auto.28979
https://doi.org/10.1111/gtc.12351
https://doi.org/10.1016/j.bbrc.2018.11.203
https://doi.org/10.1016/j.molimm.2021.03.002
https://doi.org/10.1016/j.molimm.2021.03.002
https://doi.org/10.1016/j.bbrc.2019.11.121
https://doi.org/10.1016/j.molimm.2021.01.023
https://doi.org/10.1016/j.molimm.2021.01.023
https://doi.org/10.3389/fmicb.2021.770600
https://doi.org/10.3389/fimmu.2020.01030
https://doi.org/10.3389/fmicb.2021.744348
https://doi.org/10.4049/jimmunol.1701569
https://doi.org/10.1038/ni.3580
https://doi.org/10.1074/jbc.M211796200
https://doi.org/10.1038/sj.emboj.7600044
https://doi.org/10.1038/sj.emboj.7600044
https://doi.org/10.1038/sj.emboj.7600649
https://doi.org/10.1038/sj.emboj.7600649
https://doi.org/10.1016/j.molcel.2008.11.023
https://doi.org/10.1371/journal.ppat.1006720
https://doi.org/10.7554/eLife.00785
https://doi.org/10.3389/fimmu.2022.972184
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	BAG6 negatively regulates the RLR signaling pathway by targeting VISA/MAVS
	Introduction
	Materials and methods
	Antibodies and reagents
	Cell culture
	Transfection and dual-luciferase reporter assay
	Immunoprecipitation, native PAGE, and western blot
	Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)
	Mice and preparation of BMDMs
	Quantitative RT-PCR
	Plasmids
	CRISPR-Cas9 knockout.
	Plaque assays, VSV-GFP fluorescence imaging experiment, and viral infection
	Fluorescent confocal microscopy

	Result
	BAG6 interacts with VISA specifically
	BAG6 negatively regulates RLR-mediated antiviral response
	The deficiency of BAG6 enhances SeV-mediated antiviral immune responses in human cell lines
	The deficiency of BAG6 enhances SeV-mediated antiviral immune responses in primary mouse cells
	BAG6 regulates the aggregation and recruitment of downstream signaling molecules of VISA
	BAG6 potentiates the K48-linked ubiquitination of VISA/TRAF2

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


