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 23 

Abstract 24 

Autophagy has been implicated in innate immune responses against various intracellular 25 

pathogens. Recent studies have reported that autophagy can be triggered by pathogen 26 

recognizing sensors, including Toll-like receptors and cyclic guanosine monophosphate-27 

adenosine monophosphate synthase, to participate in innate immunity. In the present study, 28 

we examined whether the RIG-I signaling pathway, which detects viral infections by 29 

recognizing viral RNA, triggers the autophagic process. The introduction of polyI:C into the 30 

cytoplasm, or Sendai virus infection, significantly induced autophagy in normal cells but not 31 

in RIG-I-deficient cells. PolyI:C transfection or Sendai virus infection induced autophagy in 32 

the cells lacking type-I interferon signaling. This demonstrated that the effect was not due to 33 

interferon signaling. RIG-I-mediated autophagy diminished by the deficiency of 34 

mitochondrial antiviral signaling protein (MAVS) or tumor necrosis factor receptor-35 

associated factor (TRAF)6, showing that the RIG-I-MAVS-TRAF6 signaling axis was 36 

critical for RIG-I-mediated autophagy. We also found that Beclin-1 was translocated to the 37 

mitochondria, and it interacted with TRAF6 upon RIG-I activation. Furthermore, Beclin-1 38 

underwent K63-polyubiquitination upon RIG-I activation, and the ubiquitination decreased 39 

in TRAF6-deficient cells. This suggests that the RIG-I-MAVS-TRAF6 axis induced K63-40 

linked polyubiquitination of Beclin-1, which has been implicated in triggering autophagy. 41 

Collectively, the results of this study show that the recognition of viral infection by RIG-I is 42 

capable of inducing autophagy to control viral replication. As deficient autophagy increases 43 
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the type-I interferon response, the induction of autophagy by the RIG-I pathway might also 44 

contribute to preventing an excessive interferon response as a negative-feedback mechanism.  45 

 46 

Importance 47 

Mammalian cells utilize various innate immune sensors to detect pathogens. Among those 48 

sensors, RIG-I recognizes viral RNA to detect intracellular viral replication. Although cells 49 

experience diverse physiological changes upon viral infection, studies to understand the role 50 

of RIG-I signaling have focused on the induction of type-I interferon. Autophagy is a process 51 

that sequesters cytosolic regions and degrades the contents to maintain cellular homeostasis. 52 

Autophagy participates in the immune system, and has been known to be triggered by some 53 

innate immune sensors, such as TLR4 and cGAS. We demonstrated that autophagy can be 54 

triggered by the activation of RIG-I. In addition, we also proved that MAVS-TRAF6 55 

downstream signaling is crucial for the process. Beclin-1, a key molecule in autophagy, is 56 

translocated to mitochondria, where it undergoes K63-ubiquitination in a TRAF6-dependent 57 

manner upon RIG-I activation. As autophagy negatively regulates RIG-I-mediated signaling, 58 

the RIG-I-mediated activation of autophagy may function as a negative-feedback mechanism. 59 

 60 

Introduction 61 

Autophagy is a process that sequesters cytosolic regions and delivers their contents to the 62 

lysosomes for subsequent degradation. Both extracellular stimuli, such as starvation and 63 

hypoxia, and intracellular stresses, including the accumulation of damaged organelles, 64 

induce autophagy to degrade long-lived proteins and damaged organelles in order to recycle 65 
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and maintain cell homeostasis (1). As autophagy is triggered by infection with intracellular 66 

pathogens, such as bacteria and viruses, it is recognized as part of the innate immune system 67 

to control and eliminate infections by engulfing and degrading intracellular pathogens (i.e., 68 

xenophagy) (2-4). Recent extensive studies have revealed that several autophagic adaptors, 69 

such as sequestosome 1 (SQSTM1/p62), optineurin, and nuclear dot protein 52 kDa, 70 

specifically recognize the intracellular presence of bacteria, including Salmonella, Shigella, 71 

Listeria, and Mycobacteria, and induce autophagy (5-8). Adaptor proteins, referred to as 72 

sequestosome 1/p62-like receptors (SLRs), directly recognize ubiquitinated microbes as their 73 

targets to induce autophagy. They are now regarded as a class of pattern recognition 74 

receptors of the innate immune system (9).  75 

Besides the SLRs, the innate immune system utilizes a limited number of sensors including 76 

Toll-like receptors (TLRs), Nod-like receptors, cyclic guanosine monophosphate-adenosine 77 

monophosphate synthase (cGAS), and RIG-I-like receptors (RLRs) to detect various 78 

pathogen-associated molecular patterns (10-14). Among these sensors, RIG-I and MDA5 79 

recognize viral RNAs to mount an antiviral immune response. Upon recognition, RIG-I and 80 

MDA5 translocate to mitochondria to interact with the mitochondrial antiviral signaling 81 

protein (MAVS)/IPS-1/Cardif, a downstream mitochondrial signaling protein. The 82 

subsequent recruitment of signaling molecules, including tumor necrosis factor receptor-83 

associated factor (TRAF)3 and TRAF6, results in the activation of transcription factors, such 84 

as IRF3/7, NF-κB, and AP-1, leading to the production of type-I interferon.  85 

As autophagy can be activated by infection with pathogens, it is conceivable that the innate 86 

immune sensors regulate the autophagic process upon recognition of pathogens. Indeed, the 87 
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activation of innate immune signaling pathways triggered by innate immune sensors, including 88 

TLR4 and cGAS, activates autophagy, indicating that the innate immune system modulates 89 

autophagy directly (15-17). Besides participating in the innate immune system by directly 90 

eliminating pathogens, autophagy also plays crucial roles in regulating this system to prevent 91 

excessive responses (18-20).  92 

A recent study showed that the absence of autophagy amplified RIG-I signaling due to 93 

increased mitochondrial MAVS and reactive oxygen species from damaged mitochondria, 94 

implicating autophagy in RLR signaling (21). However, it has not been reported whether 95 

RIG-I-mediated antiviral signaling directly regulates autophagy. Herein, we show that the 96 

activation of RIG-I by its ligands provokes autophagy in a downstream MAVS-TRAF6 97 

signaling axis-dependent manner. 98 

 99 

Results 100 

 101 

Activation of the RIG-I signaling pathway activates autophagy 102 

To investigate whether the recognition of viral RNA by RIG-I can trigger autophagy, 103 

HEK293T cells were transfected with the RIG-I agonist, polyI:C, a synthetic double-104 

stranded RNA analogue, or infected with Sendai virus (SeV). Both polyI:C transfection and 105 

SeV infection increased the level of LC3-II, a lipidated form of LC3 (Fig. 1A). In both the 106 

experimental settings, the change was evident 2 h after stimulation (Fig. 1A). Increased 107 

formation of autophagic vesicles was also observed in the polyI:C-transfected and SeV-108 
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infected cells compared with that in mock-infected cells, as determined by Cyto-ID that can 109 

stain both autophagosomes and autolysosomes specifically (22). The increased 110 

autophagosome formation by polyI:C transfection or SeV infection was further confirmed by 111 

transmission electron microscopy. As shown in Figure 1C, the number of dense black 112 

double-membrane structure vesicles increased in the polyI:C transfected or SeV infected 113 

cells. The formation of LC3 puncta by polyI:C or SeV infection also contributed to the 114 

modulation of autophagy by RIG-I signaling (Fig. 1D). Furthermore, the level of p62 115 

decreased in a time-dependent manner in the polyI:C-transfected or SeV-infected cells (Fig. 116 

1E). This indicated that the increased level of LC3-II was due to increased autophagy and 117 

not due to decreased phagolysosome formation.  118 

The induction of autophagy by RIG-I activation was also observed in different types of cells. 119 

The transfection of polyI:C was resulted in increased LC3 lipidation and LC3 puncta 120 

formation in Raw264.7 murine monocytic cells (Figs. 2A and 2B). Consistently, increment 121 

of LC3 lipidation by polyI:C transfection or SeV infection was easily detected in N2a mouse 122 

neuroblastoma cells and BV-2 mouse microglial cells (Figs. 2C and 2D), suggesting that the 123 

induction of autophagy by RIG-I activation is not a cell- or species-specific phenomenon.      124 

To further confirm that the triggering of autophagy by an RIG-I agonist was due to the 125 

activation of RIG-I signaling, the effect of expressing a constitutively active form of RIG-I 126 

on autophagy was examined. The ectopic expression of RIG-I-2Card (RIG-IN) or MDA5-127 

2Card domains (MDA5-N) increased LC3 lipidation (Fig. 3A). The activation of RIG-I 128 

signaling by ectopic expression also increased autophagosomes, as determined by cyto-ID 129 

staining (Fig. 3B). The ectopic expression of RIG-IN or MDA5-N also increased LC3-functa 130 
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formation, indicating that both RIG-I and MDA5 can modulate autophagy (Fig. 3C). The 131 

level of p62 decreased in the RIG-IN-expressing cells in a time-dependent manner (Fig. 3D). 132 

Moreover, the inhibition of lysosomal degradation by the treatment with chloroquine (CQ) 133 

significantly increased the effect of RIG-IN on LC3 lipidation, confirming that the 134 

accumulation of LC3-II by RIG-I signaling was not due to the suppression of autophagy flux 135 

(Fig. 3E).  136 

The induction of autophagy by polyI:C or SeV was examined in cells defective in type-I 137 

interferon signaling to test whether RIG-I-mediated autophagy was due to type-I interferon 138 

signaling induced by RIG-I signaling. The transfection of polyI:C triggered LC3 lipidation in 139 

type-I interferon receptor-deficient MEFs, suggesting that RIG-I signaling can induce 140 

autophagy flux in a type-I interferon-independent manner (Fig. 3F). Furthermore, polyI:C 141 

transfection or SeV infection also increased LC3-II in Vero cells, which are defective in 142 

interferon signaling (Fig. 3G).     143 

 144 

Autophagy induction by SeV infection or polyI:C transfection requires functional 145 

RIG-I 146 

The influence of RIG-I-mediated signaling on the induction of autophagy was further 147 

examined using cells deficient in RIG-I activity. We used Huh7.5 human hepatoma cells that 148 

were derived from Huh7 cells. These cells lose their RIG-I activity due to a mutation in RIG-149 

I (T55I). As expected, LC3-II formation increased by the transfection of Huh7 but not by 150 

Huh7.5 cells with polyI:C (Fig. 4A). However, the infection of Huh7.5 cells with influenza 151 

A virus activated autophagy to a level comparable to Huh7 cells. This suggested that 152 
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influenza A virus triggered autophagy via other signaling pathways, such as TLR4, in the 153 

absence of RIG-I signaling (Fig. 4B). Consistent with the Huh7.5 data, RIG-I-deficient 154 

mouse embryonic fibroblasts (MEFs) also failed to exhibit increased autophagy upon 155 

polyI:C transfection or SeV infection, whereas, RIG-I wild-type (WT) MEFs successfully 156 

activated autophagy with both treatments (Figs. 4C and D).   157 

 158 

MAVS-TRAF6 signaling axis is required for RIG-I-mediated signaling  159 

The role of MAVS, a downstream mitochondrial signaling molecule, in inducing autophagy 160 

was investigated. The LC3-II level was increased by the ectopic expression of MAVS in 161 

HEK293T cells (Fig. 5A). However, the introduction of polyI:C into the MAVS-deficient 162 

MEFs failed to increase LC3 lipidation (Fig. 5B). Consistently, no significant increase in 163 

autophagosome formation was observed by electron microscopy in the MAVS-deficient 164 

MEFs upon transfection with polyI:C. In contrast, a significant increase in the number of 165 

autophagosomes was observed in WT MEFs (Fig. 5C). Furthermore, there was no significant 166 

decrease in p62 upon SeV infection in the cycloheximide-treated MAVS-deficient MEFs, 167 

whereas, a significant decrease in the p62 level was observed in the cycloheximide-treated 168 

WT MEFs (Fig. 5D). These results indicate that RIG-I or MDA5 induce autophagy flux via 169 

their downstream MAVS. Given that MAVS recruits TRAF6 to activate downstream 170 

signaling and TRAF6 activates TLR4-mediated autophagy, it is worth testing the hypothesis 171 

that TRAF6 plays a crucial role in RIG-I-mediated autophagy. Indeed, LC3-II formation 172 

following SeV infection or polyI:C transfection was significantly lower in TRAF6-deficient 173 

than in WT MEFs (Figs. 6A and B). Consistently, LC3 puncta formation by transfection with 174 
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polyI:C or RIG-IN was significantly lower in the TRAF6-defective MEFs than in the WT 175 

MEFs (Fig. 6C). In addition, there was a significant decrease in the level of p62 in the SeV-176 

infected WT cells but not in the TRAF6 knock-out (KO) MEFs (Fig. 6D).   177 

 178 

TRAF6 associates with Beclin-1 upon RIG-I activation 179 

TRAF6 interacts with Beclin-1 to activate TLR4-mediated autophagy. Thus, we explored the 180 

possible interaction between TRAF6 and Beclin-1 upon RIG-I activation. The interaction 181 

between overexpressed Beclin-1 and endogenous TRAF6 was detected by the co-182 

immunoprecipitation (co-IP) assay. The interaction increased significantly by the ectopic 183 

expression of RIG-IN (Fig. 7A). The transfection of polyI:C into V5-Beclin-1-expressing 184 

cells, followed by co-IP experiment showed an increase in the interaction of Beclin-1 with 185 

the autophagy initiation complex components, including VPS34, ATG14, and Ambra-1, 186 

indicating that Beclin-1 autophagy initiation complex formation is triggered by RIG-I 187 

activation (Fig. 7B). Furthermore, the co-IP assay showed an association between 188 

endogenous Beclin-1 and TRAF6 upon transfection of polyI:C. This assay also demonstrated 189 

that VPS34 interacted with Beclin-1 upon polyI:C transfection (Fig. 7C). These results 190 

suggest that Beclin-1 associates with VPS34 and TRAF6 to facilitate autophagy upon RIG-I 191 

activation. Thus, we examined whether Beclin-1 migrated to mitochondria upon RIG-I 192 

activation to interact with TRAF6, which can recruit mitochondrial MAVS. As shown in 193 

Figure 7D, the translocation of Beclin-1 to mitochondria was detected in the cells 194 

overexpressing RIG-IN, indicating that Beclin-1 can be recruited to mitochondria upon 195 

activation of RIG-I signaling. Increased localization of Beclin-1 in the mitochondria upon 196 
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RIG-IN expression or SeV infection was also confirmed by co-localization of Beclin-1 with 197 

mitotracker using confocal microscopy (Figs. 7E and 7F). 198 

 199 

Beclin-1 undergoes K63-linked polyubiquitination upon RIG-I activation 200 

As TRAF6 is an E3-ubiquitin ligase, and K63-linked polyubiquitination of Beclin-1 201 

modulates its function in autophagy, we hypothesized that the interaction between Beclin-1 202 

and TRAF6 might lead to K63-linked polyubiquitination of Beclin-1. Indeed, the 203 

ubiquitination of TRAF6 was increased by the ectopic expression of RIG-IN and further 204 

increased by the treatment with CQ, as determined by IP of the overexpressed TRAF6 and 205 

immunoblotting using an anti-ubiquitin antibody (Figs. 8A and 8B). Immunoblotting using 206 

the K63-linked ubiquitin-specific antibody showed that the K63-ubiquitination of TRAF6 207 

and its interaction with VPS34 were also increased by RIG-IN expression and CQ treatment 208 

(Fig. 8C). PolyI:C transfection also increased the ubiquitination of Beclin-1 within 30 min 209 

(Fig. 8D).  210 

To further confirm the K63-linked polyubiquitination of Beclin-1 upon RIG-I activation, we 211 

used a K63-only ubiquitin mutant where all lysines, except K63, were mutated to arginine and 212 

thereby restricting the polyubiquitination to K63. The PolyI:C transfection of HEK293T cells 213 

ectopically expressing the HA-tagged K63-only ubiquitin mutant with Beclin-1 showed 214 

increased K63-linked polyubiquitination of Beclin-1 (Fig. 8E). In addition, the ubiquitination 215 

of endogenous Beclin-1 upon polyI:C transfection was observed by IP and immunoblotting 216 

(Fig. 8F). To determine whether TRAF6 was required for RIG-I-mediated Beclin-1 217 

ubiquitination, the WT and TRAF6 KO MEFs were analyzed. As shown in Figure 8G, there 218 
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was no significant change in the Beclin-1 ubiquitination level in the TRAF6 KO MEFs upon 219 

SeV infection, whereas, increased ubiquitination was detected in the WT MEFs. Collectively, 220 

these results show that Beclin-1 undergoes K63-linked polyubiquitination upon RIG-I 221 

activation in a TRAF6-dependent manner to facilitate autophagy flux. 222 

 223 

Discussion 224 

In addition to its basal roles in maintaining cellular homeostasis, autophagy has been 225 

implicated in immunity. Autophagy affects the (1) innate and adaptive immune systems by 226 

directly eliminating pathogens, controlling inflammation, and facilitating antigen presentation 227 

and (2) secretion of immune mediators (23). Autophagy is triggered by infection with a diverse 228 

range of viruses suggesting there is crosstalk between the innate immune recognition of viral 229 

infection and the autophagy pathway (23). Recent studies have revealed that the innate 230 

immune sensors, including TLRs and cGAS, can trigger the autophagic process (16, 17). 231 

Regarding RLRs, a deficiency of autophagy augments RIG-I-mediated type-I interferon and 232 

some autophagic proteins, such as the ATG5-ATG12 complex, that inhibit the RIG-I signaling 233 

pathway. This suggests a negative regulatory role of autophagy in the RIG-I-mediated 234 

signaling pathway (21-24). Recent studies have showed that polyI:C transfection activates 235 

autophagy and MAVS maintains mitochondrial homeostasis via autophagy (25). However, it is 236 

not clear whether RIG-I activation by the recognition of a pathogen-associated molecular 237 

pattern regulates the autophagic process directly. 238 

The results of the present study provide evidence that RIG-I triggers autophagic flux upon 239 
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recognition of its ligands. The induction of autophagy following the intracellular introduction 240 

of a synthetic RNA (polyI:C), SeV infection, or forced expression of a constitutively active 241 

form of RIG-I, clearly indicates the importance of RIG-I signaling. Moreover, the RIG-I 242 

ligands failed to induce autophagy in cells defective in RIG-I signaling. The main effect of 243 

RIG-I-mediated antiviral signaling is the production of type-I interferon, which can facilitate 244 

autophagy (26, 27). Surprisingly, activating RIG-I increased autophagy in type-I interferon 245 

signaling-defective cells, indicating that RIG-I signaling-mediated autophagy is independent 246 

from type-I interferon-mediated autophagy. 247 

A crucial role of TRAF6 during autophagy induced by the innate immune system has been 248 

shown by several studies. In macrophages, activated CD40 recruits TRAF6 and induces 249 

Beclin-1-dependent autophagy to eliminate infected Toxoplasma gondii (28, 29). In addition, 250 

TLR4 signaling requires TRAF6-mediated Beclin-1 ubiquitination to induce autophagy. This 251 

suggests that the recruitment and activation of TRAF6 by innate immune signaling may lead to 252 

the ubiquitination of Beclin-1 and formation of downstream signaling complexes, including 253 

VPS34 (17). 254 

Our study using MAVS- and TRAF6-deficient cells has proven the crucial role of the 255 

MAVS-TRAF6 signaling axis in the RIG-I-dependent pathway. We demonstrated that 256 

TRAF6 is required for RIG-I-mediated autophagy, and Beclin-1 is translocated to the 257 

mitochondria, and it interacts with TRAF6 upon RIG-I activation. These data suggest that 258 

RIG-I may share TRAF6-dependent downstream signaling with TLR4 signaling to promote 259 

autophagy. Notably, Beclin-1 interacts simultaneously with VPS34 and TRAF6 upon 260 

polyI:C transfection, suggesting the possible role of TRAF6 in the formation of an active 261 
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Beclin-1 complex. 262 

Several recent studies have showed that the K63-linked polyubiquitination of Beclin-1 is 263 

crucial for autophagy activation and can be targeted by cellular proteins to modulate 264 

autophagy (17, 30, 31). Our data suggest that the TRAF6-mediated K63-polyubiquitination 265 

of Beclin-1 upon RIG-I activation may activate the Beclin1-VPS34 complex to induce 266 

autophagy. In a previous study, Beclin-1 was shown to interact with MAVS to suppress 267 

RIG-I-mediated interferon production in an ATG-5-independent manner (32). Our data 268 

showing the mitochondrial translocation of Beclin-1 upon RIG-I activation suggest that this 269 

may have the dual effect of suppressing the RIG-I interaction with MAVS and inducing 270 

autophagy to negatively regulate RIG-I signaling. 271 

Collectively, RIG-I activation leads to Beclin-1 K63-polyubiquitination and mitochondrial 272 

translocation to induce autophagy in a MAVS-TRAF6-dependent manner. Given that 273 

autophagy can suppress RIG-I-mediated interferon production, it seems likely that RIG-I-274 

induced autophagy serves as a negative-feedback mechanism to prevent an excessive response. 275 

It would be interesting to examine whether viral components, such as nucleic acids, proteins, 276 

or viral particles in the cytoplasm, can be targeted for the autophagic elimination process upon 277 

RIG-I activation.  278 

 279 

Materials and Methods 280 

 281 

Cells, viruses, and plasmids 282 

The RIG-I KO and WT MEFs were described previously (33). The MAVS KO and IFNAR 283 
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KO MEFs were generated from the MAVS KO mice (kindly provided by Dr. Shizuo Akira at 284 

the Osaka University) and IFNAR KO mice (kindly provided by Dr. Heung Kyu Lee at the 285 

Korea Advanced Institute of Science and Technology). The TRAF6 KO MEFs were kindly 286 

provided by Dr. Yoon-Jae Song at the Gachon University. N2a and BV-2 cells were described 287 

preciously (34). HEK293T, HEK293A, Raw264.7, Huh7, Huh7.5, Vero and MEF cells were 288 

maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum and 289 

penicillin/streptomycin (100 U/mL). SeV (Cantell strain) was purchased from Charles River 290 

Laboratories. Influenza A virus was prepared and infected as described previously (35). 291 

 292 

Immunoblotting and co-IP 293 

The cells were transfected with the indicated plasmids and treated as described. The cells 294 

were collected and lysed with Triton X-100 lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM 295 

NaCl, 1 mM EDTA, 0.5% Triton X-100) containing protease inhibitor cocktail (Pierce, 296 

#78430). After centrifugation, the cell lysates were subjected to sodium dodecyl sulfate 297 

polyacrylamide gel electrophoresis (SDS-PAGE), followed by immunoblotting. Primary 298 

antibodies used were as follows: anti-LC3 (Cosmo Bio, #CTB-LC3-1-50), anti-299 

SQSTM1/P62 (Abcam, #ab56416, Cambridge, UK), anti-phospho-IRF3 (Cell Signaling 300 

Technology, #4947), anti-phospho-NFκB (Cell Signaling Technology, #3031), anti-β-actin 301 

(Santa Cruz Biotechnology, #sc-47778, Dallas, TX, USA), anti-ubiquitin P4D1 (Cell 302 

Signaling Technology, #3936), anti-Flag (Sigma-Aldrich, #F7435, Saint Louis, MO, USA), 303 

anti-Beclin-1 (Cell Signaling Technology, #3738), anti-HA (Santa Cruz Biotechnology, #sc-304 

7392), anti-V5 (Cell Signaling Technology, #13202), anti-K63-linked ubiquitin (Cell 305 
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Signaling Technology, #5621), anti-VPS34 (Cell Signaling Technology, #4263), anti-306 

ATG14 (Cell Signaling Technology, #96752), anti-Ambra-1 (Cell Signaling Technology, 307 

#12250), anti-UVRAG (Cell Signaling Technology, #5320), anti-GST (Abcam, #ab19256, 308 

Cambridge, UK), anti-TRAF6 (Cell Signaling Technology, #8028), anti-Cox4 (Santa Cruz 309 

Biotechnology, #133478), anti-β-tubulin (Cell Signaling Technology, #2146). For IP, the 310 

clarified cell lysates were incubated with the indicated antibodies for 12 h at 4°C, followed 311 

by further incubation with protein A/G resin for 2 h. For IP Flag-tagged proteins, the cell 312 

lysates were incubated with anti-Flag M2 affinity resin (Sigma-Aldrich, #A2220) or anti-V5 313 

affinity resin (Sigma-Aldrich, #A7345) for 12 h at 4°C. After extensive washing with lysis 314 

buffer, the bound proteins were suspended in 1× sample buffer and analyzed by SDS-PAGE 315 

and immunoblotting. 316 

 317 

Autophagosome staining by Cyto-ID and LC3 antibodies 318 

HEK293T cells were transfected with 2 μg polyI:C or infected with SeV at 100 HA units/mL, 319 

and collected after 12 h. Subsequently, Cyto-ID autophagy reagent (Enzo, #ENZ-51031, 320 

Farmingdale, NY, USA) staining was performed according to the instruction of the 321 

manufacturer. Briefly, the cells were washed twice with 1× assay buffer and treated with 322 

diluted Cyto-ID green stain solution. The cells were incubated for 30 min at 37°C, and then 323 

washed and incubated for 20 min with 4% paraformaldehyde. For LC3 staining, the cells 324 

were fixed with 4% paraformaldehyde and permeabilized using 0.1% tritonX-100 buffer. 325 

Then cells were stained with LC3 antibody (Cell Signaling Technology, #3868) for 2 h at 326 

37°C and stained with anti-rabbit IgG FITC reagent. The cells were then washed three times 327 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 6, 2018. ; https://doi.org/10.1101/340323doi: bioRxiv preprint 

https://doi.org/10.1101/340323


16 

 

and analyzed by fluorescence microscopy to observe punctated forms of autophagosomes. 328 

 329 

Transmission electron microscopy 330 

HEK293T cells were transfected with 10 μg polyI:C using Lipofectamine 2000, or infected 331 

with SeV at 100 HA units/mL, and incubated for 12 h. The WT and MAVS KO MEF cells 332 

were transfected with polyI:C (10 μg), pEBG vector (2.5 μg), or pEBG-RIG-IN (5 μg) using 333 

Lipofectamine 2000, and further incubated for 12 h. The cells were fixed with 2% 334 

paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C for 24 335 

h. The cells were then embedded in epoxy resin and polymerized at 38°C for 12 h, followed 336 

by further incubation at 60°C for 48 h. Thin sections, cut using an ultramicrotome (MT-XL, 337 

RMC Products), were collected on a copper grid and stained with 4% lead citrate and 338 

saturated 4% uranyl acetate. The samples were examined at 80 kV with a transmission 339 

electron microscope (JEM-1400Plus, JEOL, Tokyo, Japan) at the Seoul National University 340 

Hospital Medical Research Institute (Seoul, Korea). Double- or single-membrane vesicles 341 

measuring 0.3 to 2.0 μm in diameter were defined as autophagosomes. 342 

 343 

Mitochondria isolation 344 

HEK293T cells (1 × 10
7
) were transfected with the pEBG vector or pEBG-RIG-IN and 345 

incubated for 24 h. The cells were washed with phosphate-buffered saline and mitochondria 346 

were isolated using a kit (Thermo Scientific, #89874) according to the instruction of the 347 

manufacturer instructions. The cytosolic and mitochondrial fractions were analyzed by SDS-348 

PAGE and immunoblotting. Cox4 and β-tubulin served as markers for the cytosolic and 349 
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mitochondrial fractions, respectively.  350 

 351 

Immunofluorescence staining and confocal microscopy 352 

HEK293A cells were transfected with polyI:C or treated with SeV as described. The cells 353 

were moved to fibronectin-coated confocal dish and incubated for 12 h. The cells were 354 

stained with mitotracker (Thermo Scientific, #M7512, Rockford, IL, USA) according to the 355 

instruction of the manufacturer and fixed with 4% paraformaldehyde for 15 min, 356 

permeabilized using 0.1% tritonX-100 for 10 min and blocked with 5% BSA. The cells were 357 

then stained with the primary and secondary antibodies (Thermo Scientific, #31556), 358 

(Thermo Scientific, #62-6511) according to the instruction of the manufacturer. The 359 

colocalization images were examined under an Olympus FV-1000 confocal microscope. 360 

 361 

Statistical analysis 362 

Data are represented as mean ± standard error of the mean (SEM) unless otherwise indicated, 363 

and were analyzed by Student’s unpaired two-tailed t test using GraphPad Prism 5 software. 364 

A value of p < 0.05 was considered significant.  365 
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Figure Legends 474 

 475 

Figure 1. RIG-I activation invokes autophagy. (A) HEK293T cells were transfected with 476 

polyI:C (2 μg) or infected with Sendai virus (SeV) (200 HA U/mL) for the indicated hours. 477 

The cell lysates were analyzed by immunoblotting using antibodies for LC3, phosphor-IRF3, 478 

and β-actin. (B) HEK293T cells were transfected with polyI:C or infected with SeV as in (A) 479 

and incubated for 12 h. Autophagosomes were labeled with cytoID-green reagent and 480 

observed by fluorescence microscopy. The bottom panels show staining with Hoechst dye to 481 

visualize nuclei of the cells. (C) HEK293T cells were transfected with polyI:C (10 μg) or 482 

infected with SeV (200 HA U/mL) for 12 h. The cells were harvested, fixed, and subjected to 483 

transmission electron microscopy to observe autophagic vesicles (black arrows in the lower 484 

panels). The bottom panels show enlarged view of the boxed regions in the top panels. (D) 485 

HEK293T cells were mock-treated, transfected with polyI:C or infected with SeV as in (A). 486 

After washing and fixation, LC3 puncta were visualized by staining with anti-LC3 antibody 487 

and FITC-labeled secondary antibody and observed by fluorescence microscopy. The 488 

number of puncta was counted and analyzed using the image J software. The right panel 489 

shows the mean number of LC3 puncta in a cell. The data are presented as mean ± standard 490 
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error of the mean. (E) HEK293T cells were transfected with polyI:C (2 μg) or infected with 491 

SeV (200 HA U/mL) and treated with cycloheximide (CHX, 100 ng/mL) for 0, 4, 8, or 12 h. 492 

The level of p62 was analyzed by immunoblotting. Each experiment was repeated three or 493 

more times.  494 

 495 

Figure 2. Induction of autophagy by RIG-I in different types of cells. (A) Raw264.7 496 

murine macrophage cells were transfected with polyI:C (2 μg) for the indicated hours. The 497 

cell lysates were analyzed by immunoblotting using antibodies for LC3, phospho-IRF3, and 498 

β-actin. (B) Raw264.7 cells were mock-treated, transfected with polyI:C (2 μg) or infected 499 

with SeV (200 HAU/ml) for 8 h. After washing and fixation, LC3 puncta were visualized by 500 

staining with anti-LC3 antibody and FITC-labeled secondary antibody and observed by 501 

fluorescence microscopy. (C) N2a murine hypothalamus cells were transfected with polyI:C 502 

(2 μg) or infected with Sendai virus (SeV) for 0, 4, or 8 h. The cell lysates were analyzed by 503 

immunoblotting using the indicated antibodies as primary antibodies. (D) BV-2 murine 504 

microglial cells were transfected with polyI:C and incubated for indicated hours. The cell 505 

lysates were analyzed by immunoblotting using indicated antibodies. Each experiment was 506 

repeated three or more times. 507 

 508 

Figure 3. A constitutively active form of RIG-I triggers autophagy. (A) HEK293T cells 509 

were transfected with constitutively active N-terminal Card domains of RIG-I (RIG-IN) or 510 
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MDA5 (MDA5-N). LC3 lipidation was analyzed by immunoblotting using anti-LC3 and 511 

anti-β-actin antibodies. (B) HEK293T cells were transfected with vector or RIG-IN and 512 

incubated for 24 h. Autophagosomes were stained with Cyto-ID reagent and observed under 513 

a fluorescence microscope. The bottom panels show staining with Hoechst dye to visualize 514 

nuclei of the cells. (C) HEK293A cells were transfected with RIG-IN or MDA5-N. Eighteen 515 

hours after transfection, the cells were fixed and stained with anti-LC3 antibody and FITC-516 

labeled secondary antibody and subjected to fluorescence microscopy. The numbers of 517 

puncta was counted and analyzed using the image J software. The right panel shows the 518 

mean number of LC3 puncta in a cell. The data are presented as mean ± standard error of the 519 

mean. (D) HEK293T cells were transfected with RIG-IN for 0, 6, 9, 12, and 24 h. The level 520 

of p62 was analyzed by immunoblotting. (E) HEK293T cells were transfected with vector or 521 

RIG-IN for 0 or 24 h with or without chloroquine (CQ) treatment (20 μM) for 12 h before 522 

harvest. The cells were subjected to immunoblotting using an anti-LC3 antibody. (F) Type-I 523 

interferon receptor (INFR)-deficient mouse embryonic fibroblast cells were transfected with 524 

2 µg polyI:C and incubated for 0, 4, or 8 h. LC3 lipidation was analyzed by immunoblotting. 525 

(G) Vero cells were transfected with 2 µg polyI:C or infected with 200 HA U/mL SeV for 0, 526 

4, or 8 h. LC3 lipidation was analyzed by immunoblotting. Each experiment was repeated 527 

three or more times. 528 

 529 

Figure 4. Functional RIG-I is required for polyI:C and Sendai virus (SeV)-mediated 530 

autophagy activation. (A) Huh7 human hepatoma cells and Huh7-derived Huh7.5 cells with 531 
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defective RIG-I activity were transfected with 2 µg polyI:C. LC3 lipidation was analyzed by 532 

immunoblotting using anti-LC3 and anti-β-actin antibodies. (B) Huh7 and Huh7.5 cells were 533 

infected with influenza A PR8 (Flu-PR8) (multiplicity of infection = 1) as indicated, or were 534 

treated with 2 µM rapamycin for 24 h. LC3 lipidation was analyzed as in (A). LC3 lipidation 535 

in wild-type (WT) and RIG-I knock-out (KO) mouse embryonic fibroblasts transfected with 536 

2 µg polyI:C (C) or infected with 200 HA U/mL SeV (D). LC3 lipidation was analyzed as in 537 

(A). Each experiment was repeated three or more times. 538 

 539 

Figure 5. Mitochondrial antiviral signaling protein (MAVS) is required for the 540 

induction of autophagy. (A) HEK293T cells were transfected with MAVS and harvested 541 

after 0, 6, and 12 h. LC3 lipidation was analyzed by immunoblotting using an anti-LC3 542 

antibody. (B) The wild-type (WT) and MAVS knockout (KO) mouse embryonic fibroblasts 543 

(MEFs) were transfected with 2 µg polyI:C for 0, 4, or 8 h. LC3 lipidation was analyzed by 544 

immunoblotting as in (A). (C) The WT and MAVS KO MEFs were transfected with 2 µg 545 

polyI:C for 12 h. The cells were observed by transmission electron microscopy. The bottom 546 

panels show enlarged view of the boxed regions in the top panels. (D) The WT and MAVS 547 

KO MEFs were infected with 200 HA U/mL SeV and treated with cycloheximide (CHX, 100 548 

ng/mL) for 0, 6, or 12 h. The level of p62 was analyzed by immunoblotting. Each experiment 549 

was repeated three or more times. 550 

 551 
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Figure 6. Tumor necrosis factor receptor-associated factor (TRAF)6 is required for the 552 

induction of autophagy. The WT and TRAF6 KO MEFs were transfected with 2 µg polyI:C 553 

(A) or infected with 200 HA U/mL SeV (B) for 0, 4, or 8 h. LC3 lipidation was analyzed by 554 

immunoblotting using an anti-LC3 antibody. (C) The TRAF6 WT and KO MEFs were 555 

transfected with polyI:C (2 µg/well) or RIG-IN (100 ng/well). Eighteen hours after 556 

transfection, LC3-puncta was visualized by staining with anti-LC3 antibody and FITC-557 

labeled secondary antibody. The number of puncta was counted and analyzed using the 558 

image J software. The right panel shows the mean number of LC3 puncta in a cell. Data 559 

presented as mean ± standard error of the mean. (D) The WT and TRAF6 KO MEFs were 560 

infected with 200 HA U/mL SeV and treated with CHX (100 ng/mL) for 0, 6, or 12 h, then 561 

subjected to immunoblotting using an anti-p62 antibody. Each experiment was repeated three 562 

or more times.       563 

       564 

Figure 7. RIG-I activation increases the interaction between tumor necrosis factor 565 

receptor-associated factor (TRAF)6 and Beclin-1. (A) HEK293T cells were transfected 566 

with Flag-Beclin-1 (Flag-BECN1) and pEBG (GST) or pEBG-RIG-IN. Thirty-six hours after 567 

transfection, the cell lysates were subjected to co-immunoprecipitation (co-IP) using a M2 568 

anti-Flag antibody-coated resin. The sepharose resin (Sep) served as a negative control. 569 

Whole cell lysates (WCL) and samples from co-IP were analyzed by immunoblotting using 570 

the indicated antibodies. (B) HEK293T cells were transfected with V5-Beclin-1. Twelve 571 

hours after transfection, polyI:C was transfected into the cells at different time points and 572 
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incubated for the indicated hours. The cell lysates were subjected to co-IP using anti-V5 573 

antibody, followed by immunoblotting using the indicated antibodies. (C) HEK293T cells 574 

were transfected with polyI:C and harvested at 0, 0.5, 1, 2, 4, and 6 h. The cell lysates were 575 

subjected to co-IP with an anti-Beclin-1 (BECN1) antibody and analyzed by immunoblotting 576 

using the indicated antibodies. (D) HEK293T cells were transfected with Flag-BECN1, 577 

pEBG (GST), or pEBG-RIG-IN and incubated for 24 h. The mitochondrial and cytoplasmic 578 

fractions were separated as described in the Materials and Methods and subjected to 579 

immunoblotting using the indicated antibodies. (E) HEK293A cells were transfected with 580 

GST control vector or GST-RIG-IN together with V5-Beclin-1. Eighteen hours after 581 

transfection, the cells were stained with Mitotracker and anti-V5 antibody as described in the 582 

Materials and Methods. Fixed dishes were observed by confocal microscopy. The right panel 583 

shows the intensity of Mirotracker (Red) and Beclin-1 (Green) along the white line of the left 584 

panel images. (F) HEK 293T cells were transfected with V5-Beclin-1. Sixteen hours after 585 

transfection, the cells were mock-infected or infected with SeV for 2h. The localization of 586 

Beclin-1 was analyzed by confocal microscopy as in (E). Each experiment was repeated 587 

three or more times. 588 

 589 

Figure 8. RIG-I activation increases K63-linked polyubiquitination of Beclin-1. (A)  590 

HEK293T cells were transfected with Flag-Beclin-1 (Flag-BECN1) and pEBG (GST) or 591 

pEBG-RIG-IN, and incubated for 24 h. The cell lysates were subjected to 592 

immunoprecipitation (IP) using M2 anti-Flag resin and analyzed by immunoblotting using 593 
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the indicated antibodies. (B) HEK293T cells were transfected with Flag-BECN1 and pEBG-594 

RIG-IN, and treated with or without 20 µM chloroquine (CQ). The cell lysates were 595 

analyzed by IP and immunoblotting as in (A). (C) HEK293T cells were transfected with the 596 

indicated plasmids and incubated in the presence or absence of 20 µM CQ for 12 h. Lys63 597 

(K63)-linked polyubiquitination of Beclin-1 was analyzed by IP and immunoblotting with 598 

the indicated antibodies. (D) HEK293T cells were transfected with Flag-Beclin-1. After 24 h, 599 

the cells were transfected with polyI:C and incubated for 0, 0.5, 1, 2, 4, and 6 h. The cell 600 

lysates were analyzed by IP and immunoblotting. (E) HEK293T cells were transfected with 601 

Flag-Beclin-1 and HA-K63-only ubiquitin mutant plasmids. After 24 h, the cells were 602 

transfected with polyI:C and incubated for 0, 3, or 6 h. The cell lysates were analyzed by IP 603 

and immunoblotting. (F) HEK293T cells were transfected with polyI:C and incubated for 0, 604 

2, 4, and 8 h. The cell lysates were subjected to IP using the anti-Beclin-1 (BECN1) antibody 605 

and analyzed by immunoblotting. (G) Wild-type (WT) and TRAF6 knock-out (TRAF6 KO) 606 

MEFs were transfected with Flag-BECN1. After 24 h, the cells were infected with SeV and 607 

incubated for 0, 4, or 8 h. The cell lysates were subjected to IP and immunoblotting. Each 608 

experiment was repeated three or more times. 609 

 610 
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