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LRRC25 inhibits type I IFN signaling by targeting
ISG15-associated RIG-I for autophagic degradation
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Abstract

The RIG-I-like receptors (RLRs) are critical for protection against
RNA virus infection, and their activities must be stringently
controlled to maintain immune homeostasis. Here, we report that
leucine-rich repeat containing protein 25 (LRRC25) is a key
negative regulator of RLR-mediated type I interferon (IFN)
signaling. Upon RNA virus infection, LRRC25 specifically binds to
ISG15-associated RIG-I to promote interaction between RIG-I and
the autophagic cargo receptor p62 and to mediate RIG-I
degradation via selective autophagy. Depletion of either LRRC25 or
ISG15 abrogates RIG-I-p62 interaction as well as the autophagic
degradation of RIG-I. Collectively, our findings identify a previously
unrecognized role of LRRC25 in type I IFN signaling activation by
which LRRC25 acts as a secondary receptor to assist RIG-I delivery
to autophagosomes for degradation in a p62-dependent manner.
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Introduction

The innate immune responses, triggered by pathogen-associated

molecular patterns (PAMPs), are the first line of defense against

invading viruses. In virus-infected cells, viral RNAs can be detected

by pattern recognition receptors (PRRs), including Toll-like recep-

tors (TLRs), RLRs, as well as several sensors of DNA (O’Neill, 2006;

Takaoka et al, 2007; Unterholzner et al, 2010; Loo & Gale, 2011;

Zhang et al, 2011; Sun et al, 2013). As the major members of RLRs

family, RIG-I and MDA5 (melanoma differentiation-associated gene

5) play pivotal roles in sensing cytosolic viral RNAs (Loo & Gale,

2011). Both RIG-I and MDA5 are composed of a conserved DEAD

box helicase/ATPase domain, two caspase-recruiting domains

(CARDs), and a C-terminal regulatory domain (CTD). Upon binding

with viral RNAs via their CTD domains, RIG-I and MDA5 use their

CARDs to activate downstream adaptor MAVS (also known as IPS-

1, VISA, or CARDIF) (Kawai et al, 2005; Meylan et al, 2005; Seth

et al, 2005; Xu et al, 2005). MAVS then triggers the signal cascades

to initiate type I interferons (IFNs) production, as well as the down-

stream expression of multiple IFN stimulated genes (ISGs) and

inflammation cytokines.

Due to its critical role in type I IFN activation, the activity of

RIG-I must be tightly regulated to protect the host from uncontrolled

immune response such as autoimmune disease. Several negative

regulators of RIG-I have been reported to inhibit type I IFN signaling

through the control of the RIG-I degradation (Arimoto et al, 2007;

Chen et al, 2013; Zhao et al, 2016). RNF125 is the first reported E3

ligase, which conjugates ubiquitin to RIG-I to mediate the degrada-

tion of RIG-I through proteasome pathway (Arimoto et al, 2007).

Siglec-G also promotes RIG-I degradation through enhancing K48-

linked ubiquitination of RIG-I by recruiting E3 ubiquitin ligase c-Cbl

(Chen et al, 2013). Recently, it has been shown that another E3

ligase CHIP associates with RIG-I and promotes RIG-I for proteaso-

mal degradation (Zhao et al, 2016). Besides, it has been reported

that RIG-I can also be conjugated by ISG15, which results in the

degradation of RIG-I (Kim et al, 2008). However, the mechanisms

underlying degradation of RIG-I dependent on ISG15 remain to be

explored. In particular, RIG-I in general is degraded through ubiqui-

tination-mediated proteasome pathway, and it has not been reported

that RIG-I could be degraded through other degradation systems

(such as lysosome and autolysosome).

Leucine-rich repeat (LRR) domain is conserved in a variety of

prokaryotic and eukaryotic proteins and displays significant func-

tions in innate immunity (Ng et al, 2011). In mammals, the func-

tions of LRR-containing proteins, including NOD-like receptors

(NLRs) and TLRs in innate immune responses, are well character-

ized (Inohara et al, 2005; Takeuchi & Akira, 2010). Besides NLRs
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and TLRs, the functions of other LRR-containing proteins in innate

immunity remain to be determined. In this study, we identified

LRRC25 as the negative regulator of RLR-mediated type I IFN

signaling. Ectopic expression of LRR-containing protein 25

(LRRC25) inhibited the phosphorylation of endogenous IRF3 and

antiviral response following RLR ligand stimulation, whereas

knockdown or knockout of LRRC25 had the opposite effects. Upon

RNA virus infection, LRRC25 specifically interacts with ISG15-

associated RIG-I to mediate RIG-I degradation via p62-dependent

selective autophagy. Depletion of ISG15 abrogates RIG-I-p62 inter-

action as well as the autophagic degradation of RIG-I. Our findings

provide new insights into the tight regulation of type I IFN signal-

ing through its crosstalk with selective autophagy pathway and

uncover a negative feedback loop to regulate RIG-I-mediated type I

IFN signaling.

Results

LRRC25 inhibits RLR-mediated type I IFN signaling pathway

To identify the possible LRRC proteins that engage in type I IFN

signaling pathway, we screened 22 candidate genes encoding LRRC

proteins and found that LRRC25 significantly inhibited the ISRE acti-

vation induced by RIG-I CARD domains (RIG-I (N)) (Fig 1A). It has

been reported that poly(I:C)-low molecular weight (LMW) is a speci-

fic ligand for RIG-I, but not for MDA5 (Kato et al, 2008; Takeuchi &

Akira, 2010). We then analyzed the expression of LRRC25 in THP-1

cells upon challenge with vesicular stomatitis virus with enhanced

GFP (VSV-eGFP), intracellular (IC) poly(I:C) (LMW), or IFN-b and

found that LRRC25 protein level was up-regulated by all these treat-

ments (Fig 1B–D). However, qPCR analysis showed that the mRNA

level of LRRC25 was not changed by these treatments (Fig EV1A).

These results suggest that LRRC25 protein can be stabilized by the

activation of type I IFN signaling. Furthermore, we found that type I

IFN signaling stabilized LRRC25 by blocking its proteasome-depen-

dent degradation, since the proteasome inhibitor MG132, but not

the lysosome inhibitor NH4Cl, could stabilize LRRC25 and diminish

the difference of LRRC25 protein level with or without RIG-I (N)

overexpression (Figs 1E and EV1B). In addition, we found that

ectopic expression of RIG-I (N) could not block the proteasome

degradation of TBK1 mediated by USP38 (Lin et al, 2016), indicating

the specific stabilization of LRRC25 mediated by RIG-I-type I IFN

axis (Fig EV1C). To further test the role of LRRC25 in type I IFN

signaling, we showed that LRRC25 inhibited ISRE-luc and IFN-b-luc
activities after treatment with IC poly (I:C) LMW or infection with

Sendai virus (SeV) (Figs 1F and G, and EV1D). However, LRRC25

had no effect on TLR3- or cGAS-mediated type I IFN activation

(Fig EV1E and F), suggesting that LRRC25 specifically inhibits RLR-

induced type I IFN signaling pathway. Similarly, Myc-LRRC25 signif-

icantly decreased the phosphorylation of endogenous IRF3 after

treated with IC poly(I:C) LMW or infected with SeV (Fig 1H). To

demonstrate a link between attenuated type I IFN response and

antiviral immunity caused by LRRC25, we transfected empty vector

and LRRC25 into 293T cells and subsequently infected the cells with

VSV-eGFP. LRRC25 rendered the cells more susceptible to viral

infection and enhanced the replication of VSV-eGFP at different time

points (Fig 1I and J). Collectively, these data suggest that ectopic

expression of LRRC25 markedly inhibits the type I IFN response and

antiviral immunity.

LRRC25 deficiency enhances antiviral responses

To determine the physiological function of LRRC25 during RNA

virus infection, we designed two LRRC25-specific small interfering

RNA (siRNA) to knock down the expression of LRRC25. Both of

them could efficiently knock down endogenous LRRC25 (Fig EV2A).

To determine the effects of LRRC25 knockdown on ISRE-luc activity,

we showed that knockdown of endogenous LRRC25 increased the

ISRE-luc activity stimulated by IC poly(I:C) (Fig EV2B). Next, we

tested the effect of LRRC25 knockdown on the replication of VSV-

eGFP and found that LRRC25 knockdown substantially inhibited

viral infection compared to those of cells treated with scrambled

siRNA (Fig EV2C and D).

To further substantiate these findings, we used CRISPR/Cas9

system to generate LRRC25 knockout (KO) THP-1 and 293T cells,

respectively. The deletion of LRRC25 was confirmed at the DNA

and protein levels (Figs 2A and EV2E). We found that the

▸Figure 1. LRRC25 inhibits RLR-mediated type I IFN signaling pathway.

A HEK293T cells were transfected with a control plasmid or plasmids expressing 22 LRRCs along with RIG-I (N) and a reporter plasmid carrying the ISRE promoter
(ISRE-Luc). 24 h after transfection, cells were analyzed for ISRE-luc activity.

B–D THP-1 cells were treated with VSV-eGFP (MOI = 0.1), intracellular (IC) poly(I:C) low molecular weight (5 lg/ml), or IFN-b (10 ng/ml) for indicated time points. Cell
lysates were used for immunoblot analysis with the indicated antibodies.

E HEK293T cells were transfected with plasmids for LRRC25, together with an empty vector or RIG-I (N) for 24 h. Before harvesting, the cells were treated with DMSO
or MG132 (5 lM) for 4 h. Cell lysates were used for immunoblot analysis with the indicated antibodies.

F, G HEK293T cells were transfected with plasmids for Myc-LRRC25, plus an ISRE-luc (F) or an IFN-b-luc (G) reporter plasmid. After 12 h, cells were treated with IC
poly(I:C) LMW (5 lg/ml) or SeV (MOI = 0.1) for 24 h or 14 h, respectively, and analyzed for ISRE-luc and IFN-b-luc activity.

H HEK293T cells were transfected with an empty vector or Myc-LRRC25. After 12 h, cells were left untreated or treated with IC poly(I:C) LMW (5 lg/ml) or SeV
(MOI = 0.1) for 24 h or 14 h, respectively. Before harvesting, the cells were treated with MG132 (5 lM) for 4 h. Protein extracts were analyzed by immunoblot
using the indicated antibodies.

I HEK293T cells were transfected with an empty vector (EV) or Myc-LRRC25. 24 h post-transfection, cells were infected with VSV-eGFP (MOI = 0.001) for the
indicated time points and subjected to phase-contrast (PH) and fluorescence microscopy analyses. Scale bar, 80 lm.

J Flow cytometry analyses of 293T cells in (I). Numbers at the top-right corner indicate the percentage of cells expressing eGFP. Bar: population of GFP-positive cells.

Data information: In (B–E, H–J), data are representative of three independent experiments. In (A, F, G), data are mean values � SEM (n = 3). **P < 0.01, ***P < 0.001
(Student’s t-test).
Source data are available online for this figure.
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phosphorylation of IRF3 (p-IRF3) in LRRC25 KO THP-1 cells was

higher than that in control cells after VSV-eGFP infection (Fig 2B).

We next sought to address whether the enhanced IRF3 phosphoryla-

tion by LRRC25 deficiency promotes type I IFN and ISG expressions.

Using qPCR analysis, we showed that LRRC25 KO markedly

increased mRNA abundance of IFN-b following VSV infection

(Fig 2C). Consistent with these observations, we found that VSV

infection resulted in increased production of IFN-b in LRRC25 KO

THP-1 cells compared to control cells (Fig 2D). Consistently,

LRRC25 KO also resulted in higher expression of IFIT1 and IFIT2

after infection with VSV-eGFP (Fig 2E). To further investigate

whether the elevated IFN response is correlated with enhanced

antiviral immunity, we infected LRRC25 KO and control THP-1 cells

with VSV-eGFP. The percentage of GFP+ cells increased with the

extended response time, but it was markedly inhibited by LRRC25

deficiency in LRRC25 KO THP-1 cells (Fig 2F and G). We next

isolated human peripheral blood mononuclear cells (PBMCs) and

knocked down endogenous LRRC25 to evaluate the physiological

A
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I J

C D

E

Figure 2. LRRC25 deficiency enhances antiviral responses.

A Protein extracts of control, LRRC25 KO THP-1, and LRRC25 KO HEK293T cells were used to perform immunoblot analysis with the indicated antibodies.
B Control or LRRC25 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.1) for indicated time points. Cell lysates were harvested and analyzed by immunoblot.
C, D Control or LRRC25 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.01) for indicated time points and subjected to qPCR analysis for IFN-b (C) or ELISA

analysis (D).
E Control or LRRC25 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.01) for indicated time points and subjected to qPCR analysis for IFIT2 and IFIT1.
F Control or LRRC25 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.01) for 0–18 h and subjected to phase-contrast (PH) and fluorescence microscopy

analyses. Scale bar, 40 lm.
G Flow cytometry analyses of THP-1 cells in (F). Numbers at the top-right corner indicate the percentage of cells expressing eGFP.
H PBMCs were transfected with control or LRRC25-specific siRNAs for 24 h, and then, the cells were infected with influenza A/Puerto Rico/8/34 (H1N1) (PR8)

(MOI = 5) for the indicated time points. Cell lysates were harvested and used to perform immunoblot analysis with the indicated antibodies.
I, J PBMCs were transfected with control or LRRC25-specific siRNAs for 24 h, and then, the cells were infected with H1N1 (MOI = 5) for the indicated time points and

subjected to qPCR analysis for IFNB (I), IFIT2, and IFIT1 (J).

Data information: In (A, B, F–H), data are representative of three independent experiments. In (C–E, I, J), data are mean values � SEM (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001 (Student’s t-test).
Source data are available online for this figure.
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importance of LRRC25 during influenza A (H1N1) infection. As

expected, we found that knockdown of endogenous LRRC25

increased the phosphorylation of endogenous IRF3 after H1N1

infection in PBMCs (Fig 2H). Furthermore, qPCR analysis showed

that the deficiency of LRRC25 highly enhanced the transcription of

IFN-b, IFIT1, and IFIT2 upon H1N1 infection in PBMCs (Fig 2I and J).

A B C

D E F

Figure 3. LRRC25 interacts with RIG-I.

A HEK293T cells were transfected with an empty plasmid (no wedge) or increasing amounts (wedge) of plasmid for LRRC25, plus an ISRE-luc reporter and plasmids for
RIG-I (N), MAVS, TBK1, IKKi or IRF3. 24 h post-transfection, cell lysates were analyzed for ISRE-luc activity.

B HEK293T cells were transfected with Flag-RIG-I and Myc-LRRC25. After 12 h, cells were left untreated or treated with IC poly(I:C) LMW (5 lg/ml) for 24 h. Cell
lysates were immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies.

C, D THP-1 cells (C) or PBMCs (D) were infected with VSV-eGFP (MOI = 0.1) for indicated time points, and cell lysates were immunoprecipitated using anti-RIG-I,
followed by immunoblots using anti-LRRC25.

E The structure of RIG-I and its mutants (top). HEK293T cells were transfected with deletion mutants of RIG-I, along with HA-LRRC25 for 24 h. Before harvesting, the
cells were treated with MG132 (5 lM) for 4 h. Cell lysates were immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies
(bottom).

F The structure of LRRC25 and its mutants (upper). HEK293T cells were transfected with deletion mutants of LRRC25, along with Flag-RIG (N). 24 h post-transfection,
cell lysates were harvested and immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies (lower).

Data information: In (B–F), data are representative of three independent experiments. In (A), data are mean values � SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
(Student’s t-test).
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Taken together, these results suggest that LRRC25 deficiency strongly

potentiates the type I IFN activation and antiviral immunity.

LRRC25 interacts with RIG-I

Since LRRC25 specifically inhibited RLR-mediated type I IFN signal-

ing, we next sought to determine the molecular targets for LRRC25.

We co-transfected 293T cells with RIG-I (N), MAVS, TBK1, IKKi, and

IRF3, together with increasing amounts of LRRC25 plus the ISRE

luciferase reporter, and found that LRRC25 markedly inhibited acti-

vation of ISRE-luc induced by RIG-I (N), but had weak or no inhibi-

tion of ISRE-luc reporter activity induced by MAVS, TBK1, IKKi, or

IRF3 (Figs 3A and EV3A). Furthermore, we found that LRRC25

markedly inhibited RIG-I-mediated ISRE-luc activation by IC

poly(I:C) stimulation (Fig EV3B), suggesting that LRRC25 may block

type I IFN signaling through active RIG-I. In addition, we observed

that LRRC25 also inhibited ISRE-luc activation induced by MDA5, a

RLR recognizing high molecular weight RNA fragments (Loo & Gale,

2011) (Fig EV3C).

Co-immunoprecipitation (co-IP) and immunoblot analyses

further showed that LRRC25 interacted with RIG-I after IC poly(I:C)

treatment (Fig 3B). To examine the physiological relevance of these

findings, we infected THP-1 cells with VSV-eGFP and found that

LRRC25 strongly associated with RIG-I after viral infection (Fig 3C).

By contrast, LRRC25 did not associate with MAVS by IC poly(I:C)

treatment (Fig EV3D). To further assess whether LRRC25 interacts

with RIG-I in primary cells, we isolated PBMCs and then challenged

them with VSV-eGFP and found that RIG-I strongly interacted with

LRRC25 after VSV-eGFP infection in PBMCs (Fig 3D). Collectively,

these data suggest that LRRC25 interacts with RIG-I after viral infec-

tion. To distinguish which domain of RIG-I was involved in the

interaction with LRRC25, we constructed full-length (FL) RIG-I,

truncated RIG-I (N) and RIG-I lacking CARDs (RIG-I (DN)), and

analyzed their ability to interact with LRRC25. We found that

LRRC25 strongly interacted with RIG-I (N), but not with RIG-I (DN)
(Fig 3E). In addition, we evaluated the interaction between LRRC25

and the CARDs of MDA5 and MAVS. We found that LRRC25 could

interact with CARDs of RIG-I and MDA5, but not with CARD domain

of MAVS (Fig EV3E), suggesting that the interaction between

LRRC25 and CARDs of RLRs is specific. In addition, using truncated

LRRC25 fragments, we found that all of the LRRC25 domains can

interact with RIG-I (N) (Fig 3F). Taken together, these results

suggest that LRRC25 strongly interacts with the CARD domain of

RLRs.

LRRC25 targets RIG-I for autophagic degradation

We next sought to determine how LRRC25 inhibits type I IFN signal-

ing through its interaction with RIG-I. When we transfected 293T cells

with plasmids encoding RIG-I (N) and LRRC25, we found that the

protein levels of RIG-I (N) were reduced with increasing LRRC25

protein expression (Fig 4A). However, LRRC25 had no effects on the

mRNA level of RIG-1 (N) (Fig 4B), indicating that LRRC25 destabi-

lized RIG-I (N) at the protein level. Consistently, we found that the

concentration of RIG-I protein reduced considerably with LRRC25

expression only after IC poly(I:C) stimulation, even in the presence of

MG132 (Figs EV4A and 4C). Furthermore, domain deletions of

LRRC25 containing LRR could attenuate the activation of ISRE

induced by RIG-I (N), as well as the abundance of RIG-I (N) (Figs 4D

and E, and EV4B). In addition, we found that MDA5 protein levels

decreased considerably with increased LRRC25 expression

(Fig EV4C). By contrast, LRRC25 had no effects on the protein level

of MAVS (Fig EV4D). Collectively, these data indicate that LRRC25

promotes the degradation of RIG-I and MDA5 after viral infection.

To determine how LRRC25 promotes the degradation of RIG-I

after stimulation, we found that LRRC25-mediated degradation of

RIG-I (N) was completely inhibited by NH4Cl, 3-methyladenine

(3MA), chloroquine (CQ), and bafilomycin A1, which are inhibitors

◀ Figure 4. LRRC25 targets RIG-I for autophagic degradation.

A, B HEK293T cells were transfected with Flag-RIG-I (N), together with an empty vector or HA-LRRC25 (75 and 200 ng). 24 h post-transfection, cells were harvested and
used to perform immunoblot analysis with the indicated antibodies (A). Total RNA in was extracted for qPCR analysis for RIG-I (N) (B).

C HEK293T cells were transfected with Flag-RIG-I together with an empty vector or HA-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C)
(5 lg/ml) for 24 h. Before harvesting, the cells were treated with MG132 (5 lM) for 4 h. Cell lysates were used for immunoblot analysis with the indicated
antibodies.

D HEK293T cells were transfected with an empty vector (no wedge) or increasing amounts (wedge) of deletion mutants of LRRC25, along with RIG-I (N) and ISRE-luc.
24 h post-transfection, cell lysates were analyzed for ISRE-luc activity.

E HEK293T cells were transfected with Flag-RIG-I (N), together with an empty vector or deletion mutants of LRRC25. 24 h post-transfection, cells were harvested and
used to perform immunoblot analysis with the indicated antibodies.

F HEK293T cells were transfected with plasmids for Flag-RIG-I (N), together with an empty plasmid or Myc-LRRC25. 12 h post-transfection, the cells were treated with
DMSO, MG132 (5 lM), DMEM, NH4Cl (10 mM), 3MA (2.5 mM), or CQ (20 lM) for 4 h, 4 h, 6 h, 6 h, 4 h, or 4 h, respectively. Cell lysates were used for immunoblot
analysis with the indicated antibodies.

G HEK293T cells were transfected with Flag-RIG-I together with an empty vector or HA-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C)
(5 lg/ml) for 24 h. Before harvesting, the cells were treated with MG132 (5 lM) for 4 h, together with DMEM, 3MA (2.5 mM), NH4Cl (10 mM) for 6 h, 4 h, or 6 h,
respectively. Cell lysates were used for immunoblot analysis with the indicated antibodies.

H HEK293T cells were transfected with empty vector or HA-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C) (5 lg/ml) for 24 h. Before
harvesting, the cells were treated with MG132 (5 lM) for 4 h, together with DMEM, 3MA (2.5 mM), NH4Cl (10 mM) for 6 h, 4 h, or 6 h respectively. Cell lysates
were used for immunoblot analysis with the indicated antibodies.

I, J Wild-type (WT), BECN KO (I), or ATG5 KO (J) HEK293T cells were transfected with Flag-RIG-I (N), together with an empty vector or Myc-LRRC25. Twenty-four hours
post-transfection, cells lysates were harvested and analyzed by immunoblot.

K HEK293T cells were transfected with control or LRRC25-specific siRNAs. 24 h post-transfection, the cells were co-transfected with mCherry-RIG-I and eGFP-LC3,
followed with IC poly(I:C) (5 lg/ml) treatment for 24 h. The cells were then subjected to confocal microscopy analysis. Scale bar, 10 lm.

Data information: In (A, C, E–K), data are representative of three independent experiments. In (B, D), data are mean values � SEM (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001 (Student’s t-test).
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for lysosomal and autophagic degradation, respectively, but not

MG132, which is the inhibitor for the proteasomal degradation path-

way (Figs 4F and EV4E). In paralleled experiments, ectopically

expressed LRRC25 could promote the degradation of FL RIG-I after

IC poly(I:C) stimulation, and such degradation could be rescued by

NH4Cl and 3MA (Fig 4G). Consistently, NH4Cl and 3MA could block

the degradation of endogenous RIG-I promoted by LRRC25 upon

viral infection (Fig 4H). In addition, LRRC25 did not enhance K48-

linked ubiquitination of RIG-I (N) (Fig EV4F). To further validate

these results, we examined the protein level of RIG-I (N) in BECN1

A

B

C

D E

Figure 5. LRRC25 bridges RIG-I to p62 for autophagic degradation.

A HEK293T cells were transfected with Flag-RIG-I together with HA-Tollip, HA-NBR1, HA-OPTN, HA-p62, or HA-Nix. After 12 h, the cells were left untreated or treated with
IC poly(I:C) (5 lg/ml) for 24 h. Cell lysates were immunoprecipitated using anti-Flag, followed by immunoblotting using the indicated antibodies.

B HEK293T cells were transfected with Flag-RIG-I and HA-p62 (DUBA). After 12 h, the cells were left untreated or treated with IC poly(I:C) (5 lg/ml) for 24 h. Cell lysates
were immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies.

C HEK293T cells were transfected with Flag-LRRC25, together with expression vector of HA-Tollip, HA-OPTN, HA-Nix, HA-NBR1, or HA-p62. 24 h post-transfection, cells
lysates were immunoprecipitated using anti-Flag, followed by immunoblot using the indicated antibodies.

D Control and LRRC25 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.1) for 14 h. Cell lysates were immunoprecipitated using anti-RIG-I, followed by
immunoblots using anti-p62.

E WT and p62 KO HEK293T cells were transfected with plasmids for Flag-RIG-I (N), together with an empty vector or Myc-LRRC25. 24 h post-transfection, cell lysates
were harvested and used to perform immunoblot analysis with the indicated antibodies.

Data information: In (A–E), data are representative of three independent experiments.
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and ATG5 knockout 293T cells and found that blockade of the

autophagy process could impair the degradation of RIG-I (N)

promoted by LRRC25 (Fig 4I and J). LC3 is a well-characterized

marker of the autophagy process (Kuma et al, 2007). We next

analyzed the effect of LRRC25 deficiency on RIG-I-LC3 co-localiza-

tion. As expected, we observed the puncta of RIG-I-LC3 upon IC

poly(I:C) stimulation, and it was markedly inhibited by LRRC25

deficiency (Fig 4K). Taken together, these results suggest that

LRRC25 targeted RIG-I for autophagic degradation.

LRRC25 bridges RIG-I to p62 for autophagic degradation

It is well documented that the removal of protein aggregates through

autophagy is a highly selective process, which depends on cargo

recognition by the cargo receptors (Stolz et al, 2014). To determine

which cargo receptor was required in the degradation of RIG-I

through autophagosome pathway, we examined the interactions

between RIG-I and Tollip, NBR1, OPTN, p62, or Nix, respectively.

We found that RIG-I specifically interacted with p62, but not with

other receptors after IC poly(I:C) stimulation (Fig 5A). It is well

known that ubiquitination is a targeting signal on cargoes for the

recognition by the ubiquitin-associated (UBA) domain of p62. To

test whether the ubiquitination of RIG-I is required for the associa-

tion between RIG-I and p62, we performed co-IP analysis and

showed that RIG-I could still interact with p62 DUBA mutant

(Fig 5B), suggesting that the interaction between RIG-I and p62 does

not depend on the ubiquitination of RIG-I. Furthermore, we

observed that LRRC25 still reduced protein amount of RIG-I (N)

(Lys 48, 99, 154, 164, 169, 172, 181, 190 arginine) (8KR), a RIG-I

inactive mutant lacking all the known ubiquitination sites on RIG-I

(N) in the presence of IFN-b (Fig EV4G). Together these data indi-

cated that ubiquitination of RIG-I is not required for its degradation

mediated by p62. We reasoned that LRRC25 could act as a bridge

for the interaction between RIG-I and p62. As expected, the associa-

tion between LRRC25 and p62, but not other receptors, was readily

detected (Fig 5C). We next determined whether LRRC25 could

enhance the interaction between RIG-I and p62 after VSV

stimulation. To test this possibility, we analyzed the association

between RIG-I and p62 in LRRC25 KO THP-1 cells and found that

the interaction between RIG-I and p62 upon infection was abrogated

in the absence of LRRC25 (Fig 5D). Furthermore, deletion of p62 in

HEK293T cells completely impaired the degradation of RIG-I (N)

mediated by LRRC25 (Figs 5E and EV4H). These results suggest that

LRRC25 bridges RIG-I to p62 for autophagic degradation.

ISG15 serves as an essential signal for LRRC25-mediated
RIG-I degradation

Our results suggest that LRRC25 mediates the degradation of RIG-I

in a p62-dependent manner, once RIG-I is activated by viral infec-

tion. We next sought to determine whether the activation of type I

IFN signaling or the exposure of RIG-I CARD domain serves as an

essential signal for autophagic degradation of RIG-I. As MAVS is the

key adaptor of RIG-I to activate downstream TBK1 and IRF3 and

induces the expression of multiple ISGs, we used MAVS KO

HEK293T cells to block the activation of type I IFN signaling and re-

activated type I IFN signaling by introducing ectopic TBK1 expres-

sion to test our hypothesis (Fig 6A). As compared to wild-type 293T

cells, we observed no degradation of RIG-I (N) and FL RIG-I in

MAVS KO 293T cells, indicating that simply exposure of RIG-I CARD

domain is not enough to initiate LRRC25-mediated RIG-I degrada-

tion (Fig 6B and C). Interestingly, the ability of LRRC25 to degrade

RIG-I (N) was restored when we introduced ectopic TBK1 to re-acti-

vate type I IFN signaling in MAVS KO cells (Fig 6D). It is reported

that TBK1 can also promote autophagosomal engulfment by phos-

phorylating p62 (Matsumoto et al, 2015). To exclude the possibility

that TBK1 acts directly as a kinase on p62, we treated the cells with

IFN-b to activate downstream ISG genes and analyzed the effect of

LRRC25 on the degradation of RIG-I (N) and endogenous RIG-I. We

found that LRRC25 could still attenuate the abundance of RIG-I (N)

and endogenous RIG-I in the presence of IFN-b in MAVS KO cells

(Fig 6E and F), which further validates that the activation of type I

IFN signaling is an essential signal for autophagic degradation of

RIG-I. It has been reported that ISG15, an IFN-inducible protein,

▸Figure 6. ISG15 serves as an essential signal for LRRC25-mediated RIG-I degradation.

A The experimental strategy to investigate whether LRRC25 needs downstream signal to degrade RIG-I.
B Wild-type (WT) and MAVS KO HEK293T cells were transfected with plasmids for Flag-RIG-I (N), together with an empty vector or HA-LRRC25 for 24 h. Before

harvesting, the cells were treated with MG132 (5 lM) for 4 h. Cell lysates were harvested and used to perform immunoblot analysis with the indicated antibodies.
C WT and MAVS KO HEK293T cells were transfected with Flag-RIG-I, together with an empty vector or HA-LRRC25. After 12 h, the cells were left untreated or treated

with IC poly(I:C) (5 lg/ml) for 24 h. Before harvesting, the cells were treated with MG132 (5 lM) for 4 h. Cell lysates were used for immunoblot analysis with the
indicated antibodies.

D MAVS KO HEK293T cells were transfected with Flag-RIG-I (N) together with an empty vector, Flag-TBK1, or HA-LRRC25 for 24 h. Before harvesting, the cells were
treated with MG132 (5 lM) for 4 h. Cell lysates were harvested and used to perform immunoblot analysis with the indicated antibodies.

E MAVS KO HEK293T cells were transfected with Flag-RIG-I (N) together with an empty vector or Myc-LRRC25 for 24 h. Before harvesting, the cells were treated with
IFN-b (10 ng/ml) and MG132 (5 lM) for 8 and 4 h, respectively. Cell lysates were harvested and used to perform immunoblot analysis with the indicated antibodies.

F MAVS KO HEK293T cells were transfected with an empty vector or Myc-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C) (5 lg/ml) for 24 h.
Before harvesting, the cells were treated with IFN-b (10 ng/ml) and MG132 (5 lM) for 16 and 4 h, respectively. Cell lysates were used for immunoblot analysis with
the indicated antibodies.

G MAVS KO HEK293T cells were transfected with Flag-RIG-I (N), together with an empty vector, ISG15, or HA-LRRC25. 24 h post-transfection, cell lysates were harvested
and used to perform immunoblot analysis with the indicated antibodies.

H WT and ISG15 KO COS7 cells were transfected with Flag-RIG-I (N), together with an empty vector or HA-LRRC25. 24 h post-transfection, cell lysates were harvested
and analyzed by immunoblot.

I WT and ISG15 KO COS7 cells were transfected with an empty vector or Myc-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C) (5 lg/ml) for
24 h. Before harvesting, the cells were treated with MG132 (5 lM) for 4 h. Cell lysates were used for immunoblot analysis with the indicated antibodies.

Data information: In (B–I), data are representative of three independent experiments.
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negatively regulates RIG-I level (Kim et al, 2008). However, its

molecular mechanism is yet to be understood. We reasoned that

ISG15 might contribute to the degradation of RIG-I mediated by

LRRC25. As expected, we observed that LRRC25 could destabilize

RIG-I (N) in the presence of ISG15 in MAVS KO HEK293T cells

(Fig 6G). To further confirm these findings, we constructed ISG15

KO COS7 cells and THP-1 cells using the CRISPR/Cas9 system

(Fig EV5A and B). We found that the degradation of RIG-I (N) and

endogenous RIG-I mediated by LRRC25 was abrogated in the

absence of ISG15 (Fig 6H and I). In addition, we observed that

endogenous RIG-I was markedly reduced after treatment of

cycloheximide (CHX), when ISG15 was ectopically expressed in

control cells compared to that in LRRC25 knockout cells (Fig EV5C).

These results suggest that LRRC25 degrades RIG-I in an ISG15-

dependent manner.

The interaction between RIG-I and LRRC25 is dependent on ISG15

Although previous reports showed that RIG-I undergoes ISGyla-

tion upon viral infection (Kim et al, 2008), we observed that

both RIG-I (N) and LRRC25 could interact with ISG15 in an unconju-

gated manner in HEK293T cells (Fig 7A and B). Consistently,

A B C D

E

F

G H

Figure 7. The interaction between RIG-I and LRRC25 is dependent on ISG15.

A, B HEK293T cells were transfected with ISG15, together with Flag-RIG-I (N) (A) or Flag-LRRC25 (B). 24 h post-transfection, cell lysates were immunoprecipitated using
anti-Flag, followed by immunoblot using the indicated antibodies.

C MAVS KO HEK293T cells were transfected with Flag-RIG-I and Myc-LRRC25, together with an empty vector or ISG15. After 12 h, the cells were left untreated or
treated with IC poly(I:C) (5 lg/ml) for 24 h. Cell lysates were immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies. NS
indicates non-specific bands.

D WT and ISG15 KO COS7 cells were transfected with Flag-RIG-I (N) and Myc-LRRC25. 24 h post-transfection, cell lysates were immunoprecipitated using anti-Flag,
followed by immunoblot using the indicated antibodies.

E WT and ISG15 KO COS7 cells were transfected with Flag-RIG-I and Myc-LRRC25. After 12 h, the cells were left untreated or treated with IC poly(I:C) (5 lg/ml) for
24 h. Cell lysates were immunoprecipitated using anti-Flag, followed by immunoblots using the indicated antibodies.

F Control and ISG15 KO THP-1 cells were infected with VSV-eGFP (MOI = 0.1) for 14 h. Cell lysates were immunoprecipitated using anti-RIG-I, followed by
immunoblots using anti-LRRC25.

G THP-1 cells were infected with VSV-eGFP (MOI = 0.2) for indicated time points, and cell lysates were immunoprecipitated using anti-RIG-I, followed by
immunoblots using indicated antibodies.

H Confocal microscopic analysis of HeLa cells co-transfected with HA-p62, ISG15, eGFP-RIG-I, and BFP-LRRC25, followed IC poly(I:C) (5 lg/ml) treatment for 24 h. Scale
bar, 20 lm.

Data information: In (A–H), data are representative of three independent experiments.
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conjugation-defect mutation (LRLRAA) of ISG15 still interacted with

RIG-I (N) (Fig EV5D) and with LRRC25 (Fig EV5E). Both wild-type

ISG15 and mutant ISG15 (LRLRAA) could mediate the degradation

of RIG-I (N) by LRRC25 in MAVS KO cells (Fig EV5F), suggesting

that non-covalent ISG15 promotes the degradation of RIG-I mediated

by LRRC25.

Based on these data, we hypothesized that the unconjugated

interaction between ISG15 and RIG-I as well as LRRC25 might affect

the interaction between RIG-I and LRRC25. As expected, co-IP

results showed that the impaired interaction between RIG-I and

LRRC25 in MAVS KO cells could be restored in the presence of ISG15

after IC poly(I:C) treatment (Fig 7C). However, the interactions

between LRRC25 and RIG-I or its CARDs domain were severely

impaired in ISG15 KO cells (Fig 7D and E). Furthermore, the endoge-

nous interaction between RIG-I and LRRC25 was markedly inhibited

in ISG15 KO THP-1 cells after VSV infection (Fig 7F). Notably, the

interaction between RIG-I (N) and p62 was completely abolished in

the absence of ISG15 (Fig EV5G). However, the deficiency of ISG15

had no effects on the association between LRRC25 and p62

(Fig EV5H). To further confirm the acting sequence of ISG15 after

viral infection, we performed immunoprecipitation experiments to

evaluate the endogenous interaction between RIG-I, ISG15, LRRC25,

and p62 at different time points during the viral infection. Consistent

with our previous data, the immunoprecipitation results showed that

after viral infection, RIG-I firstly interacted with ISG15, and then, the

ISG15-associated RIG-I interacted with LRRC25 and p62 (Fig 7G). In

addition, confocal microscopy also showed that RIG-I, ISG15,

LRRC25, and p62 formed puncta upon IC poly(I:C) stimulation

(Fig 7H). Taken together, these findings provide strong evidence

that ISG15 plays a critical role in the RIG-I-LRRC25 interaction and

subsequent autophagic degradation of RIG-I through p62.

Discussion

In this study, we have shown that LRRC25 inhibits RIG-I-mediated

type I IFN signaling through a p62-dependent autophagy pathway.

LRRC25 functions as a bridge for the interaction between RIG-I and

p62. Furthermore, we show that IFN-inducible free ISG15 is

required for LRRC25 to interact with RIG-I. Our findings provide a

previously unrecognized mechanism by which LRRC25 mediates

inhibition of type I IFN signaling by targeting RIG-I for degradation

via a selective autophagy pathway. Because RLR-mediated type I

IFN signaling plays predominant roles in antiviral immunity, it is

critically important to tightly control the activity of RIG-I for avoid-

ing excessive harmful immune response. Several studies have

Figure 8. A proposed working model to illustrate how the ISG15-LRRC25-p62 axis negatively regulates type I IFN signaling.
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reported that the activity and stability of RIG-I are regulated by

multiple protein modifications. Proteasomal degradation of RIG-I

could be initiated through K48-linked ubiquitination by several E3

ligases, including RNF125, CHIP, and Siglec-G/c-Cbl (Arimoto et al,

2007; Chen et al, 2013; Zhao et al, 2016). In addition, the phospho-

rylation and deamidation also play important roles in the regulation

of RIG-I activity. For instance, CKII and PKCa/b negatively regulate

the activation of RIG-I through phosphorylating the CTD and CARDs

domain of RIG-I, respectively, while PFAS could positively regulate

RIG-I via deamidation (Sun et al, 2011; Maharaj et al, 2012; He

et al, 2015). Other and our own studies also show that several

NLRs, including NLRC5 and NLRX1, could inhibit type I IFN signal-

ing through physically blocking the interaction between RIG-I and

MAVS (Cui et al, 2010; Allen et al, 2011; Xia et al, 2011). However,

whether RIG-I stability is regulated by selective autophagy is not

well investigated so far.

Autophagy is an evolutionarily conserved degradation pathway

with diverse biological functions in immune response, including

intracellular pathogen sensing, antigen presentation, lymphocyte

development, and T-cell selection (Starr et al, 2003; Dengjel et al,

2005; Lee et al, 2007; Shin et al, 2010; Arsov et al, 2011). Many

autophagic proteins are involved in the regulation of type I IFN

signaling. ATG5-ATG12 has been reported to interfere the interac-

tion between RIG-I and MAVS to down-regulate type I IFN signaling

(Jounai et al, 2007). Beclin-1 associates with cGAS and restricts

cGAS enzymatic activity and subsequently attenuates cGAS-induced

antiviral immune response (Liang et al, 2014). More recently, we

found that Beclin-1 can also inhibit RLR-mediated type I IFN signal-

ing by blocking the interaction between RIG-I and MAVS (Jin et al,

2016). p62 has been shown to recognize the poly-ubiquitinated

proteins and recruit them to autophagosome through its UBA

domain as a cargo receptor for selective degradation (Pankiv et al,

2007). However, we found that p62 DUBA (lacking ubiquitin-

binding domain) still interacts with RIG-I for autophagy

degradation, suggesting that the interaction between RIG-I and p62

is independent on poly-ubiquitin signal. In addition, we showed that

RIG-I-N (8KR), the RIG-I mutant lacking all the known ubiquitina-

tion sites, could still be degraded by LRRC25 through the autophagy

pathway. Further experiments show that LRRC25 acts as a

secondary receptor to promote p62-mediated autophagic degrada-

tion of RIG-I in an ubiquitin signal-independent manner.

To understand the molecular mechanisms by which LRRC25

promotes p62-mediated autophagic degradation of RIG-I, we show

that ISG15 is critically required for the p62-mediated degradation of

RIG-I. ISG15, an ubiquitin-like protein, is highly induced by type I

IFN signaling and exhibits antiviral activities (Skaug & Chen, 2010;

Morales & Lenschow, 2013). Increasing evidence indicates that

ISG15 mainly exerts its function by either conjugating to the lysine

of its targeted proteins or free form (unconjugated ISG15) to regulate

type I IFN signaling (Zhao et al, 2005; Tang et al, 2010; Morales &

Lenschow, 2013). However, the functions of ISG15 in mice and

humans are different. In ISG15 KO mice, antiviral immune response

is reduced or mildly affected (Lenschow et al, 2007; Morales &

Lenschow, 2013), but ISG15 deficiency in human increases viral

resistance and type I IFN production (Zhang et al, 2015; Speer et al,

2016). It appears that human ISG15 functions as a key negative

regulator to inhibit type I IFN signaling and IFN-a/b production via

USP18 stabilization (Zhang et al, 2015). Although ISG15 has been

suggested to negatively regulate RIG-I-mediated antiviral signaling

in a conjugated ISGylation-dependent manner (Kim et al, 2008), its

precise mechanisms, particularly free ISG15-mediated mechanisms,

are still not clear. Recent studies demonstrate that free ISG15 might

play a role in antiviral responses. Free ISG15 has been reported to

prevent the proteasome-dependent degradation of USP18 to block

JAK STAT signaling pathway (Zhang et al, 2015; Speer et al, 2016;

Hermann & Bogunovic, 2017). However, the function of free ISG15

in autophagic degradation has not been reported. Our results

presented in this study provide evidence that free ISG15 interacts

with RIG-I and acts as an essential recognition signal for LRRC25/

p62-mediated autophagic degradation of RIG-I to dampen RIG-I-

mediated signaling. We show that LRRC25 deficiency blocks RIG-I

degradation after viral infection; similarly, ISG15 KO impairs the

interaction of LRRC25 with RIG-I, thus reducing RIG-I degradation.

These results suggest that LRRC25 recognizes RIG-I through free

ISG15 after activation of RIG-I signaling and targets it for degrada-

tion through p62-mediated autophagy pathway. Thus, our results

provide macular insights into the regulatory mechanisms of type I

IFN signaling through the crosstalk with selective autophagy.

Based on these experimental data, we proposed a working model

to illustrate how LRRC25 negatively regulates RLR-mediated type I

IFN signaling through facilitating the RIG-I-p62 interaction (Fig 8).

Upon RNA virus infection, RIG-I triggers the activation of type I IFN

signaling and up-regulates a variety of downstream ISGs, including

ISG15. ISG15 then interacts with the CARD domains of RIG-I and

enhances the interaction between LRRC25 and RIG-I. As a key

secondary receptor, LRRC25 next bridges ISG15-associated RIG-I to

cargo receptor p62 and assists RIG-I delivery to autophagosomes for

degradation. Thus, the RIG-I/ISG15/LRRC25 axis forms a negative

feedback loop to maintain the balance of type I IFN activation.

In summary, our results shed new light on the function of ISG15

and LRRC25 in the regulation of RIG-I mediated type I IFN signaling.

More importantly, we have provided compelling evidence that

innate immune signaling and selective autophagy are fully inte-

grated. Furthermore, considering the pathological role of RIG-I in

many diseases, our findings have identified a novel therapeutic

target for developing antiviral and cancer therapies.

Materials and Methods

Cell culture and antibodies

HEK293T (human embryonic kidney 293T) and COS7 cells were

cultured in DMEM supplemented with 10% (vol/vol) FBS. Human

THP-1 cells and PBMCs were grown in RPMI 1640/glutamine

medium (Gibco) containing 10% (vol/vol) fetal bovine serum

(Gibco). The antibodies used in this study were purchased from

indicated companies: Anti-c-Myc-HRP (11814150001) and HRP-anti-

hemagglutinin (12013819001) were purchased from Roche Applied

Science; anti-b-actin (A1978) and horseradish peroxidase (HRP)-

anti-Flag (M2) (A8592) were purchased from Sigma; anti-IRF3 (sc-

9082), anti-MAVS (E-3) (sc-166583), and anti-GFP (sc-8334) were

purchased from Santa Cruz Biotechnology; anti-RIG-I (#3743), anti-

p-IRF3 (#4947S), anti-Beclin-1 (#3738), anti-ATG5 (#12994S),

anti-ISG15 (#2743), anti-mouse IgG-HRP (#7076), and anti-rabbit

IgG-HRP (#7074) were purchased from Cell Signaling Technology;
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anti-LRRC25 (#AB84954) was purchased from Abcam; and anti-p62

(#18420-1-AP) was purchased from proteintech.

Transfection and reporter assays

HEK293T cells were plated in 96-well plates and transfected, using

Lipofectamine 2000 (Invitrogen), with plasmids encoding an ISRE or

IFN-b luciferase reporter (firefly luciferase; 25 ng) and pRL-TK (renilla

luciferase plasmid; 3 ng) together with 25 ng expression vector of

Flag-RIG-I (N), Flag-cGAS, Flag-STING, Flag-MAVS, Flag-TBK1, Flag-

IRF3, or Flag-MDA5, and increasing concentrations (0, 50, or 100 ng)

of plasmid expressing LRRC25 or domain deletions of LRRC25. Empty

pcDNA3.1 vector was used to maintain equal amounts of DNA among

wells. Cells were collected at 24–36 h after transfection, and luciferase

activity was measured with a Dual-Luciferase Assay (Promega) with a

Luminoskan Ascent luminometer (Thermo Scientific) according to the

manufacturer’s protocol. Reporter gene activity was determined by

normalization of the firefly luciferase activity to renilla luciferase activ-

ity. Because poly(I:C)-low molecular weight (LMW) is a specific ligand

for RIG-I but not for MDA5 (Kato et al, 2008; Takeuchi & Akira,

2010), we used poly(I:C)-LMW as a RIG-I ligand in this study (Invivo-

gen (Catalog # tlrl-picwlv).

Virus infection

VSV-eGFP and Sendai virus were kindly provided by Dr. Xiaofeng

Qin (Sun Yat-sen University). Human influenza virus A/Puerto

Rico/8/34 (H1N1) (PR8) was kindly provided by Dr. Hui Zhang

(Zhongshan Medical School, Sun Yat-sen University). Cells were

infected at various MOI, as previously described by Cui et al (2012)

and Shapira et al (2009).

siRNA transfection

siRNA targeting human LRRC25 was chemically synthesized from

TranSheepBio and transfected using Lipofectamine� RNAiMAX

(Invitrogen) according to the manufacturer’s protocols. Oligonu-

cleotide sequences are as follows:

LRRC25 siRNA #1:

Sense: 50-GCACCAGUGGGAUGAACAA-30

Anti-sense: 50-UUGUUCAUCCCACUGGUGC-30

LRRC25 siRNA #2:

Sense: 50-CUCCCGACUAUGAGAACAU-30

Anti-sense: 50-AUGUUCUCAUAGUCGGGAG-30

Real-time PCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and

subjected to reverse transcription using PrimeScriptTM RT Master

Mix (TAKARA). All gene transcripts were quantified by real-time

PCR with SYBR green qPCR Mix kit (Genstar). The following

primers were used for real-time PCR:

IFNb:
Forward 50-CCTACAAAGAAGCAGCAA-30

Reverse 50-TCCTCAGGGATGTCAAAG-30

IFIT2:

Forward 50-GGAGGGAGAAAACTCCTTGGA-30

Reverse 50-GGCCAGTAGGTTGCACATTGT-30

IFIT1:

Forward 50-TCAGGTCAAGGATAGTCTGGAG-30

Reverse 50-AGGTTGTGTATTCCCACACTGTA-30

GAPDH:

Forward 50-TCAAGAAGGTGGTGAAGCAG-30

Reverse 50-GAGGGGAGATTCAGTGTGGT-30

LRRC25:

Forward 50-TGCTACGCAACCCCTTGTC-30

Reverse 50-GGCCAGAGCAGTTGTCTCG-30

RIG-I (N):

Forward 50-CTGCAAGCCTTCCAGGATTATAT-30

Reverse 50-TCTGATCTGAGAAGGCATTCCA-30

ELISA

Control or LRRC25 KO THP-1 cells were infected with VSV-eGFP

(MOI: 0.01) for 36 h. Cell culture supernatants were harvested and

analyzed for IFN-b production using a human IFN-b ELISA kit

(Cloud-Clone Corp) according to the manufacturer’s protocols.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, whole-cell extracts were prepared after

transfection or stimulation with appropriate ligands, followed by

incubation overnight with the appropriate antibodies plus protein

A/G beads (Pierce) or anti-Flag agarose gels (Sigma) were used.

Beads were then washed five times with low-salt lysis buffer, and

immunoprecipitates were eluted with 3× SDS loading buffer and

resolved by SDS–PAGE. Proteins were transferred to PVDF or NC

membranes (Bio-Rad) and further incubated with the appropriate

antibodies. Immobilon Western chemiluminescent HRP substrate

(Millipore) was used for protein detection.

Generation of LRRC25 KO cells by the CRISPR/Cas9 technology

LRRC25 KO THP-1 cells were generated by the CRISPR/Cas9 system,

and the sequences of target sgRNA are as follows:

LRRC25-sgRNA:

Forward 50-CACCGTGTCCTCCGCGGATGTGG-30

Reverse 50-CCACATCCGCGGAGGACACGGTG-30

Expanded View for this article is available online.
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