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The precise regulation of the RIG-I-like receptors (RLRs)-mediated type |
interferon (IFN-I) activation is crucial in antiviral immunity and maintaining
host immune homeostasis in the meantime. Here, we identify an E3 ubiquitin
ligase, namely RNF167, as a negative regulator of RLR-triggered IFN signaling.
Mechanistically, RNF167 facilitates both atypical Ké6- and K11-linked poly-
ubiquitination of RIG-I/MDAS5 within CARD and CTD domains, respectively,
which leads to degradation of the viral RNA sensors through dual proteolytic
pathways. RIG-I/MDAS5 conjugated with Ké6-linked ubiquitin chains in CARD
domains is recognized by the autophagy cargo adaptor p62, that delivers the
substrates to autolysosomes for selective autophagic degradation. In contrast,
K11-linked polyubiquitination in CTD domains leads to proteasome-dependent
degradation of RLRs. Thus, our study clarifies a function of atypical K6- and
K11-linked polyubiquitination in the regulation of RLR signaling. We also unveil
an elaborate synergistic effect of dual proteolysis systems to control ampli-
tude and duration of IFN-I activation, hereby providing insights into physio-
logical roles of the cross-talk between these two protein quality control
pathways.

The innate immunity serves as the first line of host defense against
microbial invasion'. After viral infection, the viral components are
predominantly recognized by pattern recognition receptors (PRRs)
such as Toll-like receptors (TLRs)?, NOD-like receptors (NLRs), and RIG-
I-like receptors (RLRs), including RIG-I, MDAS and LGP2*®. Subse-
quently, the mitochondrial antiviral signaling protein (MAVS) is
recruited to RLRs through interactions within the caspase activation
and recruitment domains (CARDs) in the N-terminal region’’. Then,

the kinase TBKI1 is activated, resulting in phosphorylation of the tran-
scription factors IRF3 and IRF7 to induce the production of IFN-I and
IFN-stimulated genes (ISGs), and ultimately resulting in viral
clearance™.

The activation of IFN-I response is pivotal for viral elimination.
However, prolonged IFN activation may cause autoimmune diseases,
like systemic lupus erythematosus (SLE)". Therefore, the PRRs, adap-
tors and the other proteins in type I IFN signaling pathway must be
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elaborately regulated. Post-translational modifications (PTMs), such as
phosphorylation, dephosphorylation, SUMOylation, ISGylation and
ubiquitination have received much attention”™*. Among them, the
modification of ubiquitination is most extensively studied. Ubiquitin, a
76-amino acid polypeptide with 7 lysine residues (K6, K11, K27, K29,
K33, K48 and K63), is conjugated to the substrate proteins®. K27-, K48-
and K63-linked polyubiquitinations are commonly identified in the
regulation of IFN-I pathway, whereas the other ubiquitination types are
scarcely reported®”. After the modification by ubiquitination, the
substrate proteins are recognized and degraded through the ubiquitin-
proteasome system (UPS) or the autophagy-lysosome pathway (ALP),
the two primary pathways governing protein turnover in eukaryotes.
There is accumulating evidence that the UPS and autophagy are
simultaneously affected and may mutually affect each other in a vari-
ety of diseases, especially in disorders of the central nervous system's,
Nevertheless, the interplay between UPS and ALP in innate immunity
still remains largely unexplored.

RING finger protein 167 (RNF167) is a type | transmembrane pro-
tein that belongs to the family of the protease-associated (PA) domain,
the transmembrane domain (TM) and the RING-H2 finger (Really
Interesting New Gene, RING) domain (PA-TM-RING) E3 ligases, which
also includes RNF128, RNF133, RNF148, RNF149, RNF150, RNF13 and
RNF204". RNF167 has been implicated in neurotransmission, endo-
somal trafficking and lysosome positioning?® %, Recent studies have
also elucidated its role in modulating mTOR signaling in
tumorigenesis®*” and suppressing the TNF-a signaling through pro-
moting the ubiquitination of Tollip?®. However, its involvement in
regulation of the other cellular signaling pathways, particularly anti-
viral innate immune responses, remains unknown.

Here, we show that viral infection induces the expression of
RNF167; the latter can interact with RIG-I/MDAS. RNF167 catalyzes the
atypical K6- and Kll-linked polyubiquitination of RIG-I/MDAS, and
subsequently directs them for degradation through dual proteolytic
pathways of both UPS and ALP. It represents a more efficient
mechanism to avoid the excessive activation of type I IFN signaling.
Hereby, our results reveal a role of atypical K6- and K11-linked poly-
ubiquitination in the regulation of RLR-triggered IFN-I activation,
providing insights into the synergistic effect of UPS and ALP in antiviral
immune responses. Our study shows that one E3 ligase can direct the
substrate for degradation through both proteasome and lysosome
pathways simultaneously.

Results

Genome-wide CRISPR/Cas9 screening identified RNF167 as a
negative regulator of IFN-I signaling pathway

To identify cellular regulators of type I IFN signaling pathway, we
conducted a genome-wide CRISPR library screen in our previous
study”. Further validations confirmed the efficacy of our screen and
highlighted several host factors critical for IFN regulation, including
CCDC50, ASB1, and RNF167°°. In order to investigate the biological
roles of RNF167 in innate immune responses, we initially explored
whether its expression was regulated in response to IFN activation.
Human monocytic leukemia (THP-1) cells were treated with RNA
mimics poly(l:C), or infected with Sendai virus (SeV), encephalomyo-
carditis virus (EMCV), the type I herpes simplex virus (HSV-1) or sti-
mulated with the human recombinant IFN-B. The results showed that
the expression of RNF167 protein was upregulated, with the level
varying over time during treatment (Fig. 1a and Supplementary Fig. 1a).
Notably, RNF167 is known to be glycosylated, resulting in a diffuse
migration pattern with bands larger than the predicted molecular
weight?. Our results displayed the presence of two bands at approxi-
mately 43kDa and 55kDa via RNF167 ectopic expression (Supple-
mentary Fig. 1b). We then isolated mouse primary bone-marrow
derived macrophages (BMDMs) and further confirmed the induced

expression of RNF167 during viral infection and IFN activation (Fig. 1b
and Supplementary Fig. 1c, d).

We then used the IFNARI (interferon alpha/beta receptor subunit
1) antibody to block the IFN-I pathway, and then detect the expression
of RNF167. It showed that SeV infection could induce RNF167 expres-
sion, whereas the treatment with IFNAR1 antibody significantly
blocked SeV-triggered RNF167 expression, suggesting that expression
of RNF167 is IFN-dependent and it represents an uncharacterized ISG
(Fig. 1c). These results proved that the IFN-I activation induces the
expression of RNF167, indicating that RNF167 may play a role in anti-
viral innate immunity.

To characterize the potential role of RNF167 in antiviral IFN sig-
naling, we performed IFN-B-promoter-based dual-luciferase assays
with the RNF167 constructs. Ectopic expression of RNF167 significantly
suppressed SeV-triggered activation of IFN-B, PRDI-Il and NF-kB
reporters in HEK293 cells (Fig. 1d). In contrast, RNF167 knockdown
reinforced the activities of the promoters, suggesting that RNF167
inhibits the activation of IFN-1 signaling pathway (Fig. 1e). Altogether,
viral infection and IFN-I treatment induce the expression of RNF167,
that in turn suppresses the IFN-I signaling activity, indicating that
RNF167 functions as a negative feedback regulator of IFN-I response.

RNF167 deficiency enhances the expression of antiviral genes
and suppresses viral replication

To further illustrate the function of RNF167 in type | IFN-mediated
antiviral responses, we generated the RNFI67 gene knockout (KO)
HEK293 cells using CRISPR/Cas9 system, and developed two distinct
RNF167-deficient single cell clones, which exhibit similar growth rates
to the wild-type cells (Fig. 2a and Supplementary Fig. 2a). As shown in
Fig. 2b, the mRNA levels of IFNBI, downstream antiviral ISGs including
CXCL10 and IFITI and proinflammatory genes CXCLI and IL-6 were
significantly higher in RNF167-deleted cells compared to those in wild-
type control cells. To exclude the virus- or cell-type-specific phenom-
enon and ensure that RNF167 selectively inhibits the RLRs signaling
pathway, we designed small interfering RNAs (siRNAs) targeting the
human RNFI167 (Fig. 2c) and mouse Rnf167 (Supplementary Fig. 2b),
respectively. We then transfected siRNA into THP-1 cells, and verified
that the expression of endogenous RNF167 was downregulated
(Fig. 2¢). Similarly, the siRNA-mediated knockdown of RNF167 pro-
moted the transcription of /FNBI, ISGs and proinflammatory genes in
THP-1 cells infected with VSV or transfected with poly(l:C) (Fig. 2d and
Supplementary Fig. 2c), but had no effect in BMDM cells treated with
exogenous poly(I:C) (Supplementary Fig. 2d), suggesting that
RNF167 selectively inhibits the RLRs signaling pathway and its func-
tions in regulation of antiviral responses are conserved. Consistently,
in Raw264.7 cells infected with SeV, we observed the consistent result
that RNF167 deficiency significantly upregulated mRNA expression of
Ifnbl, Cxcl10, Ifitl, and Cxcll. (Supplementary Fig. 2e).

To rule out off-target effects, we reconstitute the expression of
RNF167 in RNF167-KO HEK293 cells with an RNF167-expressing plasmid
that is resistant to Cas9 cleavage. We found that RNF167 deletion sig-
nificantly strengthened SeV-induced activation of IFN-f3, PRDIII-I, and
NF-kB reporters, whereas the enhancement effect of RNF167 ablation
on the activation of promoters was reversed with the reconstitution of
RNF167 (Fig. 2e). These results demonstrated that the deficiency of
RNF167 enhanced viral infection-triggered anti-viral gene expression.

We then evaluated the effect of RNF167 on the replication of virus.
Asis shown in Fig. 2f, g and Supplementary Fig. 2f-h, RNF167 disruption
attenuated VSV infection and replication in both HEK293 cells and
mouse L929 cells. The fluorescence and the titer were significantly
reduced in RNF167-deficient cells compared to those in wild-type cells.
Taken together, RNF167 deficiency promotes viral infection-induced
innate immunity and antiviral gene expression, thereby constraining
the replication of the viruses.
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RNF167 suppresses antiviral innate immune responses in mouse
primary immune cells

Next, to examine the biological significance of RNF167, we generated
Rnf1677" mice on a C57BL/6) background using CRISPR/Cas9-based
technology (Supplementary Fig. 3a). After verifying that the body sizes
and weights of Rnf167" mice were similar to their wild-type littermates
(Supplementary Fig. 3b), we concluded that the absence of RNF167

does not result in any significant developmental or growth differences
under normal conditions. Thus, we prepared the BMDMs and BMDCs
from the Rnf1677" mice and their wild-type littermates, and confirmed
the deletion of RNFI67 (Supplementary Fig. 3c). Consistently, BMDMs
and BMDCs isolated from Rnfl677" mice showed significantly
increased mRNA levels of Ifnb1, Cxcl10, Ifitl, Cxcll and /l6 after infection
with SeV and VSV compared to those from the Rnf167" counterparts
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Fig. 1| RNF167 negatively regulates the activation of IFN-I. a, b Inmunoblot
analysis of RNF167 expression in THP-1 cells (a) and BMDM cells (b) treated with
poly(I:C), SeV and recombinant IFN- for indicated time points. The relative band
density of RNF167 was measured by Quantity one and normalized to GAPDH,
representing the protein expression levels of RNF167 (a, n=3). ¢ Inmunoblot
analysis of RNF167 expression in BMDM s treated with IFNAR1 antibody or IgG as
control for 3 h and then left uninfected or infected with SeV for another 8 h.

d Dual-luciferase assays in HEK293 cells that were transfected for 24 h with vector
or RNF167-HA and then stimulated with SeV for 8 h. Luciferase values are relative

to the values in uninfected mock cells (n=3); western blots were probed with
anti-HA and anti-GAPDH antibodies. e Dual-luciferase assays showing activities of
indicated promoters in HEK293 cells transfected with siRNAs targeting RNF167 or
the negative control non-targeting siRNA (siCtrl) for 24 h and then infected with
SeV for another 8 h (n=3). The expression of RNF167 was verified by immunoblot.
Data are representative of three independent experiments and are shown as mean
with SD (a, d, e). The unpaired two-tailed t-test was applied (ns, not significant).
GAPDH or Actin was used as a loading control. Source data are provided as a
Source Data file.

(Fig. 3a, b). Moreover, the production and secretion of IFN-f3 protein
was also higher in Rnf167”- BMDMs and BMDCs infected by SeV and
VSV than in Rnf167"* cells (Fig. 3c). In addition, we also treated the
BMDMs with RNA mimics via transfection of high-molecular-weight
and low-molecular-weight poly(I:C) into cells. We observed that the
expression level of Jfnbl, Cxcl10 and Cxcll in RNF1677~ BMDMs was
higher than in their wild-type counterparts (Fig. 3d). The time-course
study also showed the increased expression of Ifnbl in Rnfl67"
BMDMs than in Rnf167"* BMDM s at the indicated time points following
SeV infection (Fig. 3e).

We further detected the phosphorylation of the downstream
molecules in signal transduction. Notably, the knockout of RNF167
increased the phosphorylation levels of TBK1 and IRF3 in both BMDMs
and BMDCs upon treatment with SeV, VSV and poly(l:C) (Fig. 3f, g).
Collectively, these results demonstrate that RNF167 inhibits the pro-
duction of IFN-Bf and IFN-I-mediated antiviral immune response in
mouse primary immune cells.

Rnfl167-deficient mice exhibit higher viral resistance and
improved survival from viral infection

To explore the physiological role of RNF167 in antiviral responses
in vivo, we conducted viral infection experiments in a mouse model.
The Rnf167”" mice and wild-type Rnfl67"" littermates were injected
with VSV intravenously at a non-lethal dose (6 x 107 plaque-forming
units per mouse). Rnf1677" mice displayed enhanced expression of
Ifnbl, Cxclio, Ifit], and /16 in the liver, spleen, and lung in comparison
with the wild-type control mice (Fig. 4a-c). The results of enzyme-
linked immunosorbent assay (ELISA) also showed elevated levels of
secreted IFN-B in serum from Rnfl1677" mice compared to in that of
Rnf167"* mice (Fig. 4d). In contrast, the replication of the virus was
significantly inhibited in different organs of Rnfl67" mice (Fig. 4e-g).
Furthermore, Rnfl67”" mice exhibited the increased ability of viral
clearance, leading to attenuated tissue damage and inflammatory cell
infiltration in the lungs after VSV infection (Fig. 4h). Similarly, Rnfl67
deficiency protected mice from viral infection and, therefore, Rnf167"
mice showed improved overall survival compared to their wild-type
littermates when infected with a lethal dose of VSV (Fig. 4i). Altogether,
these results demonstrated that RNF167 deficiency improved the
clearance of virus and protects the mice by enhancing antiviral innate
immune responses.

RNF167 specifically targets RIG-/MDA5/MAVS complex

We next explored the molecular mechanisms by which
RNF167 suppressed type I IFN signaling. The exogenous expression
of RNF167 significantly attenuated the activities of RIG-I-, MDAS-, and
MAVS-triggered IFN-B, PRD-IIll, and NF-kB promoters, whereas
RNF167 had no obvious effect on the TBK1-, IKKB-, p65- and con-
stitutively active phosphorylation mimetic IRF3-5D-induced reporter
activation (Fig. 5a). In contrast, siRNA-mediated RNF167 knockdown
markedly enhanced the activation of these signaling proteins-
triggered IFN-B promotor (Fig. 5b and Supplementary Fig. 4a).
These data suggested that the effective step of RNF167 was upstream
of TBKI. Then, the association between RNF167 and RIG-I/MDAS/
MAVS was verified by using immunoprecipitation assays. The result
showed that RNF167 could interact with RIG-I, MDA5 and MAVS

(Supplementary Fig. 4b). Moreover, endogenous immunoprecipita-
tion assays showed that the interaction between RNF167 and RIG-l/
MDAS was increased upon viral infection and varied in a time-
dependent manner (Fig. 5c). We also observed the interaction
between RNF167 and MAVS with SeV infection, whereas RNF167 did
not exhibit any affinity for TBK1 or IRF3 (Fig. 5d). Then we went to
identify the domain of RNF167 responsible for the interaction with
RIG-I/MDAS. RNF167 functions as an E3 ligase, which contains an
N-terminal signal peptide (SP), a protease-associated (PA) domain, a
transmembrane domain (TM), a really interesting new gene (RING)
domain, and the C terminal domain (C). Four truncated mutants with
PA, RING, C terminal domain or both RING and C terminal domains
deletion of RNF167 were constructed (Fig. 5Se). Co-
immunoprecipitation experiments revealed that RNF167-ARING-AC
lost its capability to interact with RIG-1 and MDAS5 and RNF167-ARING
had strong while RNF167-AC had the weak interactions with RIG-I/
MDAS, suggesting that the both RING domain and C terminal domain
were used for the binding while C domain was in predominant (Fig. 5f
and Supplementary Fig. 4c). Both RIG-1 and MDAS are composed of
N-terminal CARDs, helicase and C-terminal domains (CTDs) (Fig. 5g
and Supplementary Fig. 4d). Interestingly, each of the three domains
could interact with RNF167 (Fig. 5h and Supplementary Fig. 4e).
Altogether, these results demonstrated that RNF167 interacted with
RIG-I, MDAS and MAVS and specially interacted with RIG-1 and MDAS5
through its RING and C terminal domains.

RNF167 decreased the protein stability of RIG-I and MDAS

As shown in Fig. 6a, the endogenous protein levels of RIG-1 and MDAS
but not MAVS were decreased gradually with the increased expression
of RNF167. Consistently, the phosphorylation of TBK1 and IRF3, which
modulates the activity of type I IFN signaling, was also reduced
(Fig. 6a). We speculated that RNF167 might regulate the turnover of
RIG-I/MDAS5 protein but not MAVS. To prove this hypothesis, we found
that the expression of MAVS was not affected by the increasing
expression of RNF167 (Fig. 6b). We then constructed the HEK293 cell
lines stably expressing RIG-I/MDAS by using lentiviruses and observed
a gradual decrease in the expression levels of RIG-1 and MDAS with
increased expression of RNF167 (Supplementary Fig. 5a and Fig. 6c¢).
Consistently, using siRNAs targeting RNF167, we found that the non-
induced RIG-I and MDAS levels were significant higher in groups with
si-RNF167-1/2 compared to the control group (Fig. 6d). We then
detected the SeV-induced expression of RIG-I and MDAS in the pre-
sence or absence of RNF167, and it showed that the protein levels of
RIG-1 and MDAS were increased in RNF167-KO cells compared to those
in RNF167-WT cells, whereas the restoration of RNF167 inhibited RIG-I/
MDAS expression (Fig. 6e). Similar results were obtained by the exo-
genous expression of RIG-I/MDAS in RNFI67-WT, RNF167-KO and
RNF167-reconstituted cells (Fig. 6f). Additionally, we performed
cycloheximide (CHX) chase assay, and found that the ectopic expres-
sion of RNF167 shortened the half-life and significantly reduced the
protein level of both non-induced and SeV-induced RIG-I/MDAS
(Fig. 6g, h). We also knocked down RNF167 in HEK293 cells and then
infected cells with virus, and found that siRNA-mediated knockdown
of RNF167 increased the protein level of RIG-1 and MDAS5, hereby
decreasing the replication of virus (Supplementary Fig. 5b).
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Fig. 2 | RNF167 regulates RNA virus-induced innate immune response. a qQPCR
and immunoblot analysis of RNF167 expression levels in wild type (WT) and RNF167-
knockout HEK293 cells (n = 3). b qPCR analysis of mRNA expression levels of IFNB,
the related ISGs and proinflammatory cytokines in wild-type and RNF167-deleted
cells infected with SeV for 8 h (n=3). ¢ qPCR and immunoblot analysis of RNF167
expression levels in THP-1 cells transfected with siRNAs targeting RNF167 or the
negative control non-targeting siRNA (siCtrl) (n =3). d gPCR analysis of the mRNA
expression levels of IFNB, the related ISGs and proinflammatory cytokines in THP-1
cells transfected with these siRNAs for 48 h and then infected with VSV for another
8h (n=3). e Dual-luciferase assays of the indicated promotor reporters in WT and
KO (RNF167-deletion) cells transfected with RNF167-HA expression plasmid or its

empty vector as control for 24 h and then infected with SeV for another 8 h. The
expression of RNF167 was verified by immunoblot (n = 3). f Representative images
of microscopy analysis in wild-type and RNF167-deleted cells infected with VSV-GFP
for 24 h at the MOI of 0.1 (scale bars, 50 um), and the VSV-GFP replication levels
were presented in a graph by counting the infected cells (n =3). g Virus titer
detection by plaque assay of the cell supernatant in WT and RNF167-deletion cells
infected with VSV-GFP in the MOI of 0.1 for 24 h (n =3). Data are representative of
three independent experiments with similar results, and are shown as mean with SD
(a-g). The unpaired two-tailed t-test was applied. GAPDH or Actin were used as a
loading control. Source data are provided as a Source Data file.

As we illustrated above, RNF167 functions as an E3 ligase and
contains two key domains, PA domain and RING domain. It was
reported that V98 site was crucial for the function of PA domain and
C233 and C268 sites were crucial for the catalyzing activity of RING
domain®>?, We next went to clarify the functional domain of RNF167.
To address this, we constructed V98G (valine to glycine), C233S
(cysteine to serine), C268R (cysteine to arginine) together with the

above APA (PA domain deletion), ARING (RING domain deletion), AC
(C terminal domain deletion) and ARING-AC (both RING and C
domains deletion) mutants of RNF167. The IFN-3 promoter-based dual-
luciferase assays showed that the mutations of V98G and APA showed
negligible difference with wild-type RNF167 and the AC mutant par-
tially lost its suppression ability, due to its primarily binding function
as mentioned above, whereas C233S, C268R, ARING and ARING-AC
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Fig. 3 | RNF167 inhibits the production of type I interferon and antiviral

response in vitro. a, b qPCR analysis of the Ifnbl, Cxcl10, Ifit1, Cxcll, and /l6 mRNA
expressions levels in Rnf167"* and Rnfl67" BMDMs/BMDCs infected with SeV and
VSV for 8 h (n=3). ¢ ELISA quantification of IFN-B secretion in Rnf167"* and Rnf167"
BMDMs/BMDCs infected with SeV and VSV for 12 h (n =3). d qPCR analysis of the
Ifnbl, Cxcl10, and Cxcll mRNA expression levels in WT/KO BMDMs transfected with
the poly(I:C) of high molecular weight (HMW, -H) and low molecular weight (LMW,

-L) for 12 h (n = 3). e qPCR analysis of the /fnb1 induction by SeV infection in Rnf167"*
and Rnf167" BMDM:s at the indicated time points (n = 3). f, g Inmunoblot analysis of
the phosphorylated TBK1 and IRF3 in BMDMs/ BMDCs stimulated by SeV/VSV
infection for 8 h, and poly(I:C)-H/L transfection for 12 h. Data are representative of
three independent experiments with similar results and are shown as mean with SD
(a-e). The unpaired two-tailed t-test was applied. GAPDH was used as a loading
control. Source data are provided as a Source Data file.

mutants totally lost their suppression abilities (Fig. 6i and Supple-
mentary Fig. 5c, d). Similar experiments showed that RNF167-C233S
lost the ability to inhibit the activities of PRDIII-I and NF-kB reporters
induced by SeV infection either (Fig. 6i). In consistence with above
results, RNF167-C233S and RNF167-ARING-AC lost the suppression

effect on the stability of RIG-I/MDAS, while RNF167-V98G and RNF167-
APA showed robust inhibition effect, akin to the full-length RNF167
protein (Fig. 6j). These data indicate that the E3 ligase activity and RING
domain of RNF167 is indispensable for the regulation of the protein
turnover of RIG-1/MDAS.

Nature Communications | (2025)16:1920


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-025-57245-3

a
Liver
60, LJWT  P=0.0027 2007 LIWT  p=0.0005 4007 JWT
=) [ KO ) EKO — 5 WKO P=00095 %\15
L £ 150 ° °
2% % < =
2 & 100 <
E 20 E T Z 5
= 2 50 €
Q 3> ©
c =
=0 3 o 0
PBS VSV PBS VSV PBS VSV PBS VSV
b
Spleen
515, LWT _ 150, OwT 807 OWT 150
Ke) 2 EKO 5 WKO P=00003 e
2 2 P =0.0007 5 B 2
210 <100 = 2,50 2 100
< @ < 40 <
z S 50 e &
£ ° = E2 g W
5 R & L
Q S =
€ o0 S 0 0
PBS VSV PBS VSV
c
Lung
150 T 20 1501 CWT 300
e} £ = BKO  p- 0056 =
£ © 15 S 3 5
<100 < £100 £ 200
2 2 10 g S
E 50 £ € 50 % 100
3 s 5 = ©
g 3 = =
0 5 0 0 0
PBS VSV PBS VSV PBS VSV PBS VSV
d e f 9
Serum Liver Spleen Lung
owr ) .
801 @KO  P=o00s 2 %‘1000 o4 El\évg P=o0070
2 &, 560 £ 300
3 e £
~ < 600 <
< £ Z 200
E1o % 200 g 100
g 0 0
PBS VSV PBS VSV PBS VSV
h i
WT (n=9)
1001 Ko =]
el = - n=
o =
PBS By =
. '8 ®©
RS 2
2
? 501 .
& o
o 8
) 2
o
VSV
0 : Ll Ll 1
0 3 6 9 12 15
Time post infection (d)

Fig. 4 | RNF167 inhibits the antiviral responses in vivo. a-c qPCR analysis of [fnbl,  sections from Rnf167"* and Rnf167" mice injected with VSV treated as in (a-c) (n=3
Cxcl10, Ifit] and Il6 mRNA expression levels in the liver, spleen, and lung of the 6-  per group). Scale bars, 50 um. i Survival curves of 6-week-old WT and KO mice by
week-old Rnf167"* and Rnf167" mice infected with VSV (6 x 10’ PFU per mouse) by  intravenous injection (1.2 x 10° PFU per mouse, n=9 each group). Data are repre-

intravenous injection for 16 h (n=3 per group). d IFN-f production in sera from sentative of three independent experiments with similar results and shown as mean
Rnf167"* and Rnf167" mice treated as in (a—c) (n =3 each group). e-g qPCR analysis  with SD (a-g), and the unpaired two-tailed ¢-test was applied. Data of survival
of VSV replication levels in the liver, spleen, and lung from Rnf167"* and Rnf167" curves was analyzed using Gehan-Breslow-Wilcoxon test in a two-sided manner (i).

mice treated as in (a—c) (n=3 each group). h Hematoxylin-eosin staining of lung Source data are provided as a Source Data file.
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RNF167 catalyzes Lys6- and Lysll-linked polyubiquitination of  RNF167/RNF167-C233S, and ubiquitin to assess RNF167-mediated ubi-
RIG-I and MDAS5
Our results showed that the RING domain of RNF167 mediated the ably increased the polyubiquitination of RIG-1 and MDAS, with no
interaction with RIG-1 and MDAS and was critical for the regulation of  discernible effect on the ubiquitination of MAVS. However, the ligase-
RIG-I/MDAS5, indicating that the function of RNF167 in the regulation of ~ dead mutant of RNF167-C233S could not increase the polyubiquitina-
RIG-1 and MDAS5 was dependent on its E3 ligase activity. To verify this, tion of RIG-I/MDAS (Fig. 7a and Supplementary Fig. 6a, b). Therefore,
we co-transfected the plasmids expressing RIG-I/MDA5/MAVS, the above results demonstrated that RNF167 has a significant effect on

quitination of RIG-I/MDAS. The results showed that RNF167 remark-
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Fig. 5| RNF167 specially interacts with RIG-1, MDAS and MAVS. a Dual-luciferase
assays of the indicated promotor activities in HEK293 cells transfected with the
empty vector (as control), RIG-I, MDAS5, MAVS, TBK1, or IRF3-5D (TRAF6, IKK-f3, and
p65 for NF-kB-luc) expression plasmids together with RNF167-HA or its empty
vector as control for 24 h (n=3). b Dual-luciferase assays of IFN- promotor
activities in HEK293 cells transfected with negative control (siCtrl) or the siRNA
targeting RNF167 (siRNF167) for 24 h, and then transfected with the transfection of
empty vector (control), RIG-I, MDAS, MAVS, TBK1, or IRF3-5D expression plasmids
for another 24 h (n=3). ¢ Immunoprecipitation and immunoblot analysis of
endogenous RNF167 with RIG-1 and MDAS in HEK293 cells infected with SeV for the
indicated time, and the IgG was set as control. d Inmunoprecipitation and
immunoblot analysis of endogenous RNF167 with IgG (control), MAVS, TBK1, and
IRF3 in HEK293 cells infected with SeV for indicated time points. e Schematic

structures of human RNF167. SP, signal peptide; PA, protease-associated domain;
TM, transmembrane domain, RING domain, and the C terminal domain.

f Coimmunoprecipitation and immunoblot analysis of IgG control, Flag-tagged
empty vector or Flag-RIG-I with RNF167-HA or its mutants APA/ARING/AC /AR-AC
(deletion of PA, RING, C, or both RING-C domains) plasmids transfected into
HEK293 cells. g Schematic structures of human RIG-I. h Coimmunoprecipitation
and immunoblot analysis of IgG control, Flag-tagged empty vector, Flag-RIG-I-
CARDs/Helicase/CTD or -ACARDs/AHelicase/ACTD (domains remained and
deleted mutants) with RNF167-HA transfected into HEK293 cells. Data are repre-
sentative of three independent experiments and are shown as mean with SD (a, b).
The unpaired two-tailed ¢-test was applied (ns, not significant). GAPDH was used as
the loading control. Source data are provided as a Source Data file.

the polyubiquitination and stability of RIG-I/MDAS, but not on MAVS
(Fig. 6a, b and Supplementary Fig. 6a). This indicates that
RNF167 specially targets RIG-I/MDAS with an indirect effect on MAVS-
triggered activity to some extent.

We then explored which type of ubiquitin linkage that was pro-
moted by RNF167 by employing vectors expressing His-tagged ubi-
quitin and the mutants of ubiquitin (K6, K11, K27, K29, K33, K48 and
K63), which retain a single lysine residue at the specific position. As is
shown in Fig. 7b and Supplementary Fig. 6c, the increased level of
polyubiquitination of RIG-1 and MDA5 by RNF167-HA was detected in
the presence of WT ubiquitin, and K6- and K11- mutants. This result
indicated that RNF167 catalyzed K6- and K11-linked polyubiquitination
of RIG-I/MDAS. Therefore, we further performed ubiquitination assays
using the ubiquitin mutants K6R, K11R and K6R/KIIR, featuring lysine-
to-arginine substitutions at position K6 or K11, or both K6 and Ki1
positions. The level of RIG-I/MDAS polyubiquitination mediated by
RNF167 was decreased in the presence K6R and K11R, but completely
vanished in the presence of K6R/K1IR (Fig. 7c and Supplementary
Fig. 6d). Next, we examined the endogenous ubiquitination of RIG-I/
MDAS catalyzed by RNF167. As shown in Fig. 7d, the endogenous levels
of total ubiquitination, as well as K6- and K11-linked ubiquitination of
RIG-I, were significantly decreased in RNF167-deleted cells compared
to that in WT cells. The result further confirmed that RNF167 catalyzes
the K6- and Kl11-linked polyubiquitination of RIG-I/MDAS.

To identify which lysine residues of RIG-I/MDA5 were modified by
RNF167-mediated ubiquitination, we used the functional domain
truncations of RIG-I/MDAS. We found that RFN167 induced the
degradation of RIG-I/MDAS5-CARDs and RIG-I/MDA5-CTD but had no
degradation effect on the RIG-I/MDAS5-helicase domains, suggesting
that RNF167 functions on CARDs and CTD domains of RIG-I/MDAS5
(Fig. 7e, Supplementary Fig. 6e). As expected, polyubiquitination
analyses showed that the RIG-I/MDAS5-CARDs contained the primary
sites of K6-linked ubiquitination, whereas the RIG-I/MDAS-CTD inclu-
ded the main sites of Kll-linked ubiquitination (Fig. 7f, Supplemen-
tary Fig. 6f).

Next, we sought to identify RNF167-catalyzed ubiquitinated pep-
tides of RIG-1 using WT or RNF167-KO HEK293 cells transfected with Flag-
RIG-1 and RNF167-HA expression plasmid or its empty vector, and sub-
sequentially, the immunoprecipitated RIG-I were analyzed by mass
spectrometry (MS) with a final RIG-l peptide coverage up to 87%
(Fig. 7g). We excluded the RIG-I peptides with the same ubiquitinated
lysine sites in CARDs and CTD domains within both WT cells and the
RNF167-KO cells. After analysis, the results showed that peptides with
K45 and K203 in CARDs domain and K888 in CTD domain were dis-
tinguished in WT group from the RNF167-KO control, and peptides with
K95, K96, K172 and K812 were not covered by every MS analysis (Sup-
plementary Fig. 6g). Thus, we generated a series of RIG-I-CARDs and
CTD mutants with the potential unique lysine sites identified in WT
group replaced by arginine residues (including the lysine sites in
uncovered peptides). As shown in Fig. 7h, i, these results demonstrated
that only K95R, K96R, K172R, and K203R mutants of RIG-I-CARDs, as well

as K8I2R and K888R mutants of RIG-I-CTD were partially promoted to
degradation, while K4R mutants of RIG-I-CARDs and K2R mutants of
RIG-I-CTD were barely ubiquitinated by RNF167. Collectively, these
results indicate that RNF167 promotes Ké-linked ubiquitination of RIG-I/
MDAS5 at CARDs domains with the K95-96, K172 and K203 sites ubiqui-
tinated in RIG-I-CARDs, and Kl1-linked ubiquitination at CTD domains
with the K812 and K888 sites ubiquitinated in RIG-I-CTD.

Furthermore, we constructed HEK293 cells stably expressing RIG-
I-WT or RIG-I-6KR, in which six lysine sites of K95, K96, K172, K203,
K812 and K888 were mutated to arginine (Supplementary Fig. 6h). As
demonstrated in Supplementary Fig. 6i and Fig. 7j, RNF167 expression
promoted the degradation of RIG-I, while knockdown of RNF167
increased RIG-I expression. However, RNF167 had no effect on the
protein level of RIG-I-6KR. Next, we determined the activities of IFN[3
promoters in cells stably expressing RIG-I-WT and RIG-I-6KR following
ectopic expression of RNF167-WT or the RNF167-C233S mutant. The
results indicated that RNF167-WT suppresses IFN3 promoter driven-
luciferase activity in RIG-I'WT cells but not in RIG-I-6KR stably
expressed cells. The RNF167-C233S mutant failed to suppress the
activity in HEK293-RIG-I-WT cells and in RIG-I-6KR cells (Supplemen-
tary Fig. 6j). We obtained consistent results by using ectopic expres-
sion of Flag-RIG-I or Flag-RIG-I-6KR with RNF167-WT and RNF167-WT-
C233S (Supplementary Fig. 6k). Consistently, we further detected that
the endogenous ubiquitination level of RIG-1, and observed the higher
endogenous levels of total Ub, K6- and K11-linked ubiquitination in the
presence of RNF167, whereas RNF167 showed no effect on the ubi-
quitination of RIG-I-6KR (Supplementary Fig. 61). Taken together, these
data demonstrate that RNF167 promotes K6- and Ki11-linked ubiquiti-
nation of RIG-l at K95, K96, K172, K203 and K812 and K888,
respectively.

RNF167 promotes the degradation of RIG-1 and MDAS in dual
proteolytic pathways

The ubiquitin-proteasome system (UPS) and autophagy-lysosome
pathway (ALP) are two major mechanisms governing proteolysis in
eukaryotic cells®. Then, we determined the fate of RIG-I/MDAS after
polyubiquitin conjugation by RNF167. We used different inhibitors,
including the proteasome inhibitor MGI32 and lysosome inhibitor
chloroquine (CQ), to block the degradation pathways. The result
showed that RNF167 promoted the degradation of RIG-I/MDAS, and
single treatment with MGI132 or CQ failed to block the degradation
(Supplementary Fig. 7a). Intriguingly, the combination of MG132 and
CQ effectively blocked the degradation and rescued the expression of
RIG-1 and MDAS (Fig. 8a and Supplementary Fig. 7b). 26S proteasome
non-ATPase regulatory subunit 10 (PSMD10) is one crucial component
of the 26S proteasome®. The expression level of RIG-I/MDAS was
completely restored with RNF167 expression in PSMD10-KO HCT116
cells treated with CQ, although either the UPS deficiency or autophagy
blockage alone could not rescue RIG-I/MDAS to the level of control
cells (Fig. 8b). These data indicated that RNF167-mediated RIG-I/MDAS
degradation may involve both the UPS and ALP.
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To further verify our observations, we went to figure out which
autophagic cargo receptor was involved in the ALP process. Co-
immunoprecipitation assays displayed that RIG-I/MDAS had interac-
tion with OPTN, p62 and CCDC50 autophagy receptors, while RNF167
specifically interacted with p62 (Fig. 8c, d and Supplementary Fig. 7c).
Our previous study revealed that CCDC50 showed a strong preference
for K63-linkages and recognized K63-linked polyubiquitinated

substrates, but CCDC50 aided the
be envisaged that p62 was directl
autophagy cargo degradation.

In further support of our

function of p62. Therefore, it could
y involved in the RNF167-mediated

findings, we performed confocal

microscopy analyses to examine the association of RIG-I/MDAS,

RNF167 and canonical autophagy

machinery proteins. The images of

confocal microscopy revealed clear colocalization between RIG-I/
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Fig. 6 | RNF167 promotes the degradation of RIG-I/MDAS through its function
of RING domain. a Immunoblot analysis of indicated proteins in HEK293 cells
transfected with empty vector or an increasing amount of RNF167 for 24 h and then
infected with SeV for another 8 h. b Immunoblot analysis of Flag-MAVS in HEK293
cells transfected with an increasing amount of RNF167 for 24 h. ¢, d Immunoblot
analysis of RIG-I-Flag/ MDAS5-Flag in their stable expressing HEK293 cells trans-
fected with an increasing amount of RNF167 for 24 h (c) or transfected with siRNAs
targeting RNF167 for 48 h (d). e Immunoblot analysis of RIG-I/MDAS in RNF167 WT
and KO HEK293 cells transfected with RNF167-HA or its control for 24 h and then
infected with SeV for 8 h. fImmunoblot analysis of Flag-RIG-I/Flag-MDAS in RNF167
WT and KO HEK293 cells transfected with Flag-RIG-I/Flag-MDAS and RNF167-HA or
empty vector for 24 h. g Immunoblot analysis of RIG-I-Flag/MDAS-Flag in their
stable expressing HEK293 cells transfected with RNF167-HA or empty vector for

24 h and then treated with CHX (50 puM) for the indicated time. (h) Immunoblot
analysis of HEK293 cells transfected with RNF167-HA or empty vector for 16 h,
infected with SeV for 8 h and then treated with CHX (50 uM) for the indicated time.
i Dual-luciferase assays of IFN-3, PRDIII-I1 and NF-kB promotors in HEK293 cells
transfected with RNF167 or its mutations for 24 h and then infected with SeV for 8 h
(n=3). The mutations were illustrated on the top panel. j Inmunoblot analysis of
HEK293 cells transfected with expression plasmids for RNF167-HA or its mutants
V98G, C233S, APA, and ARING-AC for 24 h, and then infected with SeV for 8 h. Data
are representative of three independent experiments and are shown as mean with
SD (g-i). The relative band density was measured by Quantity one and normalized
to GAPDH/Actin (n =3, g, h). The unpaired two-tailed ¢-test was applied (ns, not
significant). GAPDH/Actin were used as loading controls. Source data are provided
as a Source Data file.

MDAS, RNF167 and p62 /LC3/LAMP], indicating that RNF167 facilitated
the interaction between RIG-I/MDAS and the cargo receptor p62, or
other autophagy-associated compartments (Fig. 8e and Supplemen-
tary Fig. 7d).

The data showed that RNF167 could colocalize with RIG-I/MDAS
and p62 and LC3B (Fig. 8e and Supplementary Fig. 7d), suggesting that
the polyubiquitination of RIG-I/MDAS recruited p62 and then linked
them to LC3-anchored autophagosomes. We found that the treatment
with CQ blocked the degradation of CARDs domain of RIG-I/MDAS,
whereas MG132 treatment rescued the expression of RIG-I/MDA5-CTD
(Fig. 8f and Supplementary Fig. 7e). The data suggested that RNF167-
mediated Ké6-linked polyubiquitination of RIG-I/MDAS in CARDs
domain recruited p62 and served as the cargo of p62. Next, we gen-
erated the RIG-I mutants with the lysine residues (identified ubiquiti-
nation sites in Fig. 7f-j) replaced with arginine residues in CARDs (RIG-I-
4KR) or CTD (RIG-I-2KR) domains. As shown in Fig. 8g, RIG-I-4KR and
2KR mutants were promoted to degradation by RNF167, while it was
blocked by treatment with MG132 or CQ, respectively. Indeed, immu-
nofluorescence assays showed the colocalization of RIG-I/MDAS, K6-
Ub, and p62/LC3B, demonstrating that RNF167-mediated K6-ubiquitin-
conjugation of RIG-I/MDAS can be targeted for autophagosomes
(Fig. 8h and Supplementary Fig. 7f). Collectively, these results indicate
that RNF167 catalyzes the K6- and K11-linked polyubiquitination of RIG-
I/MDAS, subsequently assigning these substrates to UPS and ALP for
sequential degradation.

In summary, we propose a unique regulatory model: As is shown
in Fig. 8i, after activation of type I IFN in response to virus infection or
other stimuli, RNF167 is induced and bind to RIG-I/MDAS. Following
K6- and K11-linked polyubiquitination catalyzed by RNF167, the soluble
K11-polyubiquitinated RLRs are delivered for degradation through
UPS; simultaneously, the excessively activated RIG-I/MDAS5 coupled
with Ké-linked ubiquitination could oligomerize to form aggregates,
are recognized by p62 and then shuttled to ALP for degradation. Our
results provide insights into the cross-talk and synergistic effect
between proteasomal and lysosomal degradation pathways.

Discussion

Although various E3 ligases have been identified for regulating viral
infection-induced IFN-I responses, the functions of RNF167 and the
mechanisms of dual-ubiquitination modification remain not yet
reported. In this work, we present a previously unknown mechanism
by which RNF167 can modify its substrate by two types of atypical
polyubiquitination and direct the substrates for degradation through
two distinct proteolytical pathways.

It has been reported that RNF167 interacts with multiple E2
enzymes and promotes its own self-ubiquitination, a process where
the RING domain plays a crucial role?. This study suggests that self
ubiquitination may be important for the stability and catalytic activity
of RNF167. Therefore, we speculate that self-ubiquitination may
enhance the interaction between RNF167 and E2 enzymes and

substrates, or improve their ubiquitin transfer efficiency. On the other
hand, RNF167 is inducible and gradually degraded like an ISG as the
pathway diminishes (Fig. 1 and Supplementary Fig. 1). Thus, we could
infer that IFN-f may mediate RNF167 self-ubiquitination to maintain its
appropriate protein levels. In summary, while type I IFN might be
involved in RNF167 expression, further studies are needed to deter-
mine if IFN regulates RNF167 self-ubiquitination.

Although there are no known negative regulators for RNF167-
mediated ubiquitination of RIG- and MDAS, it has been reported that
RNF167 and a deubiquitinase STAMBPLI that function in concert to
control the polyubiquitination level of Sestrin2 to modulate mTOR and
cancer progression”. Therefore, it could be promising to identify a
deubiquitylation enzyme that can inhibit RNF167-mediated degrada-
tion of RLRs.

Different types of ubiquitination play distinct roles in determining
the fate of protein substrates. K48-linked ubiquitination often leads to
proteasome-mediated degradation of the substrates, whereas K63-
linked polyubiquitination is commonly associated with signaling
activation®. These two types of polyubiquitination were thoroughly
studied in regulation of RIG-I/MDAS stability and activity**. However,
the roles of other types of polyubiquitination are less reported”.
Especially, the physiological functions of atypical Ké-linked poly-
ubiquitination are largely unexplored®*>%. RNF144A was reported to
promote Ké-linked ubiquitination of STING to enhance DNA viral
infection-induced IFN-I responses®’. Several adaptor proteins, but not
the RLRs, have been reported to undergo Kl11-linked ubiquitination by
different E3 ligases in the regulation of IFN-1 pathway*®**. Here, our
study reveals that the E3 ligase RNF167 mediates the atypical K6- and
K11-linked polyubiquitination of RIG-I/MDAS, leading to both protea-
somal and lysosomal degradation.

The UPS primarily serves as the degradation pathway for mis-
folded, soluble and short-lived proteins, whereas larger protein
aggregates are targeted to autophagosomes, with p62 at the crossroad
of these two pathways***°. As the early IFN response genes*’, RIG-1 and
MDAS are short-lived and primarily targeted for degradation through
UPS by E3 ligases like RNF125*, RNF57 (c-Cbl)*, RNF122*°, and
RNF153*., However, when oligomerized RIG-I/MDAS5 are recruit to
MAVS through CARDs domains, they form into larger protein aggre-
gates that are shuttled for degradation via ALP by autophagy receptors
such as CCDC50%. As a unique endosome-lysosome located E3
ligase®, this feature may contribute to the dual-proteolysis
mechanisms of RNF167.

The mechanisms of selectivity and cross-talk of UPS and ALP
remain elusive. Although both degradation pathways are initiated by
the ubiquitylation of the substrates, the branch of the adaptive
protein quality control pathways is determined by the oligomeriza-
tion potentials of the substrates but not their ubiquitin-binding
properties™. Our results demonstrate that Ké-linked poly-
ubiquitination of RIG-I/MDAS in their CARD domains that recruits
p62 for selective autophagic degradation, while Kill-linked
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polyubiquitination of RIG-I/MDAS in CTD domains is targeted for
UPS-dependent degradation (Fig. 8e-i and Supplementary Fig. 7c-f).
Thus, we hypothesize that the oligomerization potential of RIG-I/
MDAS through CARDs domains is enhanced by Ké6-linked poly-
ubiquitination catalyzed by RNF167, and the RLRs are sorted for ALP
for degradation. In contrast, RNF167 mediated-K11-linked poly-
ubiquitylation in the CTD domains of RLRs represents soluble

proteins and are directed to the proteasome. The ubiquitylation
modification of substrates are shared by proteasomal and autopha-
gic protein quality pathways. Which degradation pathway to assign is
not decided by ubiquitylation but by the oligomerization potential of
substrates. Therefore, our results contribute to a better under-
standing of the substrate distribution mechanisms of these two
degradation pathways for protein quality control.
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Fig. 7 | RNF167 mediates the K6- and K11-linked polyubiquitination of RIG-I.

a Coimmunoprecipitation analysis of RIG-I polyubiquitination in HEK293 cells
transfected with Flag-RIG-1, His-ubiquitin along with empty vector, RNF167-HA, or
its mutant RNF167-HA-C233S expression plasmids for 24 h.

b Coimmunoprecipitation analysis of RIG-I polyubiquitination in HEK293 cells
transfected with expression plasmids for Flag-RIG-1 and His-ubiquitin-WT or its
mutants (only a single lysine residue was retained) in presence of empty vector or
RNF167-HA for 24 h. ¢ Coimmunoprecipitation analysis of RIG-I polyubiquitination
in HEK293 cells transfected with expression plasmids for Flag-RIG-I, His-ubiquitin-
WT or its mutants (only the Lys residue 6/11 was retained/mutated to Arg or both
Lys 6 and 11 were mutated to Arg), along with RNF167-HA for 24 h.

d Coimmunoprecipitation analysis of RIG-I total Ub, Ké- or K11-linked ubiquitina-
tion in WT or RNFI167-deleted HEK293 cells transfected with Flag-RIG-I expression
plasmids for 24 h, and then infected with SeV for 8 h or not. e Immunoblot analysis
in HEK293 cells transfected with expression plasmids for Flag-RIG-I-CARDs, heli-
case, and CTD domains with RNF167-HA or the empty vector as control for 24 h.

f Coimmunoprecipitation analysis of polyubiquitination of the RIG-1 domains in
HEK293 cells transfected with expression plasmids for Flag-RIG-I-CARDs or CTD
domain with His tagged K6- or K11-ubiquitin in presence of RNF167-HA or its empty
vector as control for 24 h. g Overview of identification of lysine sites in RIG-I ubi-
quitinated by RNF167 through mass spectrometry analysis; the diagram was cre-
ated with Medpeer. h Immunoblot analysis in HEK293 cells transfected with
expression plasmids of indicated Flag-RIG-I-CARDs/CTD mutants and RNF167-HA
or its empty vector as control for 24 h. i Coimmunoprecipitation analysis of poly-
ubiquitination in HEK293 cells transfected with His tagged K6- or K11-ubiquitin and
the indicated Flag-RIG-I-CARDs/CTD mutants in presence of RNF167-HA or its
empty vector as control for 24 h. j Immunoblot analysis of RIG-I-Flag or RIG-I-6KR-
Flag (six lysine ubiquitination sites in RIG-I) in their stable expressing HEK293 cells
transfected with a siRNAs targeting RNF167 for 48 h. The experiments were repe-
ated at least once. GAPDH/Actin/Tubulin were used as loading controls. Source
data are provided as a Source Data file.

Recent studies have reported that several neurodegenerative
diseases-associated proteins can be degraded through both of the two
proteolytic pathways, such as a-Synuclein, Rab21, and CNTNAP2>*%,
However, the specific mechanism and the involved E3 ligase also
remain unknown. Our findings prove that RNF167 catalyzes the two
non-canonical ubiquitination types and promotes subsequent degra-
dation of RIG-I/MDAS through both proteolytic pathways, under-
scoring the critical role of RNF167 in maintaining protein homeostasis,
especially for the immune regulation. Additionally, our results under-
line the significance of cooperation of UPS and ALP in protein quality
control.

Methods

All research complies with the Declaration of Sun-Yat Sen University,
and the study protocols were approved by the Guangzhou Medical
University Review Board.

Antibodies and reagents

RIG-I (3743S), MDAS (5321S), MAVS (24930S), TBK1 (3013S), Phospho-
IRF-3 (Ser396) (4947S), IRF-3 (4302S), Phospho-TBK1 (Ser172) (5483S)
and GFP (2956 T) were purchased from Cell Signaling Technology.
Ubiquitin (10201-2-AP), His (10001-0-AP), LAMP1 (55273-1-AP), Myc
(60003-2-1g), p62 (18420-1-AP), PSMDIO (12342-2-AP), 3-actin (66009-
1-lg) and GAPDH (60004-1-g) were purchased from Proteintech.
IFNAR1 (sc-53591, Santa Cruz), RNF167 (Santa Cruz, sc-515405 and
Proteintech, 24618-1-AP), B-tubulin (Arigo, ARG62347), Ub-K11 Poly-
clonal Antibody (Invitrogen, PA5-120621), Flag (Sigma, clone M2,
F1804), HA (Sigma, clone HA-7, H9658) and more detailed information
about these primary antibodies were shown in supplementary table 1.
Poly(I:C) (LMW and HMW) were purchased from InvivoGen and used at
a final concentration of 1pg /mL for transfection and 10 ug/mL for
adding to supernatant of the cell culture for endogenous and exo-
genous stimulation, respectively. Cyclohexamide (CHX, 239764), (R)-
MG132 (M8699), NH,Cl (09718), chloroquine (CQ, C6628), and Anti-
Ubiquitin Lysé specific Affimer reagent GFP/His tag (MABS1918) was
purchased from Sigma, while 3-Methyladenine (3-MA, S2767) was
purchased from Selleck. Human IFN- (AF-300-02B) was purchased
from PeproTech and mouse IFN- (HY-P73130) was purchased from
MCE (used at final concentration of 10 ng/mL).

Cells and virus

RNF167-deletion HEK293 cells were generated by using the CRISPR/
Cas9 system with single short guide RNAs (sgRNAs) targeting specific
sequences in the RNF167 genome (TGTGGAGGCTCACCCAGACA), and
the primer sequences was on supplementary table 2. The sgRNAs were
synthesized and constructed into lentiCRISPRV2 plasmids, and then
were transfected into HEK293T cells with the packaging plasmids
pMD2.G and psPAX2 by using the Polyethyleneimine (PEI) transfection

reagent for collecting the 48h and 72 h cell culture medium. The
medium containing the lentivirus was filtered with the 0.45 pm filter,
and used for infection of the HEK293 cells for 6 h, then cultured with
fresh medium for 48 h, treated with puromycin for 4 days, and selected
for the RNF1677 single clone cell lines. We used PCR followed by
sequencing, qPCR and immunoblotting to determine the knockout
efficiency. The RIG-I-'WT/6KR and MDAS5-Flag stably expressing
HEK293 cell lines were generated by constructing the RIG-I-WT/6KR or
MDAS-Flag into the pHAGE-lentivirus plasmids. The plasmids were
transfected into HEK293T cells together with the packaging plasmids
pMD2.G and psPAX2 using the Polyethyleneimine (PEI) transfection
reagent. The supernatants were collected 48h and 72 h post trans-
fection. Then the following processes were similar as above for con-
structing RNF167-deletion cell lines.

PSMD10-deletion HCT116 cells were gifted from Dr. Hong Peng
(Sun Yat-Sen University). Bone marrow-derived macrophages
(BMDMs) and bone marrow-derived dendritic cells (BMDCs) were
isolated from the tibia and femur of the WT and KO mice. For the
preparation of bone marrow-derived macrophages, bone marrow
cells were cultured for 3-5 d in medium containing 30% supernatants
of L929 mouse fibroblasts containing macrophage-stimulating factor.
For the preparation of BMDCs with the cytokine GM-CSF, bone marrow
cells were cultured for 7-9d in medium containing mouse GM-CSF
(50 ng/ml; Peprotech). THP-1 cells were maintained in 1640 medium
(Gibco) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Gibco) and cultured at 37 °C in a 5% CO, incubator, and the other
cells like HEK293, RAW264.7 and 1929 cells, etc. were maintained in
DMEM medium (Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Gibco) and cultured at 37 °C in a 5% CO, incubator.
All the cell lines used have been tested the mycoplasma-free. HSV-1,
SeV, EMCV, VSV-GFP, and VSV wildtype were used as described*® and
also indicated in the figure legends.

Constructs

NF-kB-, interferon-stimulated response element, and IFN-B promoter
luciferase reporter plasmids, and the mammalian expression plasmids
about type | interferon like pEF-Flag-RIG-I, pEF-Flag-MDAS, pEF-Flag-
MAVS, pEF-Flag-TBK1, pEF-Flag-IRF3, pEF-Flag-IKK-3 and pEF-Flag-IRF3,
etc. were described previously®. The RNF167-HA plasmid was amplified
from cDNA from HEK293 genome and constructed into vector pCAGGS.
All the truncations and site-directed mutants were constructed accord-
ing to the manufacturer’s standard procedures. Flag-p62, Flag-OPTN,
GFP-LC3 were from Dr. Hong Peng (Sun Yat-Sen University), and Flag-
CCDCS50 was described in the previous study of our groups®.

Mice
Rnf167-deficient mice were generated on a C57BL/6 background by
the Laboratory of Genetic Regulators in the Immune System in
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Xinxiang Medical University through CRISPR/Cas9-mediated gene
editing. The age (6-8 weeks old) and sex-matched wild type and
Rnfl67" mice were used in our experiments. All mice were main-
tained in a specific pathogen-free animal facility in Sun Yat-sen Uni-
versity. And all mice experiments were conducted in the supervisor
of the Institutional Animal Care and Use Committee of Sun Yat-sen
University.

Transfection and dual-luciferase reporter assay

HEK293 cells were seeded on 24-well plates (2 x 10° cells per well) and
then cotransfected with 50 ng of luciferase reporter plasmid (IFN-3-
luc, PRDI-II-luc or NF-kB-luc), 0.5 pg of RNF167 expression plasmid, its
mutant expression plasmids, or the empty vector, together with the
20ng of pRL-TK Renilla luciferase reporter plasmid via Poly-
ethyleneimine (PEI) for 24 h, then infected with SeV for 8 h. Luciferase
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Fig. 8 | RNF167 promotes the degradation of RIG-1 and MDAS in proteolytic
pathways. a Inmunoblot analysis of HEK293 cells transfected with expression
plasmids of Flag-RIG-1 and RNF167-HA or its empty vector for 18 h, and then treated
with DMSO, MG132 (10 pM), CQ (25 puM), or MG132 plus CQ for another 6 h; the
relative band density of Flag-RIG-I was measured by Quantity one and normalized
to GAPDH (n =3). b Immunoblot analysis of RIG-I/MDAS in PSMDI10 WT and KO
HCT116 cells transfected with RNF167-HA or empty vector for 24 h, infected with
SeV for 8 h and then treated with DMSO or CQ for another 6 h.

¢, d Coimmunoprecipitation and immunoblot analysis of HEK293 cells transfected
with the indicated plasmid combinations for 24 h. e Immunofluorescence analysis
of Hela cells transfected with indicated plasmids for 24 h (n = 5). Scale bars, 10 um.
f Immunoblot analysis of HEK293 cells transfected with plasmids for Flag-RIG-I-
CARDs and CTD with RNF167-HA or empty vector for 24 h and then treated with
DMSO, MG132 or CQ for another 6 h. g Immunoblot analysis of HeLa cells

transfected with expression plasmids for Flag-RIG-I-4KR (K95R-K96R-K172R-
K203R) or 2KR (K812R-K888R) together with RNF167-HA or empty vector as control
for 24 h and then treated with MG132 or CQ for another 6 h. h Immunofluorescence
analysis of HeLa cells transfected with indicated plasmids for 24 h (n=5). Scale bars,
10 pm. i Schematic model of RNF167-mediated ubiquitination of RLRs in regulation
of IFN-I signaling pathway; the diagram was generated with BioRender. Data are
representative of three independent experiments and are shown as mean with SD
(a, e, h). The fluorescence intensity of the indicated area (Red line) was shown and
the Mander’s overlap coefficient (MOC) of the indicated proteins in cells were
measured for overlapping with Flag/HA-RIG-I; cells with weak fluorescence inten-
sity of indicated proteins were used as the background (e, h). The unpaired two-
tailed t-test was applied (ns, not significant). GAPDH/Actin/Tubulin were used as
loading controls (a, b, ¢, d, f, g). Source data are provided as a Source Data file.

activity in total cell lysates was measured with a dual-specific luciferase
reporter assay system (Promega), and the cell lysates left were col-
lected for western blot analysis.

RNAi

The small interfering RNAs were designed and purchased from Ribo-
bio, and the sequences were listed in Supplementary Table 2. The
siRNAs were transfected to the different cell lines by using the Lipo-
fectamine™ RNAIMAX Transfection Reagent (Invitrogen) for 48 h.

RNA quantification

Total RNA was extracted with TRIzol reagent according to the manu-
facturer’s instructions (Invitrogen), and then was reversed-transcribed
with a Reverse Transcription System (Promega) before quantitative
RT-PCR analysis. ABI Q5 Detection System (Applied Biosystems) and
the SYBR Green PCR Master Mix (Roche) were used to detect the cDNA
products for analysis with the primers listed in Supplementary Table 3.

Co-immunoprecipitation, ubiquitination and immunoblot
analysis

For immunoblot analysis, after transfection, the cells were collected
and lysed in RIPA lysis buffer containing 50 mM Tris-HCI, pH 8.0,
150 mM NacCl, 1.0% (v/v) Triton X-100, 1.0% sodium deoxycholate and
0.1% SDS with protease inhibitors. The samples were boiled and loaded
on SDS-PAGE, transferred onto PVDF membranes and then blotted
with indicated antibodies. The uncropped and unprocessed blots are
provided in the Source Data file. For co-immunoprecipitation, HEK293
cells were seeded and transfected with the appropriate expression
plasmids or empty vectors for the indicated time, cells were lysed in
lysis buffer (50 mM Tris-HCI, pH 7.6, 150 mM Nacl, 0.5% Triton-X-100,
2mM EGTA, 10 mM NaF, 1mM NazVO, and 2mM DTT) containing
protease inhibitors, then the cell lysates were centrifuged and the
supernatants were incubated with anti-Flag M2 affinity gel or anti-HA
affinity gel (beads with rabbit or mouse IgG as control) for at least 4 h at
4°C. For the endogenous protein, pre-clear whole cell extracts by
adding protein A/G Sepharose beads and 2 ug of rabbit or mouse IgG
control antibody for 2 h. After centrifuging the samples, the super-
natants were incubated with rabbit or mouse IgG control antibody or
the relevant antibody together with protein A/G Sepharose beads
overnight at 4 °C. The beads were washed with the same lysis buffer
four times by rotating and eluted in 2 x SDS sample loading buffer by
boiling for 10 min, then loaded to SDS-PAGE for immunoblot analysis.
For ubiquitination assays, whole-cell extracts were boiled for 10 min at
95 °C with 1% SDS, then diluted with 9 volumes of lysis buffer to the
final concentration of 0.1% SDS, and were immunoprecipitated with
anti-Flag M2 affinity gel and analyzed by immunoblot.

Immunofluorescence labeling and confocal microscopy
Hela cells were fixed for 10 min with 4% paraformaldehyde in PBS and
permeabilized for 15 min at room temperature with 0.2% Triton X-100

in PBS. After incubation for blockade of nonspecific binding with 1%
bovine serum albumin (BSA) in PBS for 30 min, indicated primary
antibodies were added and incubated for 2 h at room temperature (or
4°C overnight). Then samples were stained with fluorescent-dye-
conjugated secondary antibodies (Thermo Fisher Scientific). Nuclei
were stained with DAPI (Invitrogen). Fluorescence in cells was visua-
lized and images were acquired with a Carl Zeiss laser-scanning con-
focal microscope.

ELISA assay
The production and secretion of mouse IFN-f in cell supernatants and
mouse serum were measured with the mouse IFN-B ELISA kit
(Lianke Bio).

Viral infection and plaque assay

After infection, supernatants or sera-containing virus were collected and
diluted to infect Vero cells plated on 24-well plates at 90% confluence. At
2 h after infection, supernatants were removed and cells were washed
with PBS, then the medium containing methylcellulose was overlaid
onto the cells. 2 days post infection, the cells were stained with crystal
violet (0.2%). Plaques were counted, and results were averaged and
multiplied by the dilution factor for calculation (PFU/mL).

Virus infection in vivo

For in vivo virus infection studies, age and sex-matched WT and
Rnf167 mice were in intravenous injection of VSV 6 x 10’ PFU per
mouse. IFN- production in the sera was measured by ELISA; Mice were
monitored for survival after VSV infection for the survival experiments
(1.2 x 108 PFU per mouse); Lungs from control or the VSV infected mice
were dissected, fixed in 10% phosphate-buffered formalin, embedded
into paraffin, sectioned, stained with hematoxylin-eosin solution and
examined by light microscopy for histological changes; After 16 h of
VSV infection, Lungs, spleens, and livers from WT and Rnf167/ mice
were also acquired to detect replication of VSV and the mRNA tran-
scription of Jfnbl, Isgs and inflammatory factors.

HPLC-MS analysis

To identify RNF167-catalyzed ubiquitinated peptides of RIG-l, the wild-
type HEK293 cells were transfected with Flag-RIG-1 and RNF167-HA
expression plasmids, while RNF167-KO cells transfected with an empty
vector served as controls. 24 h post transfection, cell samples were col-
lected and lysed in lysis buffer (50 mM Tris-HCI, pH 7.6, 150 mM NacCl,
0.5% Triton-X-100, 2mM EGTA, 10 mM NaF, 1mM Naz;VO, and 2mM
DTT) containing protease inhibitors. The cell lysates were centrifuged and
the supernatants were boiled for 10 min at 95 °C with 1% SDS, then diluted
with 9 volumes of lysis buffer to the final concentration of 0.1% SDS.
These were immunoprecipitated with anti-Flag M2 affinity gel overnight
(4 °C). The beads were washed with the same lysis buffer by rotating for
four times (10 min for each time) and eluted in 2 x SDS sample loading
buffer by boiling for 10 min. All samples were then loaded onto SDS-
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PAGE. Following electrophoresis, the gel sections containing the RIG-I
bands and regions above them were collected for trypsin digestion. Due
to the limited peptide matching rate with one enzyme, a separate set of
samples was similarly prepared for chymotrypsin digestion.

Peptides were then dissolved in 0.1% FA and 2% ACN, directly
loaded onto a reversed-phase analytical column (75 pm i.d. x 150 mm,
packed with Acclaim PepMap RSLC C18, 2 pm, 100 A, nanoViper). The
gradient was comprised of an increase from 5% to 50% solvent B (0.1%
FA in 80% ACN) over 40 min, and climbing to 90% in 5min, then
holding at 90% for the 5 min. All at a constant flow rate of 300 nl/min.
The MS analysis was performed on Q Exactive hybrid quadrupole-
Orbitrap mass spectrometer (ThermoFisher Scientific).

The peptides were subjected to NSI source followed by tandem
mass spectrometry (MS/MS) in Q ExactiveTM (Thermo) coupled online
to the UPLC. Intact peptides were detected in the Orbitrap at a reso-
lution of 70,000. Peptides were selected for MS/MS using NCE setting
as 27; ion fragments were detected in the Orbitrap at a resolution of
17,500. A data-dependent procedure that alternated between one MS
scan followed by 20 MS/MS scans was applied for the top 20 precursor
ions above a threshold ion count of 1E4 in the MS survey scan with
30.0 s dynamic exclusion. The electrospray voltage applied was 2.0 kV.
Automatic gain control (AGC) was used to prevent overfilling of the ion
trap; 1ES ions were accumulated for generation of MS/MS spectra. For
MS scans, the m/z scan range was 350 to 1800 m/z. Fixed first mass was
set as 100 m/z.

Protein identifications were performed with MASCOT software by
searching Uniprot_ Homo sapiens. We excluded the RIG-I peptides with
the same ubiquitinated lysine sites in CARDs and CTD domains within
both WT cells and the RNF167-KO cells for each enzyme digestion
group. The potential ubiquitinated lysine sites on unique peptides
from wild-type cells, along with those uncovered in each MS analysis,
were selected for further identification.

Image quantification

For western blot analysis, the relative band density of the proteins in
the same blot was measured by Quantity one and normalized to their
corresponding loading controls GAPDH/Actin/Tubulin, representing
the protein expression levels. For immunofluorescence image ana-
lysis, the fluorescence intensity of the indicated area was measured
by the ZEN 2 software of Carl Zeiss, and the data was collected and
made into graphs by using GraphPad Prism 7.0; the images were
imported into ImageJ and the Mander’s overlap coefficient (MOC) of
the indicated proteins in the same cells were measured by using the
plugin-JACoP.

Statistical analysis

All data are presented as mean SD (SEM) of the representative of 3 or
more experiments. Statistical significance between different groups
was calculated by two-tailed unpaired Student’s t-test. Mouse survival
data were plotted as Kaplan-Meier curves and compared by Gehan-
Breslow-Wilcoxon test. Data were analyzed with GraphPad Prism 7.0
Software. *P< 0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw and processed deep sequencing data are deposited into the
NCBI Gene Expression Omnibus (GEO) with accession number
GSE143467. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE* part-
ner repository with the dataset identifier PXD060570. All of the other
data supporting this research are included in the manuscript and
supplementary information. Source data are provided with this paper.
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