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A novel selective autophagy receptor, CCDC50, delivers
K63 polyubiquitination-activated RIG-I/MDAS
for degradation during viral infection

Panpan Hou', Kongxiang Yang? Penghui Jia', Lan Liu', Yuxin Lin', Zibo Li', Jun Li', Shuliang Chen?, Shuting Guo®, Ji'An Pan’,
Junyu Wu', Hong Peng', Weijie Zeng', Chunmei Li', Yingfang Liu' and Deyin Guo'

Autophagy is a conserved process that delivers cytosolic substances to the lysosome for degradation, but its direct role in the
regulation of antiviral innate immunity remains poorly understood. Here, through high-throughput screening, we discovered
that CCDC50 functions as a previously unknown autophagy receptor that negatively regulates the type | interferon (IFN)
signaling pathway initiated by RIG-I-like receptors (RLRs), the sensors for RNA viruses. The expression of CCDC50 is enhanced by
viral infection, and CCDC50 specifically recognizes K63-polyubiquitinated RLRs, thus delivering the activated RIG-I/MDAS5 for
autophagic degradation. The association of CCDC50 with phagophore membrane protein LC3 is confirmed by crystal structure
analysis. In contrast to other known autophagic cargo receptors that associate with either the LIR-docking site (LDS) or the UIM-
docking site (UDS) of LC3, CCDC50 can bind to both LDS and UDS, representing a new type of cargo receptor. In mouse models
with RNA virus infection, CCDC50 deficiency reduces the autophagic degradation of RIG-I/MDA5 and promotes type | IFN
responses, resulting in enhanced viral resistance and improved survival rates. These results reveal a new link between
autophagy and antiviral innate immune responses and provide additional insights into the regulatory mechanisms of RLR-

mediated antiviral signaling.
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INTRODUCTION

As the first line of defence against virus invasion, the host innate
immune system is evolutionarily conserved. Upon virus infec-
tion, the innate antiviral response is activated through the
recognition of pathogen-associated molecular patterns (PAMPs)
by pattern recognition receptors (PRRs), culminating in the
production of interferons, inflammatory cytokines and chemo-
kines to eliminate pathogens.” Transmembrane or cytosol PRRs
recognize distinct pathogen-derived nucleic acids with different
features.? Intracellular retinoic acid-inducible gene | (RIG-I)-like
receptors (RLRs) that comprise RIG-I, MDA5 and LGP2 play
important roles in recognition of viral RNA in the cytoplasm.?
RIG-I and MDAS5 sense cytosolic viral RNA and initiate innate
immune signaling cascades through the recruitment of mito-
chondrial antiviral signaling protein (MAVS), thereby activating
NF-kB- and IRF3/IRF7-mediated type | interferon (IFN) responses
and establishing an antiviral state.*

The IFN responses are not only critical to innate antiviral
immunity but also have profound impacts on adaptive
immunity.> However, excessive immune responses can lead to
immune-mediated tissue damage and autoimmune disorders.®
Therefore, IFN activation and signaling pathways must be tightly
regulated to maintain immune homeostasis. Previous studies
have demonstrated that autophagy and its components are

directly involved in positive and negative regulation of IFN
signaling pathways. For example, the autophagy protein ATG5 is
able to promote TLR7-mediated production of IFNs in plasma-
cytoid dendritic cells during infection of vesicular stomatitis
virus (VSV) or Sendai virus (SeV),” while the ATG5-ATG12
complex suppresses RNA virus-induced IFN production by
disrupting RIG-I signaling.®® Recent studies have also shown
that key signaling proteins of IFN response pathways can be
targeted by the autophagy pathway, such as p62-dependent
autophagic degradation of RIG-1,'® cGAS,"" STING,"? and NDP52-
mediated autophagic degradation of MAVS.'®> These studies
indicate that autophagy plays an important role in IFN-related
immune signaling. However, the mechanisms of the selective
degradation of activated RIG-I/MDA-5 upon viral infection are
still not fully understood.

We conducted a genome-wide CRISPR/Cas9-based library
screening for cellular negative regulatory factors involved in RNA
virus-induced IFN responses and identified coiled-coil domain-
containing protein 50 (CCDC50), also known as Ymer, as a negative
regulator of IFN signaling. CCDC50 is ubiquitously expressed
in tissues and organs.' Previous studies have demonstrated that
CCDC50 can suppress the ligand-mediated downregulation of
epidermal growth factor receptor (EGFR) and act as a multi-
functional regulator in NF-kB and Fas signaling pathways.'>'® In
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chronic lymphocytic leukaemia (CLL) and mantle cell lymphoma
(MCL), CCDC50 is required for the survival of MCL and
CLL cancer cells.' Recently, CCDC50 was shown to promote
hepatocellular carcinoma through the Ras/Foxo4 signaling path-
way.'® In this study, we provide evidence that CCDC50 is a
novel autophagic cargo receptor that can recognize and deliver
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K63-polyubiquitination-activated RIG-I/MDAS5 for degradation, thus
transforming an active signal (K63-Ub,-RIG-I/MDAD5) into a negative
regulatory signal (autophagic cargo). We propose that CCDC50 has
a previously uncharacterized function involved in negative regula-
tion of IFN responses and antiviral innate immunity and may
provide new targets against viral infection.
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Fig. 1

CCDC50 negatively regulates type | IFN-mediated antiviral responses. a, b qRT-PCR analysis of mRNA levels of Ifnb1, Isg15, Cxcl10 and

Il6 in BMDMs (a) and BMDCs (b) transfected with siCCDC50-3 or control siRNA (siCtrl) for 48 h and then stimulated with SeV for 12 h (n = 3).
¢, d gRT-PCR analysis of mRNA levels of Ifnb1, ELISA assay of production of IFN-B (n=2), VSV mRNA expression and VSV plaque assay in
BMDM:s (c) and BMDCs (d) transfected with siCtrl or siCCDC50-3 for 48 h and then infected with VSV for 12 h (n = 3). e Immunoblot analysis of
phosphorylation of TBK1 in BMDM s (left panel) and BMDCs (right panel) transfected with siCtrl or siCCDC50 for 48 h and then stimulated with
SeV for 12 h. f-h gRT-PCR and immunoblot analysis of Ccdc50 mRNA and protein expression in THP-1 (f), BMDMs (g) and BMDCs (h) infected
with SeV (MOI of 1), VSV (MOI of 1) and EMCV (MOI of 50) for 0, 4, 8 and 12 h (n = 3); mRNA levels are presented relative to those of uninfected
cells transfected with negative control; actin was used as a loading control. U, uninfected; ND, not detectable; data are representative of three
independent experiments and are shown as means + SEM (a—d, f-h); *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test.

RESULTS

Identification of CCDC50 as a negative regulator of the type | IFN-
mediated antiviral responses

To identify negative regulators of type | interferon responses, we
constructed a fluorescence reporting system and screened a
pooled genome-wide human sgRNA library targeting 19,050
annotated protein-coding genes with 123,411 unique guide
sequences (6 sgRNAs per gene) in human A549 cells (Supple-
mentary information, Fig. S1a). We found that CCDC50 and
several previously known negative regulators such as TRIM33,"?
LCK,?® ATG12,2 CGREF1?' and PI3Ky??> were among the highest-
ranking genes whose loss of function led to the increase of viral
infection-induced type | IFN production (Supplementary infor-
mation, Fig. S1b). We went further to characterize the potential
function of CCDC50 in the regulation of IFN signaling and
antiviral innate immunity. First, we showed that knockdown of
Ccdc50 expression significantly increased the expression of Ifnb1
and Isgs mRNA in both bone marrow-derived macrophages
(BMDMs) and dendritic cells (BMDCs) after infection with SeV
(Fig. 1a, b and Supplementary information, Fig. S1c). Then, we
tested the antiviral effect of CCDC50 in BMDMs and BMDCs
infected with VSV and demonstrated that knockdown of
CCDC50 inhibited virus propagation and decreased viral titers
along with the enhanced expression and secretion of IFN-3
protein (Fig. 1c, d). Moreover, siRNA-mediated knockdown of
Ccdc50 expression also increased the phosphorylation levels of
TBK1, an indicator of IFN signaling activation (Fig. 1e). Taken
together, the results showed that CCDC50 could negatively
regulate type | IFN responses during viral infection.

We further tested whether the expression of CCDC50 is
affected during virus infection. The results showed that in
human monocytic cells (THP-1) infected with the RNA viruses
including SeV, VSV and encephalomyocarditis virus (EMCV), the
expression of CCDC50 mRNA and protein was markedly higher
than that in uninfected cells, and the expression level changed
in the time-course of viral infection (Fig. 1f). The induced
expression of CCDC50 by viral infection was also confirmed in
BMDMs and BMDCs (Fig. 1g, h). Moreover, we also tested
whether IFN-B cytokines and RNA mimics such as poly(l:C) and
R848 that are TLR agonists could induce the expression of
CCDC50. The results showed that none of these agonists could
change the expression of CCDC50 (Supplementary information,
Fig. S1d). We also observed that CCDC50 deficiency specifically
strengthened SeV-induced IFN-B production but had no effect
on poly(l:C)- or LPS-treated cells (Supplementary information,
Fig. STe-h). These data indicate that CCDC50 is induced by RNA
virus infection but not by other stimulators, suggesting a
possible role of CCDC50 in specific regulation of RLR signaling
pathway during viral infection.

Deficiency of CCDC50 enhances type | IFN production and
protects mice from viral infection

To further investigate the biological significance of CCDC50 in
type | IFN-mediated antiviral responses, we generated CCDC50
conditional knockout (KO) mice (Ccdc50"™ Cre-ER mice) through
hybridizing mice containing loxP sites flanking the second and
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third exons of CCDC50 (Ccdc50™™) with ROSA26-CreERT2 mice,
which encode a Cre recombinase fused to a mutant oestrogen
ligand-binding domain (ERT2) that requires the presence of
tamoxifen for activity (Supplementary information, Fig. S2a-c).
After tamoxifen administration, we isolated macrophages and
dendritic cells from mouse bone marrow and confirmed the
deficiency of CCDC50 protein (Supplementary information,
Fig. S2d). The KO of CCDC50 did not affect the number of cells
in the thymus and spleen (Supplementary information, Fig. S2e).
Flow cytometry analysis showed that the percentage of myeloid
cells in the spleens of Ccdc50"™ Cre-ER mice was similar to that of
Ccdc50" littermates, indicating that CCDC50 might not be
involved in myeloid cell development (Supplementary informa-
tion, Fig. S2f). We then infected cells with RNA viruses and found
that BMDMs and BMDCs from Ccdc50"" Cre-ER mice showed
significantly upregulated mRNA expression of Ifnb1, Cxcl10, Isg15
and ll6 after infection with SeV and VSV, respectively, in
comparison with those from Ccdc50" mice (Fig. 2a and
Supplementary information, Fig. S2g). Similarly, the secretion of
IFN-B and IL-6 proteins was also significantly higher in BMDMs and
BMDCs of Ccdc50"™ Cre-ER mice induced by SeV and VSV than in
those of Ccdc50"™ mice (Fig. 2b and Supplementary information,
Fig. S2h). Consistent with these findings, the RNA expression and
viral titers of VSV collected from cell culture supernatant
decreased in BMDMs and BMDCs from Ccdc50"™ Cre-ER mice
after VSV challenge (Fig. 2c and Supplementary information,
Fig. S2i). We also observed that the phosphorylation of TBK1 was
increased in BMDMs and BMDCs of Cedc50™" Cre-ER mice than in
those of Ccdc50"™ mice after induction with SeV (Fig. 2d, e).

Next, we determined the antiviral functions of Ccdc50 in vivo.
We challenged Ccdc50"™ Cre-ER mice and Cedc50™™ mice through
intravenous injection with VSV at a non-lethal dose (4x 10’
plague-forming units per mouse). Notably, Ccdc50"" Cre-ER mice
had substantially increased mRNA expression of Ifnb1, Cxcl10,
Isg15 and /l6 (Fig. 2f-h) and decreased VSV replication in the
spleen, lung and liver (Fig. 2i). Consistent with these findings, the
replication of VSV was reduced, and the serum titers of VSV
decreased significantly (Fig. 2i). Enzyme linked immunosorbent
assay (ELISA) showed significantly higher levels of IFN-3 and IL-6 in
serum from Ccdc50™" Cre-ER mice than in serum from their
Cedc50™ counterparts (Fig. 2j). Moreover, Ccdc50"1 Cre-ER mice
showed enhanced antiviral responses, attenuated inflammatory
cell infiltration and tissue damage in the lung after VSV infection
(Supplementary information, Fig. S2j). Likewise, after intravenous
infection with a higher titer of VSV at a lethal dose (4 x 108 plaque
forming units per mouse), Ccdc50"" Cre-ER mice showed less
tissue damage and a higher overall survival rate compared to their
wild-type littermates (Fig. 2k, |).

We also used 4-hydroxytamoxifen (4-OHT) to induce CCDC50
deletion in BMDMs and BMDCs isolated from Ccdc50™" Cre-ER
and Ccdc50"" mice in vitro. The efficiency of protein removal
was higher in BMDMs (Supplementary information, Fig. S2k).
Therefore, we infected 4-OHT-induced BMDMs with RNA viruses
and the results showed that the ablation of CCDC50 dramatically
increased the expression of type | IFNs and pro-inflammatory
cytokines in BMDMs infected with SeV and VSV (Supplementary
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information, Fig. S2I). Consistent with this result, VSV replication
was inhibited in CCDC50-deficient BMDMs (Supplementary
information, Fig. S2m). Moreover, the phosphorylation of IRF3,
TBK1 and IkBa was substantially increased in 4-OHT-induced
Ccdc50™ Cre-ER BMDMs compared to Ccdc50™" BMDMs
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(Supplementary information, Fig. S2n). These results demonstrate
that CCDC50 deficiency enhances immune responses against viral
infection by promoting type | IFN production, suggesting a
physiological function of CCDC50 in the negative regulation of
RNA virus-induced IFN responses and antiviral innate immunity.
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Fig.2 CCDC50 inhibits antiviral innate immune response in vitro and in vivo. a gRT-PCR analysis of mRNA levels of Ifnb1, Cxcl10, Isg15 or 6
in BMDMs infected with SeV or VSV for 12 h. BMDMs were isolated from 8-week-old Ccdc50"" and Cedc50™" Cre-ER mice induced with
tamoxifen (n = 3). b ELISA analysis of IFN-f and IL-6 production in BMDMs from mice treated as in a (n = 2). ¢ qRT-PCR analysis and plaque
assay of VSV replication in Ccdc50"" and Ccdc50"" Cre-ER BMDMs infected with VSV for 12h (n=3). d, e Immunoblot analysis of
phosphorylated TBK1, total TBK1 and CCDC50 in Ccdc50™ and Cedc50"™ Cre-ER BMDM:s (d) or BMDCs (e) stimulated with SeV for the indicated
time points. f-h qRT-PCR analysis of Ifnb1, Cxcl10, Isg15 and II6 mRNAs in the spleen (f), lung (g) and liver (h) from Ccdc50"" and Ccdc50V1 Cre-
ER mice infected with VSV (4 x 107 PFU per mouse) by intravenous injection for 16 h (n = 3). i Plaque assay of VSV titers in serum and qRT-PCR
analysis of VSV mRNA in the spleen, lung and liver of mice as described in f-h (n = 3). j ELISA analysis of IFN-p and IL-6 in serum from Ccdc50""
and Ccdc50" Cre-ER mice treated as in f-h (n = 2). k Haematoxylin and eosin staining of lung sections from Ccdc50"" and Ccdc50™" Cre-ER
mice infected with VSV (4 x 108 PFU per mouse) by intravenous injection for 16 h; scale bar, 100 pm. | Survival curves for 8-week-old Ccdc50™f
and Ccdc50" Cre-ER mice infected with VSV (4 x 108 PFU per mouse) by intravenous injection (Ccdc50™%, n = 19; Cedc50" Cre-ER, n = 13);
mMRNA results are presented relative to those of untreated wild-type cells; actin was used as a loading control. Data are representative of three
independent experiments and are shown as means + SEM (a-¢, f-j). *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test.
Analysis of the survival curve for mice was performed by a log-rank test.

CCDC50 inhibits virus-induced IRF3/7 activation and NF-kB-
mediated inflammation by targeting RIG-I and MDA5

After demonstrating the in vivo function of CCDC50 in the
regulation of IFN signaling and antiviral immunity, we then
investigated the mechanism of CCDC50 regulating the RLR-
triggered type | IFN response. As shown in Fig. 3a, exogenous
expression of CCDC50 inhibited SeV-triggered activation of IFN-{3,
PRDI-IIl and NF-kB promoters in a CCDC50-dose-dependent
manner. We observed similar inhibitory activity of CCDC50 in
HEK293 cells infected with VSV (Supplementary information,
Fig. S3a) and in Hela cells infected with SeV (Supplementary
information, Fig. S3b), suggesting that the suppressive effect
of CCDC50 in the RLR signaling pathway was not cell type- or
virus-specific phenomenon. Moreover, overexpression of
CCDC50 significantly reduced IFN-B production and secretion
and decreased the expression of proinflammatory cytokines in
HEK293 cells after infection with SeV relative to the control cells
transfected with empty vector (Supplementary information,
Fig. S3c, d). Consistent with the above results, exogenous
expression of CCDC50 resulted in lower expression of IFNBT
mRNA and higher levels of VSV-specific mRNA in VSV-infected
cells, suggesting that CCDC50 promoted VSV replication by
inhibiting the RLR signaling pathway (Supplementary informa-
tion, Fig. S3e). The activation of IFN-f3 requires the phosphoryla-
tion of NF-kB and the IRF3/IRF7 signaling molecules. We observed
that overexpression of CCDC50 reduced SeV-induced phosphor-
ylation of TBK1 and IRF3 in the IRF3 pathway as well as the
phosphorylation of IKKa/B and IkBa in the NF-kB pathway
(Supplementary information, Fig. S3f). However, in similar
reporter assays, CCDC50 did not inhibit IFN-y-induced activation
of the IRF1 promoter and IRF1 expression (Supplementary
information, Fig. S3g). In contrast, knockdown of CCDC50 in
HEK293 cells enhanced IFN-f signaling activity but had no effect
on the IFN-y pathway (Supplementary information, Fig. S3h-k).
Taken together, these data indicate that CCDC50 is specifically
involved in RLR-triggered type | IFN production.

To further confirm the above observations, we developed
CCDC50-deficient HEK293 and A549 cell lines by using the
CRISPR/Cas9 system. Strikingly, deletion of CCDC50 led to
significantly higher expression of IFNBT and proinflammatory
cytokines induced by SeV (Supplementary information, Fig. S4a),
which was consistent with increased phosphorylation of TBK1,
IRF3 and IkBa in CCDC50-deficient HEK293 cells (Fig. 3b). When
the CCDC50-KO cells were reconstituted with a CCDC50-
expressing plasmid that had a mutation in the PAM motif and
could resist Cas9 cleavage, the enhancement effect of CCDC50
ablation on the expression of IFNBT and proinflammatory
cytokines was reversed (Supplementary information, Fig. S4b).
Similarly, knocking out CCDC50 also increased the production of
IFN-B induced by VSV infection but decreased VSV propagation
significantly (Fig. 3¢, d). However, depletion of CCDC50 had no
effect on IFN-y-induced IRF1 transcription (Supplementary
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information, Fig. S4c). These data indicate that CCDC50
deficiency causes increased IFN signaling activity and exerts
stronger antiviral effects. All together, the results show that
CCDC50 plays a crucial role in downregulating RLR-induced type
| interferon production via the IRF3/7- and NF-kB-mediated
signaling pathways.

Next, we investigated which signaling molecule is targeted by
CCDC50 in the RLR-mediated pathway. As shown in Fig. 3e,
overexpression of CCDC50 resulted in reduced PRDI-III reporter
activity induced by RIG-I, MDA5 and MAVS, but not by TBK1 and
IRF3. Similarly, knockdown of CCDC50 enhanced the PRDI-III
promoter activity triggered by RIG-, MDA5 and MAVS but not by
TBK1 or IRF3 (Fig. 3f). Consistently, RIG-I, MDA5- and MAVS-
triggered IRF3 phosphorylation was decreased in HEK293 cells
when co-transfected with CCDC50, whereas TBK1-induced IRF3
phosphorylation was not affected (Fig. 3g), indicating that the
effective step of CCDC50 is upstream of TBK1. We further
interrogate whether CCDC50 could associate with the compo-
nents of the RIG-I/MDA5/MAVS complex. Co-immunoprecipitation
and confocal laser scan microscopy showed that CCDC50 could
interact and colocalize with MDAS5, RIG-I and MAVS (Fig. 3h and
Supplementary information, Fig. S4d). To validate the interaction,
purified glutathione S-transferase (GST)-tagged CCDC50 in the
bacterial strain BL21 was incubated with affinity-purified Flag-
tagged MDA?5, RIG-I, MAVS and STING. Using an in vitro pull-down
assay, we confirmed that CCDC50 could interact with MDAS5, RIG-I
and MAVS (Supplementary information, Fig. S4e). By endogenous
immunoprecipitation assay, we observed that CCDC50 had a
strong association with RIG-l, MDA5, and MAVS in SeV-infected
cells, whereas there was a weak interaction with RIG-I and MDA5
in cells in a resting state (Fig. 3i). However, the interaction
between CCDC50 and MAVS was undetectable without viral
infection (Fig. 3i). Collectively, these results indicate that CCDC50
negatively regulates the antiviral innate immune response by
targeting the RIG-I and MDAS5.

Then we focused on the association of CCDC50 with RLRs.
Both RIG-I and MDA5 contain two N-terminal CARDs, helicase
and C-terminal domains (CTDs). To identify the domain of RIG-I/
MDAG5 that is responsible for the interaction with CCDC50, five
truncated mutants of MDA5 and RIG-l were constructed
(Supplementary information, Fig. S4f). Co-immunoprecipitation
experiments with these truncated mutants showed that the
helicase domain of RLRs is responsible for the interaction with
CCDC50 (Supplementary information, Fig. S4g, h). CCDC50
comprises an N-terminal coiled-coil domain, two motifs inter-
acting with ubiquitin (MIUs) and a C-terminal region (Supple-
mentary information, Fig. S4i). We also developed five
truncations of CCDC50 and found that the C-terminal domain
of CCDC50 is indispensable for the interaction (Supplementary
information, Fig. S4j). Taken together, these data indicate that
CCDC50 can physically interact with the helicase domain of RIG-
I/MDAS5 through its C-terminal domain.
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CCDC50 inhibits the recruitment of RIG-I/MDA5 to MAVS and
targets them for autophagic degradation

As CCDC50 could associate with RIG-I/MDA5/MAVS complex, we
next tested how CCDC50 suppresses the activity of RLR. After
recognition of viral RNA by RIG-I/MDAS5, polyubiquitination and
association of RIG-I/MDA5 with MAVS via their CARD domains are
the important events for initiation of downstream RLR signaling.
Therefore, we first performed co-immunoprecipitation and
immunoblotting analysis to study whether CCDC50 affects the
recruitment of RIG-I/MDA5 to MAVS. The data revealed that the
interaction between RIG-I/MDA5 and MAVS was markedly
decreased by exogenous expression of CCDC50 (Fig. 4a and
Supplementary information, Fig. S5a). We then tested the stability
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of RIG-I/MDAS5 in the presence of CCDC50 and demonstrated that
CCDC50 induced degradation of RIG-I/MDAS5 in a dose-dependent
manner (Fig. 4b), while there is no discernible effect on the
stability of MAVS (Supplementary information, Fig. S5b). However,
the CCDC50 mutant with deletion of the MIU motifs (AMIUs)
which cannot recognize K63-linked polyubiquitin chains abol-
ished this function (Fig. 4c). We further investigated the
correlation between CCDC50 expression and RLR signaling
activity. The results showed that the expression pattern of
CCDC50 was similar to that of RIG-I/MDA5 during virus infection,
peaking at 12-16 h post infection and then decreasing (Fig. 4d). In
CCDC50-KO A549 cells, higher levels of RIG-I and MDA5 were
detected accompanied by increased phosphorylation of TBK1
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Fig. 3 CCDC50 suppresses IRF3/7- and NF-kB-mediated signaling pathways through interacting with RIG-I and MDAS5. a Dual-luciferase
reporter assay and immunoblot analysis of CCDC50 in HEK293 cells transfected with a luciferase reporter plasmid containing the IFN-f
promoter (IFN-p-luc), the IRF3-responsive promoter with positive regulatory domains | and Il of the IFN- promoter (PRDI-lll-luc) or the NF-xB-
responsive promoter (NF-kB-luc), as well as increasing amounts of CCDC50 plasmids (0, 0.1, 0.2 and 0.4 pg) for 24 h and then were left
uninfected or infected with SeV for 8 h; luciferase reporter activity was normalized to that of Renilla luciferase (n = 3). b Immunoblot analysis
of phosphorylated and total TBK1, IRF3 and IkBa in lysates of CCDC50-WT and CCDC50-KO HEK293 cells infected with SeV for 0-12 h; the
quantitative analysis on p-TBK1/TBK1 and p-IRF3/IRF3 was performed by measuring band intensities using ImageJ software. ¢ qRT-PCR
analysis of IFNBT mRNA and VSV mRNA and ELISA of IFN-B production in CCDC50-WT and CCDC50-KO HEK293 cells infected with VSV for 12 h
(n = 3). d (left panel) Fluorescence microscopy images analyzing VSV-GFP replication in CCDC50-WT and CCDC50-KO A549 cells infected with
GFP-VSV (MOI of 1) for 12 h; scale bar, 100 pm. (right panel) VSV titers in cell culture supernatants of CCDC50-WT and CCDC50-KO A549 cells
(n = 3). e Luciferase activity of PRDI-lll-luc in HEK293 cells transfected with plasmids expressing RIG-I-CARDS, MDA5-CARDS, MAVS, TBK1, IKKe
or IRF3-5D along with CCDC50 or control empty vector (Ctrl) for 24 h (n = 3). f Luciferase activity of PRDI-lll-luc in HEK293 cells transfected with
siRNA targeting CCDC50 or negative control non-targeting siRNA (siCtrl) for 24 h and then transfected with plasmids expressing RIG-I-CARDS,
MDAS5-CARDS, MAVS, IKKe, TBK1 or IRF3-5D for another 24h (n=3). g Western blot analysis of IRF3 phosphorylation in HEK293 cells
cotransfected with Flag-RIG-l, -MDAS5, -MAVS or -TBK1 and HA-CCDC50 or empty vector for 24 h. h Immunoprecipitation analysis of the
interaction between CCDC50 and RLR signaling proteins in cotransfected HEK293 cells. i Immunoprecipitation analysis of the interaction
between CCDC50 and RIG-I, MDA5 or MAVS in mouse L929 cells stimulated with SeV for 16 h; mRNA results were normalized to those of
uninfected wild-type cells. Data are representative of three independent experiments and are shown as means + SEM (a, ¢, d, e, f). *P <0.05,

**P < 0.01, ***P < 0.001. NS not significant; two-tailed unpaired Student’s t-test.

(Supplementary information, Fig. S5c). Moreover, CCDC50 defi-
ciency significantly reduced the degradation of MDA5/RIG-I in
cycloheximide (CHX) chase experiments (Fig. 4e). We then
examined which pathway was involved in the degradation of
RLRs. For this, different inhibitors, including the proteasome
inhibitor MG132, lysosome inhibitor NH,Cl, and autophagy
inhibitors 3-methyladenine (3-MA) and chloroquine (CQ), were
used to block degradation pathways. The results showed that
CCDC50-mediated degradation of RIG-I was completely blocked
by NH4Cl, 3-MA and CQ but not by MG132, indicating that
CCDC50-mediated RLR degradation took place via autophagic
processes (Fig. 4f). In a similar assay, CCDC50 did not change the
expression of MAVS (Supplementary information, Fig. S5d).
Endogenous RIG-I/MDA5 was also decreased in the presence of
ectopically expressed CCDC50, and the autophagy inhibitors
could prevent RLR degradation. In contrast, the protein level of
MAVS was not affected (Fig. 4g). Moreover, CCDC50 deficiency
failed to further promote Ifnb1 and Cxcl10 expression in Atg7 and
p62 double-KO MEF cells infected with SeV or VSV (Fig. 4h, i),
suggesting the involvement of autophagy in the CCDC50
function in regulating IFN responses.

To determine the detailed mechanism of the degradation of
RIG-I and MDA5 by CCDC50, we next examined whether virus
infection induces autophagic flux. We found that SeV and VSV
infection efficiently induced the formation of GFP-LC3B puncta,
which indicated the conversion of LC3-I to LC3-Il, a well-accepted
indicator of the activation of autophagy. The phenomenon was
similar to the treatment with the autophagy inducer rapamycin,
an inhibitor of mammalian target of rapamycin (mTOR) (Fig. 4j).
Confocal microscopy revealed clear colocalization between
CCDC50 and LC3B, and stimulation with SeV strengthened the
colocalization (Fig. 4k). We next examined which autophagic cargo
receptor was involved in autophagic degradation, and the results
showed that CCDC50 could specifically interact with p62 but not
with other receptors such as NBR1 or OPTN (Supplementary
information, Fig. S5e). Consistent with the above result, confocal
microscopy also revealed that CCDC50 strongly colocalized with
p62 during virus infection (Fig. 4l). To verify our observation, we
further performed co-immunoprecipitation to examine the inter-
action of CCDC50 with p62 and LC3B. The results showed that
CCDC50 could interact with both p62 and LC3B (Supplementary
information, Fig. S5f). SeV infection and treatment with bafilomy-
cin A1 (BafA1), an inhibitor of late-phase autophagy, also
promoted the interaction of endogenous CCDC50 with p62 or
LC3B (Fig. 4m). Notably, CCDC50 appeared to interact more
strongly with LC3B, as the interaction between CCDC50 and LC3B
was more readily detectable even in the absence of bafilomycin
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A1. We also observed the interaction between the p62 and RIG-I,
MDA5 and MAVS by co-immunoprecipitation (Supplementary
information, Fig. S5g). Furthermore, the endogenous interaction
was enhanced in the presence of CCDC50, suggesting that
CCDC50 facilitated the interaction between RIG-I/MDA5 and p62
(Supplementary information, Fig. S5h, i). We found that CCDC50,
but not its mutant with deletion of the MIU motifs (AMIUs
mutant), could enhance the interaction between RIG-I/MDAS5 and
p62 (Supplementary information, Fig. S5j, k). We also tested
whether CCDC50 facilitates RLR self-association by measuring the
extent to which Myc-tagged RLRs associate with Flag-RLRs. The
data showed that wild-type CCDC50, but not the AMIUs mutant,
increased the amount of co-precipitated RIG-I/MDA5, suggesting
that CCDC50 promoted the self-association of RIG-I/MDA5
(Supplementary information, Fig. S5I, m). Strikingly, we found
that depletion of CCDC50 barely affected autophagic flux in
autophagic vesicles monitored by LC3-lipidation in bafilomycin
Al-treated cells in which autophagosome degradation was
inhibited (Supplementary information, Fig. S5n). Taken together,
these results indicate that CCDC50 promotes autophagic
degradation of RIG-I/MDA5 by facilitating the association of
RLRs with autophagy-associated compartments without affecting
the functions of autophagic machinery.

K63-linked polyubiquitination of RIG-I/MDAS5 is required for
CCDC50-mediated autophagy

The selective autophagy adaptors link ubiquitinated substrates to
autophagosomes for degradation®®> and CCDC50 contains two
MIU (motif interacting with ubiquitin) motifs which have been
reported to bind K63-linked polyubiquitin chains.** Moreover,
K48- and K63-linked polyubiquitination in the CARD domain and
the oligomerization of RLRs are important events for the
regulation of RIG-I/MDAS5 stability and activity. Given the crucial
importance of MIU motifs for the activity of CCDC50 (Fig. 4c and
Supplementary information, Fig. S5k-m), we speculated that the
polyubiquitination of RLRs may provide targets for the MIU motifs
of CCDC50. To prove this, we investigated whether CCDC50
affected the ubiquitination level of RLRs. The results showed that
CCDC50 could mediate the degradation of ubiquitin-positive RLRs
(Fig. 5a and Supplementary information, Fig. S6a). We next
determined which type of polyubiquitin chain was recognized by
CCDC50. HA-tagged wild-type ubiquitin or its mutants (K48, K63,
and K63R) were expressed in HEK293 cells and the lysates were
incubated with GST-CCDC50 in a pull-down assay. As shown in
Fig. 5b, CCDC50 interacted with HA-tagged wild-type polyubiqui-
tin chains and showed a strong preference for K63 linkages over
K48. However, when K63 site of ubiquitin was mutated to arginine
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(R), the interaction was diminished. Consistently, when we used
K63R-Ub which contains a single lysine-to-arginine substitution
at position 63 in ubiquitin, meaning the ubiquitination of RIG-I/
MDA5 was not K63 type, and CCDC50 had no effect on K63R-
linked polyubiquitinated-RIG-I/MDA5 (Fig. 5c). To determine
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whether CCDC50 mediated the degradation of endogenous K63-
polyubiquitinated RLR, we measured K63-linked polyubiquitina-
tion of RLR in CCDC50 wild-type and deficient cells. We found
that endogenous K63-polyubiquitinated RLR was also increased
in CCDC50-KO cells with SeV infection compared to that of
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Fig. 4 CCDC50 promotes the interaction of RLRs with autophagy-associated proteins and targets them for autophagic degradation.
a Immunoprecipitation analysis of the interaction between RIG-I and MAVS in HEK293 cells transfected with plasmids encoding Flag-RIG-I and
Myc-MAVS as well as a control vector or a plasmid encoding HA-CCDC50. b Immunoblot analysis of lysates from HEK293 cells transfected with
Flag-MDA5 or -RIG-l and an increasing amount of HA-CCDC50 (0, 0.2, 0.4, or 0.8 ug). ¢ Western blot analysis of lysates in HEK293 cells
transfected with Flag-RIG-I or -MDA5 plus empty control vector, HA-CCDC50 or HA-CCDC50-AMIUs. d Immunoblot analysis of the RLR
signaling proteins in A549 cells infected with SeV for 0-24 h. e Immunoblot analysis of lysates from wild-type or CCDC50-KO A549 cells
infected with SeV for 16 h and then treated with cycloheximide (CHX) for indicated times. f Inmunoblot analysis of cell lysates transfected
with Flag-RIG-I plasmid together with the control vector or HA-CCDC50 plasmid. 14 h post transfection, the cells were treated with DMSO,
MG132 (25 pM), NH4CI (10 mM), 3-MA (5 mM) or CQ (20 uM) for 6 h. g HEK293 cells were transfected with the control vector or HA-CCDC50
plasmid for 14 h and then stimulated or unstimulated with SeV for 12 h. Before harvesting, the cells were treated with DMEM, DMSO, MG132,
NH,Cl or 3-MA for 6 h. qRT-PCR analysis of Ifnb1 and Cxc/10 mRNA in wild-type or Atg7/p62 double KO MEFs transfected with siCtrl or siCCDC50
for 48 h and then left uninfected or infected with SeV (h) or VSV (i) for 12 h (n=3). j Confocal microscopy images of GFP-LC3B puncta
formation in Hela cells transfected with plasmid encoding GFP-LC3B for 24 h and then treated with PBS, rapamycin (2 h), SeV (12 h) or VSV
(12 h). Nuclei were stained with DAPI (blue) (scale bars, 5 pm). k Colocalization of LC3B (green) with CCDC50 (red) in HeLa cells transfected with
GFP-LC3B and HA-CCDC50 for 24 h and then treated with PBS or SeV (scale bars, 5 um). | Colocalization analysis of ectopically expressed p62
(red) with CCDC50 (green) in SeV-induced Hela cells (scale bars, 2 pm). m Immunoprecipitation analysis of the endogenous interaction
between p62, LC3B and CCDC50 in HEK293 cells infected with SeV for 12 h with or without BafA1 for 12 h. Data are representative of three

4independent experiments (means + SEM in h, i). *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test.

wild-type cells (Fig. 5d and Supplementary information Fig. S6b).
To further explore CCDC50-mediated autophagic degradation
of K63-polyubiquitinated RIG-, we tested the interaction of
polyubiquitinated RIG-I with LC3 in wild-type and CCDC50-
KO «cells. We used FK2 monoclonal antibody to monitor
polyubiquitinated-RLR that could recognize K63-linked polyubiqui-
tylated proteins, but not free ubiquitin. It showed that substantial
amounts of ubiquitylated proteins were co-immunoprecipitated
with GFP-LC3B while there was a significant reduction in the amount
of co-immunoprecipitated ubiquitinated proteins in CCDC50-KO
cells (Fig. 5e and Supplementary information Fig. S6¢). Moreover, we
used immunostaining of FK2 and GFP-LC3B to detect the
colocalization of polyubiquitinated RIG-I with LC3B in wild-type or
CCDC50 knockdown Hela cells, and we observed the reduced
ubiquitinated RIG-l within autophagosomes (LC3-puncta) in cells
following siRNA-mediated knockdown of CCDC50, suggesting the
importance of CCDC50 as a receptor for autophagic degradation of
ubiquitinated RIG- (Supplementary information, Fig. S6d). Further-
more, when we used BafA1 to block autophagic degradation, the
level of K63-conjugated RLRs was rescued (Fig. 5f and Supplemen-
tary information, Fig. S6e), suggesting that the substrates of
CCDC50-mediated autophagy are the K63-polyubiquitinated RLRs.
We found that the formation of RLR oligomerization induced by
viral infection was significantly reduced by CCDC50 but not by the
AMIUs mutant in soluble fraction. Furthermore, CCDC50-induced
reduction in RLR oligomerization was restored by BafAl (Fig. 5g
and Supplementary information, Fig. S6f). As CCDC50 could
inhibit CARD domain-induced IRF3 phosphorylation and reduce
polyubiquitinated-CARDS (Fig. 5h and Supplementary information,
Fig. S69), we proposed that the key ubiquitination sites that activate
CCDC50 are in the CARD domain of RLRs. To identify the lysine
residues responsible for CCDC50-mediated degradation, we gener-
ated RLR mutants at single or multiple lysine residues in the CARD
domains. We demonstrated that CCDC50 was unable to inhibit RLR-
induced PRDI-lIl promoter activity (Fig. 5i and Supplementary
information, Fig. S6h), and it also failed to induce the degradation
of RIG-I/MDA5 when the critical ubiquitination sites were mutated
from lysine to arginine (RIG-I K164/K169/K172/K193R, RIG-I-4KR;
MDA5 K23/K43/K128R, MDA5-3KR) (Fig. 5j and Supplementary
information, Fig. S6i). Furthermore, CCDC50 degraded the K63-Ub-
linked RLRs but had little effect on the RIG-I-4KR or MDAS5-3KR
mutant (Fig. 5k and Supplementary information, Fig. S6j). In contrast,
the activity of the RLR mutants with K63-linked polyubiquitination
was nearly completely abolished, indicating that Lys 164/169/172/
193 in RIG-l and Lys 23/43/128 in MDA5 may be the major sites for
K63-linked polyubiquitination. These data suggest that K63 poly-
ubiquitination in the CARD domain of RIG-I/MDAS5 is a prerequisite
for CCDC50-mediated autophagic degradation.
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To further confirm that ubiquitin-conjugated RLRs can be
targeted for autophagy by CCDC50, we performed confocal
microscopy. We first demonstrated that RIG-I/MDA5 underwent
K63-linked polyubiquitination with SeV induction (Fig. 51 and
Supplementary information, Fig. S6k). We then showed the
colocalization of CCDC50 with K63-ubiquitin but not with K63R-
ubiquitin (Fig. 5m). Moreover, CCDC50 could colocalize with large
RLR-K63-ubiquitin puncta but not RLR-K63R-ubiquitin complex
(Fig. 5n and Supplementary information, Fig. S6l). We also found
that CCDC50 promoted the colocalization between RLRs and p62
(Supplementary information, Fig. Sém, n).

LC3B is a well-established hallmark of autophagy flux. Next, we
employed confocal microscopy to analyze the effect of CCDC50
and K63-polyubiquitination on the colocalization between RIG-I
and LC3B. RIG-I had poor colocalization with LC3B in resting cells,
while CCDC50 or K63-ubiquitin could markedly enhance the
puncta formation of RIG-I/MDA5-LC3B (Fig. 50, p and Supple-
mentary information, Fig. S6o, p). In contrast, K63R-ubiquitin
mutant-mediated ubiquitination failed to enhance the colocali-
zation of RIG-I/MDA5 with LC3B (Fig. 5p and Supplementary
information, Fig. S6p). K63-polyubiquitin-conjugated RLRs exhib-
ited a predominant tendency to colocalize with LC3B, whereas
K63R-polyubiquitin-positive RLRs stained poorly with LC3B,
which demonstrated that K63-polyubiquitinated RLRs could
be delivered to LC3-positive autophagosomes. Collectively, these
data indicate that CCDC50 promotes the colocalization of K63-
polyubiquitinated RLRs with LC3B and their sequential autopha-
gic degradation.

CCDC50 functions as a novel autophagic cargo receptor that can
associate with LC3 at two docking sites

As proved above, CCDC50 and LC3B could interact and form a
complex in vitro and in vivo, and we then asked whether CCDC50
could act directly as an autophagic cargo receptor. Many
autophagy cargo receptors such as p62 and NBR1 can bind to
LC3B via a linear peptide sequence called the LC3-interacting
region (LIR), which is characterized by a core aromatic residue
(mostly Trp) with flanking acidic and hydrophobic residues.?> By
alignment with well-known LIR sequences, we identified a motif
DQEWYDA in human CCDC50 (amino acids 170 to 176) that is well
conserved across different species and is localized in the MIU1
region (Fig. 6a). Although the putative LIR motif in human CCDC50
is not an exact match to W/Y/FXXL/I/V, the WYDA motif seems
hydrophobic. Notably, CCDC50 from Danio rerio contains a
canonical LIR of FRDL, suggesting that autophagy induction is a
conserved function of CCDC50. We then tested whether the
human CCDC50 LIR-like motif is essential for binding with
LC3B. The results showed that a deletion of the MIU1 region
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motif could co-localize with GFP-LC3B, while the mutant with
deletion of MIU1 region lost that ability (Supplementary informa-
tion, Fig. S7a). These results also suggested that the MIU2 motif of
CCDC50 is not essential for binding with LC3B. Recently, a newly
identified class of autophagic cargo adaptors and receptors like

(Aaa169-191) covering the putative LIR motif completely abol-
ished the interaction of CCDC50 and LC3B but CCDC50 with a
deletion of just LIR motif (Aaa173-178) could still associate with
LC3B protein in co-immunoprecipitation assay (Fig. 6b). Consistent
with these results, CCDC50 and the mutant with deletion of LIR
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Fig. 5 CCDC50 recognizes and delivers K63-polyubiquitinated RLRs for degradation. a Immunoprecipitation analysis of the
polyubiquitination of RIG-l in HEK293 cells cotransfected with Flag-RIG-I, HA-Ub (ubiquitin) as well as HA-CCDC50 or empty vector for 24
h. b HEK293 cells were transfected with various constructs expressing wild-type, K48 only, K63 only, or K63R mutant HA-tagged ubiquitin. An
equal amount of the protein of cell lysates was subjected to pull-down assays of GST or GST-CCDC50. The pull-down samples were
determined by western blot analysis with HA antibody. The expression of ubiquitin constructs was verified by blotting an aliquot of the cell
lysates with HA tag antibody. ¢ Immunoprecipitation analysis of K63R-linked polyubiquitination of RIG-1 and MDA5 in HEK293 cells transfected
with indicated plasmids. d Immunoprecipitation analysis of endogenous K63-linked polyubiquitination of RIG-I in wild-type or CCDC50-KO
HEK293 cells left uninfected or infected for 12 h with SeV. e HEK293 cells transfected with HA-tagged K63-ubiquitin, Flag-tagged RIG-I as well
as GFP-LC3B or GFP, were stimulated with SeV for 12h and then GFP was immunoprecipitated to determine co-immunoprecipitation of
ubiquitinated proteins. f Immunoprecipitation analysis of K63-linked polyubiquitination of RIG-I in HEK293 cells transfected with plasmids
expressing Flag-RIG-I, HA-K63-Ub and HA-CCDC50 or empty vector for 24 h and then left untreated or treated with BafA1 for 12 h. g SDD-AGE
analysis of RIG-I oligomerization in HEK293 cells transfected with Flag-RIG-I together with HA-CCDC50-WT or HA-CCDC50-AMIUs for 24 h and
then infected with SeV for 12 h. Before collecting samples, the cells were left untreated or treated with BafA1 for 12 h. h Immunoblot analysis
of IRF3 phosphorylation (bottom panel) in cells transfected with Flag-RIG-I-CARDS and HA-CCDC50 or control empty vector followed by
immunoprecipitation analysis of polyubiquitination of RIG-I-CARDS (top panel) with anti-Flag and anti-Ub antibodies. i Dual-luciferase activity
of PRDI-IIl promoter in HEK293 cells transfected with indicated plasmids (n = 3). j Immunoblot analysis of lysates from HEK293 cells transfected
with Flag-RIG-I or -RIG-I-4KR plasmid plus an empty control plasmid or a plasmid encoding HA-CCDC50. k Immunoprecipitation analysis of
K63-linked polyubiquitination of RIG-1 (WT or 4KR) in cotransfected HEK293 cells. | Colocalization of endogenous RIG-I (blue) and K63-Ub (red)
in Hela cells stimulated with SeV for 12 h; scale bars, 5 pm. m Confocal microscopy of Hela cells transfected with Flag-CCDC50 (blue) and HA-
K63-Ub or HA-K63R-Ub (red) plasmids for 24 h; scale bars, 5 pm. n Colocalization of RIG-I (blue), K63-Ub or K63R-Ub (red) and CCDC50 (green)
in Hela cells; scale bars, 5 pm. o Colocalization of RIG-I (blue) and LC3B (green) as well as CCDC50 (red) in HeLa cells transfected with Flag-RIG-|
and LC3B along with control vector or CCDC50 plasmid; scale bars, 5 pm. p Confocal microscopy analysis of Hela cells transfected with RIG-I
(blue) and GFP-LC3B (green) as well as HA-K63-Ub or -K63R-Ub (red); scale bars, 5 um. Data are representative of three individual experiments

(means + SEM in i). *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test.

PUX8/9 and Ubx5 exploit ubiquitin-interacting motif (UIM)-like
sequences for binding to an alternative ATG8/LC3 interaction site,
termed as UIM-docking site (UDS), which is different from the
canonical LIR-docking site (LDS).26 There are two MIU motifs (MIU1
and MIU2) in CCDC50, where the putative LIR motif is part of the
MIUT region (Fig. 6a). As MIU motif represents the inverted form of
UIM motif,?* we assumed that CCDC50 may also associate with the
UDS of LC3B. Three LC3B mutants with mutations in LDS, UDS or
both were generated, and they are named as LC3B-LDSm (K51A/
F52A/L53A), LC3B-UDSm (F79A/F80A/L81A/L82A) and LC3B-
LDSm/UDSm, respectively. Co-immunoprecipitation and confocal
microscopy showed that CCDC50 could bind to both LC3B-LDSm
and LC3B-UDSm but not LC3B-LDSm/UDSm, suggesting that
CCDC50 could bind to either docking site of LC3B (Fig. 6¢ and
Supplementary information, Fig. S7b).

We then further determined the key amino acids of CCDC50
that associate with LC3B by using LIR and MIU mutants of CCDC50.
We constructed several mutants of deletions in CCDC50 named as
CCDC50-ALIR, CCDC50-AMIU (Aaa179-183) and CCDC50-ALIR/
AMIU (Fig. 6d). The results showed that although weaker than
wild-type CCDC50, either CCDC50-ALIR or CCDC50-AMIU could
bind to LC3B, while CCDC50-ALIR/AMIU failed to associate with
LC3B (Fig. 6e). Moreover, CCDC50-ALIR could bind to LC3B-LDSm
but failed to bind LC3B-UDSm while CCDC50-AMIU could bind to
LC3B-UDSm but failed to bind LC3B-LDSm (Fig. 6f, g), suggesting
that CCDC50 adopts the LIR and MIU motifs to bind to LDS and
UDS docking sites on LC3B, respectively. We next explored which
domain allows CCDC50 to bind to polyubiquitinated RLRs or
polyubiquitin chains. It showed that purified GST-ubiquitin
specifically precipitated CCDC50 and CCDC50-AMIU1 but not
CCDC50-AMIU2 from lysates of CCDC50- or its mutants-expressing
HEK293 cells (Supplementary information, Fig. S7c), which
demonstrates that the MIU2 motif of CCDC50 is responsible for
interacting with Ké3-linked polyubiquitin chains. Consistent with
the above results, the deletion of the two MIU domains of CCDC50
almost abolished its inhibitory effect on IFN-B promoter activity
(Supplementary information, Fig. S7d). Viral infection-induced RIG-
I/MDAS receptor oligomerization is a form of aggregation-like
assembly. We hypothesized that CCDC50 might be also involved
in aggregate formation and function as an autophagic receptor to
mediate their degradation. Indeed, we found that the accumula-
tion of RIG-I/MDA5 and polyubiquitinated protein in the Triton-X-
100-insoluble fraction was increased while Triton-X-100-soluble
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fraction was decreased in the presence of CCDC50 (Fig. 6h).
Collectively, we showed that CCDC50 can associate with both LDS
and UDS on LC3B using LIR and MIU motif, respectively. CCDC50
directly binds to polyubiquitin chains via its MIU2 motif and
sequesters them into autophagosome. Either MIU1 or MIU2 motif
is crucial for the inhibitory activity of CCDC50.

Autophagic cargo adaptors and receptors are degraded
together with their cargo proteins, therefore we next asked
whether inhibition of autophagy would result in the accumulation
of endogenous CCDC50. Treatment of cells with BafA1 resulted in
dramatic accumulation of CCDC50 protein, similar to p62
(Supplementary information, Fig. S7e). The mRNA level of CCDC50
in cells treated with BafA1 did not change, indicating that blocking
autophagy led to a change in the turnover of CCDC50 protein
(Supplementary information, Fig. S7f). Unlike what was observed
for p62, the proteasome inhibitor MG132 had a weak effect on the
CCDC50 protein level (Supplementary information, Fig. S79),
implying that CCDC50 degradation was not through the protea-
some pathway. Altogether, these data indicate that CCDC50 is
directly involved in virus-induced autophagy and acts as an
autophagic cargo receptor by associating with LC3B via its LIR and
MIU motifs.

Because CCDC50 could bind to the autophagic cargo receptor
p62 (Fig. 4m and Supplementary information, Fig. S5e, f), we
wondered whether CCDC50 functions in autophagy together with
p62 or acts as a cargo receptor independently of p62. To answer
this question, we examined the functions of CCDC50 in p62-KO
cells. The results showed that CCDC50 could still interact with LC3
(Fig. 6i) and promote the degradation of K63-polyubiquitinated
RIG-I, while treatment with the autophagy inhibitor bafilomycin A1
blocked this effect (Fig. 6j). Furthermore, the repressive function of
CCDC50 in type | IFN signaling was not affected by deficiency of
p62, while it was completely abrogated in BECN1-KO cells (Fig. 6k).
Consistently, Co-IP result also showed that the interaction
between CCDC50 and RIG-I/MDA5 remained in p62-deficient cells
(Supplementary information, Fig. S7h). We next determined virus-
induced expression of RLR in p62- and CCDC50-deficient cells. The
results showed that the expression of RIG-I/MDA5 was slightly
higher in p62-KO cells than p62-WT cells and CCDC50 depletion
further increased the expression of RIG-I/MDAS5 robustly (Supple-
mentary information, Fig. S7i). Vice versa, we also determined
the effect of p62 deficiency on the expression of RIG-I/MDA5
induced by virus in CCDC50-KO cells. It showed the expression of
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RIG-I/MDA5 was robustly increased in CCDC50-KO cells and p62
deficiency further increased the expression of RIG-I/MDA5
(Supplementary information, Fig. S7j, k). Although p62-mediated
degradation of RIG-I was not dependent on CCDC50, the increased
expression of RLR in p62-KO or p62-KD cells was less than
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CCDC50-KO or CCDC50-KD cells, suggesting that CCDC50 plays a
predominant role in autophagy-mediated degradation of RLR. It
was reported that LRRC25 acts as a secondary receptor to bind to
ISG15-associated RIG-I to promote the interaction between RIG-I
and the autophagic cargo receptor p62, which is independent of
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Fig. 6 CCDC50 functions as a novel autophagic cargo receptor that can bind to LC3 at two docking sites. a Schematic diagram of domains
in CCDC50 and analysis of conserved LIR (red) and MIU (underlined) motifs across species. The predicted key amino acids essential for MIU
binding activity are indicated by asterisks. b Immunoprecipitation analysis of the interaction between LC3B and CCDC50 or its deletion
mutants in HEK293 cells transfected with indicated plasmids. ¢ Immunoprecipitation analysis of the interaction between CCDC50 and LC3B or
mutants of LC3B in transiently cotransfected HEK293 cells. d Schematic diagrams of CCDC50, CCDC50-ALIR, CCDC50-AMIU and CCDC50-ALIR/
AMIU. e Immunoprecipitation analysis of the interaction between LC3B and CCDC50 or its mutants (WT, ALIR, AMIU and ALIR/AMIV) in
HEK293 cells. f Immunoprecipitation analysis of the interaction between CCDC50-ALIR and LC3B or its mutants. g Immunoprecipitation
analysis of the interaction between CCDC50-AMIU and LC3B or its mutants. h Immunoblot analysis of HEK293 cells transfected with empty
vector or CCDC50 plasmid for 24 h and then left infected or uninfected with SeV for 16 h. The cells were lysed with Triton X-100 (Tx100) and
the insoluble pellet were lysed with 1% SDS. i Immunoprecipitation analysis of the interaction between CCDC50 and LC3B in p62-KO
HEK293T cells cotransfected with indicated plasmids. j Immunoprecipitation analysis of the K63-linked polyubiquitination of RIG-I in p62-KO
HEK293T cells cotransfected with indicated plasmids and left untreated or treated with BafA1 for 12 h. k Dual-luciferase activity of IFN-p
promoter in wild-type, p62-KO or BECN1-KO HEK293T cells transfected with IFN-B-luc together with plasmids expressing Flag-RIG-I, HA-
CCDC50 or control empty vector (Ctrl) for 24 h (n = 3). 1 GST pull-down analysis of the interaction between GST-LC3B and His-CCDC50 in vitro.
m Overall structure of the complex. LC3B (cartoon, cyan) and CCDC50-LIR (sticks, yellow) are fused to a chimeric protein. CCDC50-LIR interacts
with adjacent LC3B which is in surface representation. Blue, red and white represents the positively charged, negatively charged
and hydrophobic regions, respectively. Two hydrophobic pockets HP1 and HP2 are marked by white dash-line circles. n Hydrogen bonds
between LC3B and CCDC50-LIR. Residues involved in hydrogen bonds are shown with sticks. Hydrogen bonds are demonstrated as red dash
lines. o, p CCDC50 W173 and A176 bind into LC3 HP1 and HP2, respectively. Residues involved in LC3B HP are shown with sticks and dots.
q Structural comparison of four LIR-LC3B complexes at the region of HP2. CCDC50-LIR-LC3B (cyan), p62-LIR-LC3B (PDB: 2ZJD, pale-yellow),
PLEKHM1-LIR-LC3B (PDB: 3X0 W, hot pink) and RavZ-LIR-LC3B (PDB: 5XAC, orange) are superimposed by PyMol. LIR, P2, P4 and the LC3B
residues forming the HP2 are shown with sticks. r GSEA analysis of genes associated with CCDC50 in the database GTEx Portal. Data are
representative of three independent experiments (means + SEM in k). *P < 0.05, **P < 0.01, ***P < 0.001; two-tailed unpaired Student’s t-test.

polyubiquitination of RIG-.'® To exclude a role of LRRC25, we
detected the functions of CCDC50 in LRRC25-deficient cells. The
result showed that knockdown of LRRC25 had no impact on
CCDC50-mediated RIG-I degradation (Supplementary information,
Fig. S7I, m), suggesting that CCDC50 functions independently of
LRRC25. We then performed in vitro glutathione S-transferase
(GST) pull-down assays using GST-LC3B and His-CCDC50 purified
from E. coli. The results showed that GST-LC3B but not GST could
precipitate CCDC50, suggesting that CCDC50 could directly bind
to LC3B (Fig. 6l). We also knocked down p62 in HelLa cells by
siRNAs and we found that the accumulation and stabilization of
CCDC50 was not affected by deficiency of p62 (Supplementary
information, Fig. S7n). Importantly, CCDC50 and LC3B could still
colocalize strongly (Supplementary information, Fig. S70). More-
over, the binding of CCDC50 with K63-linked polyubiquitin
(Supplementary information, Fig. S7p) and colocalization between
CCDC50, K63-Ub and LC3B (Supplementary information, Fig. S7q)
was not affected by a lack of p62. Moreover, clear colocalization
between RIG-I, CCDC50 and LC3B was observed in the absence of
p62 (Supplementary information, Fig. S7r). K63-ubiquitinated RIG-I
also colocalized with LC3B in p62-deficient cells (Supplementary
information, Fig. S7s). Taken together, our data indicate that
CCDC50 can function alone as an autophagic cargo receptor to
promote autophagic degradation of K63-polyubiquitinated RIG-I/
MDA?5 independently of p62.

Unlike the canonical WXXL LIR motif, the LIR motif of human
CCDC50 uses an alanine residue to substitute the leucine residue.
To determine whether CCDC50 binds to LC3B in an LIR-dependent
manner, we determined the structure of CCDC50-LIR'7%-178
(DQEWYDAEI) in complex with LC3B via a previously reported
fusion protein strategy.?’” In the crystal, there is one CCDC50-LIR-
LC3B molecule in an asymmetric unit and the CCDC50-LIR makes
interaction with adjacent LC3B (Fig. 6m and Supplementary
information, Fig. S8a). The overall structure of CCDC50-LIR-LC3B
resembles those of other LIR-LC3 complexes (Supplementary
information, Fig. S8b). CCDC50-LIR binds within a positively-
charged LC3B groove, and it forms two pairs of main chain
hydrogen bonds with the 32 of LC3B, forming a noncanonical
parallel B-strand extension pattern. Besides, positively-charged
lysine residue K30 of LC3B forms hydrogen bonds with D175 and
E177, and K51 side chain interacts with the carbonyl oxygen of
Q171, respectively (Fig. 6n). In addition to the polar interactions,
there are two hydrophobic pockets (HP1 & HP2) to hold P1 (W173)
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and P4 (A176) residues (Fig. 6m). W173 binds into the LC3B HP1
which is constituted by residues 123, K49, F52, 166 and F108
(Fig. 60) and A176 binds into the HP2 which is formed by F52, V54,
L63 and 166 (Fig. 6p). It is noticeable that alanine is rare in P4
position of LIR motif where it is usually L/I/V according to the
analysis of 42 LIR motifs.?® We noticed that the HP2 in our model is
much smaller compared with other LIR-LC3B complexes including
p62-LC3B (PDB: 2ZJD), PLEKHM1-LC3B (PDB: 3X0W) and RavZ-
LC3B (PDB: 5XAC) (Supplementary information, Fig. S8c-f). Super-
imposing these structures, we found that the HP2 capacity is
regulated by the position of F52 which itself is adjusted by the size
and rotamer of both LIR P2 and P4 residues (Fig. 6q and
Supplementary information, Fig. S8g-i). In our model, F52 shifts
inward to HP2 center so as to shrink the HP2 capacity to fit the
small side chain of A176 and synergistically leave enough room for
the big side chain of Y174. Our analysis suggests that LC3B-F52
may serve as a regulator to match different P2 and P4 residues in
LIRs and CCDC50 residues WYDA function as a non-classic LIR
motif. Thus, according to our functional experiments and crystal
structure, we identified a novel LIR motif. However, our attempts
to further resolve the structure of CCDC50-MIU"7°~"8¢ (ARKLQEEE)
in complex with LC3B were not successful because we could not
get the crystal of MIU-LC3B fusion protein.

Furthermore, we performed a gene association analysis with
CCDC50 in the database GTEx Portal,®® covering a cohort of
11,688 samples from 30 types of tissues. Gene-set enrichment
analysis (GSEA) revealed that the over-represented pathway in
CCDC50-associated genes was the autophagy pathway. This result
showed that CCDC50 expression is positively related to the
autophagy pathway (Fig. 6r). Collectively, these data provide
additional support for the finding that CCDC50 functions as a
novel cargo receptor related to the autophagy pathway and is
directly involved in autophagic degradation.

DISCUSSION

Innate immunity and autophagy are conserved biological
processes in vertebrates. Previous studies revealed a complicated
interplay between them, with autogahagy representing a double-
edged sword during viral infection.**? On one hand, autophagy
functions as an antiviral mechanism and can trap and subse-
quently eliminate viral components, while on the other hand,
autophagic processes can be hijacked by viruses to facilitate
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their infection and pathogenesis.>® Activation of PRRs in innate
immunity can elicit autophagy to enhance immune responses
against pathogens, and induced autophagy can also negatively
regulate PRR-induced signaling either for the benefit of the virus
or the host by preventing excessive immune responses and
inflammation.>* However, the mechanisms of the intricate inter-
play between autophagy and antiviral innate immunity are largely
unknown. In this study, we provide evidence that CCDC50-
mediated autophagy negatively regulates RLR-initiated IFN
responses during RNA Vvirus infection. CCDC50 is a previously
uncharacterized autophagic cargo receptor and its expression is
induced by viral infection. Thus, we provide a new link between
autophagy and antiviral innate immunity.

The specificity of selective autophagic degradation depends on
specialized cargo adaptors or receptors that bridge the cargo
substrates and lipidated protein LC3 in the autophagosome.*®
Several cargo receptors have been identified, among which p62 is
the most widely studied.>® Mechanistically, p62 uses the Ub-
associated (UBA) domain for recognition of the polyubiquitin
chain on the substrates and the LIR motif for association with the
LDS site on LC3. Recently, another class of cargo adaptors and
receptors were identified that use the UIM motif for binding with
the UDS site of LC3.2° In this work, we showed that CCDC50
harbours a non-canonical LIR sequence and two MIU motifs. The
canonical LIR core motif is an 8-aa sequence with the consensus
XaXoXiW/F/YX XoL/I/VXs  (where X is  preferentially an acidic
residue).”® The LIR motif in human CCDC50 is DQEWYDAE
(aa170-177), which is well conserved in different species (Fig. 6a).
Although the WYDA-LIR motif in human CCDC50 does not adhere
to the sequence of WXXL strictly, crystal structure of CCDC50-LIR-
LC3 complex clearly demonstrated the direct interaction at the
molecular level. It also showed Q171, D175 and E177 residues
interact with K51 and K30 of LC3B respectively. The MIU motif in
CCDC50 is similar to the inverted version of the UIM motif** and
may mediate protein interactions in a similar manner as the UIM
motif. We demonstrated that CCDC50 can associate with both LDS
and UDS sites of LC3 (Fig. 6¢). As mutation of either LIR or MIU did
not prevent the binding of CCDC50 with LC3 but less efficiently
than that of wild-type CCDC50 (Fig. 6e), it indicates that the LIR
and MIU can work independently in binding with LC3 and both
contribute to the binding. We assume that individual molecule of
CCDC50 bind with either LDS or UDS site of LC3 via either LIR or
MIU motif. Further biochemical studies showed CCDC50 adopted
the MIUT motif for binding with LC3B and the MIU2 motif for
recognition of the polyubiquitin chains. Thus, CCDC50 represents
a new type of cargo receptor with special binding property, which
is different from any previously known cargo receptors and
adaptors.

The PRRs of RLR family are responsible for recognition of
cytoplasmic viral RNA and signal the production of pro-
inflammatory cytokines and type | IFN to combat viral infection.
Post-translational modifications, such as phosphorylation, de-
phosphorylation, ubiquitination and de-ubiquitination, regulate
the RLR signaling pathway.>® The two key RLR members RIG-I and
MDAS5 were identified as the cargo substrates of CCDC50 in this
study. K63-linked ubiquitination at lysine 172 in the CARDS
domain is crucial for RIG-I activation®’*® and the binding of
unanchored K63-linked polyubiquitin chains to RIG- and MDA5
can also activate the downstream signaling pathway.*® While K48-
linked ubiquitination often leads to proteasome-mediated degra-
dation of the protein, K63-linked polyubiquitination is commonly
associated with signaling activation. In the current work, we
showed that CCDC50 can specifically recognize the K63-
polyubiquitinated RIG-I/MDA5 (Fig. 5a-f and Supplementary
information, Fig. S6éa-e) and deliver it to the autophagosome for
degradation, thus turning the active signal into a negative signal.
In the previous study, LRRC25 was reported to function as a co-
receptor to bind to ISG15-associated RIG-I and promote the
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interaction between RIG-I and the autophagic cargo receptor p62,
which was dependent of ISGylation but not K63-linked poly-
ubiquitination of RIG-.'® We found that knockdown of LRRC25
hardly affected CCDC50-mediated RIG-I degradation (Supplemen-
tary information, Fig. S7m), suggesting that CCDC50 functions
independently of LRRC25. Although CCDC50 and p62 could
function independently, double KO of CCDC50 and p62 robustly
increased the protein level of RIG-I/MDA5 (Supplementary
information Fig. S7i and S7k). For the clearance of same substrates,
different cargo receptors can interact and form oligomers,
but they can also function independently, suggesting that
the existence of redundant adaptor proteins may promote the
clearance of substrates, as shown by autophagosomal clearance of
ubiquitinated aggregates by NBR1 and p62.*°*' Therefore, it is
likely that CCDC50-p62 interaction may have co-operative and
synergetic effect. As the expression of CCDC50 is inducible and
has the similar expression pattern to that of RIG-I during viral
infection (Fig. 4d), p62 may play a role in the basal autophagy of
RIG-I while CCDC50 may play a major role when RIG-I/MDA5
pathway is over-activated.

Type | IFN responses and innate immunity are crucial to resolve
viral infection at the early stage. Therefore, IFN signaling responds
to viral infection rapidly and mediates the expression of a large set
of IFN-stimulated genes, leading to the establishment of an
antiviral state.*? However, prolonged and excessive activation may
have adverse impact to the host,** and therefore, timely tuning
PRR-initiated IFN signaling is necessary when the elevated innate
immune response turns to an unnecessary systemic burden.
CCDC50 expression is induced by RNA viral infection, in the same
trend to that of activated MDAS5 and RIG-I (Fig. 4d), indicating that
CCDC50 may play a potential role in monitoring the activation of
MDA5 and RIG-l. Through autophagic degradation of activated
RIG-I/MDAS5, CCDC50 suppresses over-activation of IFN responses
to maintain immune homeostasis and avoid damage to the host
(Fig. 7).

As IFN signaling and autophagic processes play crucial roles in
the pathogenesis of viral infection and autoinflammatory
diseases including SLE, our finding that CCDC50 negatively
regulates IFN responses via autophagy may have profound
biological and clinical implications. First, this work provides a
new insight into the regulation of RLR-mediated IFN signaling
and the interplay between autophagy and antiviral innate
immunity. Second, as the autophagic cargo receptor identified
in this work, CCDC50 may target more protein substrates
besides RIG-I and MDA5, which will broaden the knowledge of
the regulatory roles of CCDC50 in different functions. Third,
given the inducible expression of CCDC50 upon viral infection,
the dysregulation of CCDC50 expression may lead to unfavor-
able conditions or disease. Indeed, we found that decreased
expression of CCDC50 is correlated with high activity of type |
IFN pathways in systemic lupus erythematosus (SLE) and the
expression of CCDC50 is negatively correlated to SLE disease
activity (our unpublished results). Fourth, the elevated expres-
sion of CCDC50 plays a pro-survival role in chronic lymphocytic
leukaemia and mantle cell lymphoma'’ and hepatocellular
carcinoma.'® Therefore, CCDC50 or CCDC50-mediated autop-
hagy may become a potential drug target for the development
of new treatments for different tumours. In summary, current
findings pave a new avenue for revealing molecular mechan-
isms of the crosstalks between autophagy and antiviral innate
immunity, in particular the negative regulation of IFN responses
during viral infection and other diseases.

MATERIALS AND METHODS

Genome-wide CRISPR/Cas9 library screening

First, we constructed a lentiviral vector encoding a fluorescence
reporter (EGFP, enhanced green fluorescent protein) driven by the
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Fig. 7 The proposed working model of CCDC50 in the regulation between the crosstalk of autophagy and antiviral innate immune
response. Upon viral infection, the RLR sensors undergo conformational change after binding with viral RNA and hence expose the CARD
domain. K63-linked polyubiquitination in CARDs facilitates RLR-mediated activation of type | IFN expression. Concurrently, CCDC50 expression
is induced by viral infection and it can recognize K63-polyubiquitinated RLRs and bind with LC3 on autophagosomes, thus delivering the
activated RLRs to autophagosomes for degradation. This model suggests that CCDC50 functions as a novel autophagic cargo receptor and is a
natural “decelerator” that controls the level of IFN responses into a non-harmful scope, which is essential for maintaining the immune

homeostasis and avoiding damage to the host.

IFN-B promoter. Then, the reporter system was stably integrated
into A549 cells. The stable clones were selected with blasticidin
and the capacity of EGFP induction of the clones were examined
by the infection of SeV. The clone with high homogeneity was
chosen as the IFN-B-EGFP reporter cell line. The loss-of-function
screen of the CRISPR library was performed as described
previously.44 Briefly, the GeCKO library (#1000000048, Addgene)
was amplified in Stbl3 bacteria and packaged into lentivirus in
HEK293T cells. The reporter cells were transduced with lentivirus
carrying the GeCKO library for 4 h, and the medium was replaced
with fresh medium. Forty-eight hours post transduction, the cells
were selected for 7 days with the treatment of puromycin. The
GeCKO library-containing reporter cells were infected with SeV for
10h and then subjected to flow cytometry sorting. Cells with
drastically either enhanced or decreased fluorescence intensities
of EGFP were collected for genomic DNA extraction. CRISPR library
guides were amplified by PCR and then deep sequenced. After
alignment, the differentially expressed sgRNAs were calculated
and the corresponding genes are ranked. The deep sequencing
data are deposited into GEO databases and the accession number
is: GSE143467.

Gene association analysis

We downloaded the RNA-seq raw count data from the GTEx
Portal29 (v7, https://gtexportal.org/home/datasets). As a result, we
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obtained a cohort of 11,688 samples from 30 tissues, including
blood, brain, kidney, etc. The gene read counts were normalized
by edgeR* to obtain the counts per million (CPM) values with
respect to the different tissue sources. The CPM values were log-
transformed. We constructed a list of correlation-based ranked
gene analysis (Pearson correlations between CCDC50 and other
genes) and used the list as the input for the pre-ranked GSEA
analysis.*® The GSEA analysis was conducted and visualized by the
cluster Profiler package enrichment module in the cluster Profiler
package.”” The definitions of GO terms were downloaded
from MSigDB collections (c5.all.v6.2.symbols.gmt, http://software.
broadinstitute.org/gsea/downloads.jsp).

CCDC50-KO mice

Cedc50™™ mice (TO00616) containing the loxP sequence flanking
the second and third exons of CCDC50 gene were obtained from
Nanjing Biomedical Research Institute of Nanjing University. Cre-
ER mice (B6.129-Gt- (ROSA) 265or™ "/ERT2TY)) \yere kindly gifted
by Dr. Bo Zhong (Wuhan University). To generate tamoxifen-
induced conditional CCDC50-deficient mice, Ccdc50"™ mice were
crossed with Cre-ER mice. The genotyping PCR primers are listed
in Supplementary information, Table S3. We used 6-8-week-old
Ccdc50"Cre-ER mice and Cedc50™ littermates for in vivo studies.
All mice were maintained in a specific pathogen-free animal
facility at Wuhan University or Sun Yat-sen University. All animal
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experiments were supervised by the Institutional Animal Care and
Use Committee of Wuhan University and Sun Yat-sen University.

Cells

CCDC50-deficient HEK293 cells and A549 cells were generated by
using the CRISPR/Cas9 system with single short guide RNAs
(sgRNAs) targeting specific sequences in the CCDC50 genome
(GAACGTTCAGCGGAACCGTT and ATTTGGCATCGAACGTTCAG).
The sgRNAs were synthesized and constructed as described
previously.”® Primer sequences are listed in Supplementary
information, Table S2. Bone marrow-derived macrophages
(BMDMs) and bone marrow-derived dendritic cells (BMDCs) were
isolated from the tibia and femur of wild-type or mutant 8-week-
old C57BL/6 mice and were cultured for 7 days in complete DMEM
containing M-CSF1 (50 ng/mL; Peprotech) and GM-CSF (50 ng/mL;
Peprotech) cytokines, respectively. p62~/~ MEFs and p62~'~
Atg7 '~ MEFs were kindly provided by Dr. Hong Peng (Sun Yat-
Sen University). p62- and BECN1-deficient HEK293T cells were
gifted by Dr. Jun Cui (Sun Yat-Sen University). Human HEK293,
HEK293T and Hela cells were maintained in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin. THP-1 cells were
cultured in RPMI 1640 supplemented with 10% FBS and 1%
penicillin/streptomycin as well as 0.1% 2-mercaptoethanol. Mouse
RAW264.7, L929 and MEF cells were maintained in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin.

Reagents and virus

Poly(I:C), LPS (Escherichia coli O111:B4) and R848 were purchased
from Invivogen and used at a final concentration of 10 pug/mL
each. The anti-Flag M2 affinity gel and anti-HA affinity gel were
purchased from Sigma-Aldrich. Recombinant murine M-CSF1, IFN-
y and IFN-B and human IFN-y and IFN-3 cytokines were purchased
from Peprotech. NH,Cl, 3-MA, MG132, bafilomycin A1 and
chloroquine were purchased from Sigma. Cycloheximide was
purchased from Merck. SeV, VSV-GFP, VSV wildtype and HSV-1
were used as described.”® EMCV was kindly provided by
Dr. Bo Zhong.

Plasmid construction and transfection

The full-length CCDC50 sequence was amplified from THP-1
cDNA and then cloned into PCAGGS and PRK5 vectors. The
truncations and site-directed mutants were constructed follow-
ing the protocol of mutagenesis kit (Takara). All constructs were
verified by DNA sequencing. The PCR primers are shown in
Supplementary information, Table S2. Myc-p62 and GFP-LC3
plasmids were provided by Dr. Hong Peng (Sun Yat-Sen
University). All the other plasmids used in this research were
described previously.*® Transient transfection of plasmids into
HEK293 cells was performed by standard calcium-phosphate
precipitation and polyethylenimine HCl MAX (PEI, Polysciences).
For Hela cell, Lipofectamine 2000 (Invitrogen) was used for
transfection. For siRNA duplex, RNAIMAX (Invitrogen) was used.
The siRNA sequence targeting human CCDC50 were CACCATTC
TAAGAATGAA and CCGTTTGGTCCAGCATGAT, and for mouse
CCDC50, they are CAAGATTGACAGGCCATCA, GGCATCTTCCA
AAGTCAGA and CAGAAAGGCTTCCATAACA.

Lentivirus-mediated gene KO and gene transfer

HEK293T cells were seeded in 100 mm dishes and transfected
with lentiCRISPR-CCDC50-sgRNA1, lentiCRISPR-CCDC50-sgRNA2,
phage-GFP, phage-HA-CCDC50, or negative control empty vector
along with the packaging plasmids pMD2.G and psPAX2 using
PEI transfection reagent. The medium was changed 6h after
transfection. 72 h post transfection, cell supernatants containing
lentivirus were collected and passed through a 0.45pum filter.
A549, HEK293 or L929 cells were introduced with lentivirus for 4 h.
Forty eight hours after introduction, the cells were selected with
puromycin for 4-7 days.
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Quantitative RT-PCR

Total RNA was extracted with TRIzol reagent (Invitrogen). A reverse
transcription system (Promega) was used to synthesize cDNA.
PowerUp SYBR Green PCR Master Mix (Invitrogen) and ABI Q5
Detection System were used for qRT-PCR. The mRNA results were
normalized to GAPDH expression. Primers for qRT-PCR are listed in
Supplementary information, Table S1.

Dual-luciferase reporter assay

HEK293, A549 or Hela cells were seeded in 24-well plates and
then transfected with IFN-B-luc, PRDI-lll-luc or NF-kB-luc, CCDC50
or its mutant plasmids or empty control vector, together with
Renilla luciferase as a control. Twenty-four hours after transfection,
the cells were stimulated with SeV, VSV or recombinant human
IFN-y for another 8h, 12h or 10 h, respectively. The cells were
lysed with passive lysis buffer and subjected to measurements of
dual-luciferase activity with Luciferase Reporter Assay System
(Promega). The lysates left were collected for western blot
analysis.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, the cells were collected and lysed in NP-40
lysis buffer containing 20 mM Tris-HCl, pH 8.0, 150 mM Nadl, 1.0%
(v/v) NP-40, 10.0% (v/v) glycerol, 2 mM EDTA, pH 8.0 and protease
inhibitor cocktail (Roche) for 30 min. The lysate was centrifuged,
and the supernatants were incubated with anti-Flag M2 affinity gel
or anti-HA affinity gel for 4 h at 4°C with pre-cooled rotors. The
resin was washed five times and eluted in 2x SDS PAGE sample
buffer. The sample was boiled and loaded on SDS-PAGE. For
ubiquitination analysis, cell lysates were boiled for 10 min at 95 °C
with 1% SDS and then diluted to 10 volumes lysis buffer before
incubation with affinity gel. For immunoblot analysis, whole-cell
extracts were collected and lysed in RIPA lysis buffer containing
50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1.0% (v/v) Triton X-100, 1.0%
sodium deoxycholate and 0.1% SDS. The lysates were subjected to
SDS-PAGE, transferred onto PVDF membranes and then blotted
with indicated antibodies. Detailed information about the
antibodies used is listed in Supplementary information, Table S4.

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)
Thirty hours post transfection, HEK293 cells were collected
and lysed in Triton X-100 lysis buffer (0.5% Triton X-100, 50 mM
Tris-HCI, 150 mM NaCl, 10% glycerol, 2 mM PMSF and 1% protease
inhibitor cocktail). After centrifugation, the supernatant was mixed
with 2x loading buffer (1x TBE buffer, 4% SDS and 10% glycerol).
The samples were loaded into horizontal 1.5% agarose gel made
with 1x TBE with 0.1% SDS. After gel electrophoresis at 80V for
approximately 3 h at 4 °C, the proteins were transferred to PVDF
membranes for normal immunoblotting.

Immunofluorescence labeling and confocal microscopy

HelLa or MEF cells were seeded in glass coverslips. After transfection
or stimulation, the cells were fixed with 4% paraformaldehyde for
30 min, permeabilized for 15min with 02% Triton X-100 and
blocked for 30 min with 1% bovine serum albumin (BSA) in PBS. The
coverslips were incubated with the indicated primary antibodies
followed by fluorescent-dye-conjugated secondary antibodies.
Nuclei were stained with DAPI (Invitrogen). Fluorescence in cells
was visualized with a Carl Zeiss laser-scanning confocal microscope
under a 63x oil-immersion objective. Detailed information about the
antibodies used is listed in Supplementary information, Table S4.

ELISA

The production and secretion of human IFN-f3 in cell supernatants
was measured with a human IFN-$ ELISA kit (R&D Systems). The
mouse IFN-B and IL-6 ELISA kits were from BioLegend and were
used for detection of proteins in mouse cell supernatants and
mouse serum.
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Flow cytometry

Spleens and thymus from 8-week-old Ccdc50"™ and Cedc50™Cre-
ER mice were isolated and ground into a cell suspension. The cell
number was counted and calculated. Splenic cells were stained
with the indicated fluorescently labeled antibodies and subjected
to flow cytometry analysis. The antibodies used are listed in
Supplementary information, Table S4.

Lung histology

Eight-week-old Ccdc50" and Cedc50""Cre-ER mice were infected
with VSV (6 x 107 PFU per mouse or 4 x 108 PFU per mouse) or PBS
by intravenous injection. Lungs from PBS-treated or virus-infected
mice were collected and fixed in 4% phosphate-buffered formalin.
The tissue samples were paraffin embedded, stained with
haematoxylin and eosin solution, and then subjected to histolo-
gical analysis by light microscopy.

VSV plaque assay

A VSV plaque assay was performed as previously described.*’
Briefly, after infection, supernatants or sera containing virus were
collected and diluted to infect Vero cells plated on 24-well plates
at 90% confluence. 2h post infection, the supernatants were
removed, the cells were washed several times with PBS, and
methylcellulose was added. 48 h later, the cells were stained with
crystal violet (0.2%). Plaques (pfu/mL) were counted.

GST pull-down

pET-30a-His-CCDC50, pGEX4T-1-GST or pGEX4T-1-GST-LC3B was
transformed and expressed in E. coli BL21 (DE3). Recombinant
purified GST or GST-LC3B and glutathione sepharose (GE Healthcare)
were incubated for 2 h at 4°C in binding buffer (PBS with 150 mM
NaCl and 1% protease inhibitor cocktail). The glutathione sepharose
mixture was collected and washed three times with washing buffer
(PBS with 1% Triton X-100). Purified His-CCDC50 was added to the
glutathione sepharose mixture and incubated for another 2 h in
binding buffer at 4°C. The glutathione sepharose beads were
collected, washed three times with washing buffer, and mixed with
2% SDS loading buffer.

X-ray crystallography

A chimeric protein fused by PreScission Protease site,
CCDC50"7°'78 and LC3B* "% was cloned into the pRSFDeutl
vector and expressed in E. coli BL21 DE3. Protein was purified by
nickel affinity column, digested by PreScission Protease to remove
the His-tag and further purified by anion exchange chromato-
graphy (Hitrap Q, GE healthcare). Crystallization was performed
with hanging vapor-diffusion method at 20°C. CCDC50'7%"'78 -
LC3B2"'?* crystal was obtained from the condition of 20% (v/v) 2-
Propanol, 0.1 M sodium citrate tribasic dihydrate pH 5.6, 15%~20%
(w/v) PEG 2000 MME with protein concentration at 30~40 mg/mL.
Diffraction data was collected at the National Facility for Protein
Science Shanghai (NFPS) BL-18U beamline. The data was indexed
and scaled with HKL3000.° The initial phase was obtained by the
molecular replacement method by Phaser,®’ using the structure of
Atg13-LIR-LC3B*>'"? as a search model (PDB code: 3WAQ). The
final model was built by alternative round of COOT>? and Phenix.
refine®® The structure refinement statistics are shown in
Supplementary information, Table S5. The structural figures were
generated with PyMOL Molecular Graphics System, Version 1.8.x
Schrodinger, LLC. The atomic coordinates of CCDC50'7%7'78 -
LC3B?'® has been deposited to the Protein Data Bank with the
accession number: 6LAN.

Statistical analysis

All experiments were repeated at least two times, and the data are
shown as the mean = SEM. Statistical significance between
different groups was calculated by two-tailed unpaired Student’s
t-test or two-way ANOVA test. For the survival curve of mice,
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log-rank (Mantel-Cox) test was used for the comparison. P value <
0.05 was considered to be significant. Data were analyzed with
GraphPad Prism 7.0 Software.
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