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SARS-CoV-2 NSP13 Inhibits Type I IFN Production by
Degradation of TBK1 via p62-Dependent Selective Autophagy

Chao Sui,*,1 Tongyang Xiao,†,‡,1 Shengyuan Zhang,†,‡ Hongxiang Zeng,†,‡ Yi Zheng,*
Bingyu Liu,* Gang Xu,†,‡ Chengjiang Gao,* and Zheng Zhang†,‡,§,{

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), has
seriously threatened global public health. Severe COVID-19 has been reported to be associated with an impaired IFN response.
However, the mechanisms of how SARS-CoV-2 antagonizes the host IFN response are poorly understood. In this study, we report
that SARS-CoV-2 helicase NSP13 inhibits type I IFN production by directly targeting TANK-binding kinase 1 (TBK1) for
degradation. Interestingly, inhibition of autophagy by genetic knockout of Beclin1 or pharmacological inhibition can rescue
NSP13-mediated TBK1 degradation in HEK-293T cells. Subsequent studies revealed that NSP13 recruits TBK1 to p62, and the
absence of p62 can also inhibit TBK1 degradation in HEK-293T and HeLa cells. Finally, TBK1 and p62 degradation and p62
aggregation were observed during SARS-CoV-2 infection in HeLa-ACE2 and Calu3 cells. Overall, our study shows that NSP13
inhibits type I IFN production by recruiting TBK1 to p62 for autophagic degradation, enabling it to evade the host innate immune
response, which provides new insights into the transmission and pathogenesis of SARS-CoV-2 infection. The Journal of
Immunology, 2022, 208: 753�761.

The coronavirus disease 2019 (COVID-19) outbreak caused
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is raging across the world. SARS-CoV-2 is an

enveloped, positive-sense, single-stranded RNA virus of the Corona-
viridae family. Similar to other coronaviruses, SARS-CoV-2 con-
tains a 29.7-kb genome, encoding a large polyprotein that is cleaved
into 16 nonstructural proteins (NSP1�NSP16) by papain-like prote-
ase (NSP3) and 3C-like protease (NSP5), 4 structural proteins (S, E,
M, and N), and 9 accessory proteins (3a, 3b, 6, 7a, 7b, 8, 9b, 9c,
and 10) (1, 2). Most patients infected with SARS-CoV-2 are asymp-
tomatic or have a mild syndrome, but some deteriorate to become
severe cases or even die. Viremia and the impaired type I IFN
(IFN-I) response have been reported to be associated with severe ill-
ness (3�5).
IFN is the first line of host defense against virus infection and is

generally initiated by the recognition of pathogen-associated molec-
ular patterns (6, 7). During SARS-CoV-2 infection, viral RNA is
recognized by retinoic acid�inducible gene I (RIG-I)/melanoma dif-
ferentiation gene 5 (MDA5) and activates the downstream

MAVS/TANK-binding kinase 1 (TBK1)/IFN regulatory factor
(IRF3) axis, initiating the expression of IFN-I (8�10). However,
coronaviruses have evolved to develop multiple strategies to antago-
nize the host innate immune response. A number of SARS-CoV-2
proteins have been recently reported to antagonize the IFN-I response,
such as papain-like protease (NSP3) (11, 12), 3C-like protease
(NSP5) (11), ORF6 (13, 14), M protein (15), NSP1 (16), and N
protein (17). Some of them directly interact with proteins associated
with the IFN pathway to inhibit IFN production or the downstream
JAK-STAT activation, but some are indirect. Autophagy hijacked by
virus to degrade host proteins is another strategy to evade host immu-
nity (18). The stability of adaptor proteins in the IFN-I signaling path-
way can also be regulated by selective autophagy through cargo
receptors, such as sequestosome 1 (SQSTM1/p62), CALCOCO2/
NDP52, OPTN, and NBR1 (19�22).
In this study, we report a novel mechanism of how SARS-CoV-2

evades the host innate immune response through degradation of
TBK1 on p62-dependent selective autophagy. SARS-CoV-2 NSP13
inhibits activity of the IFN-I pathway through forming a complex
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with TBK1 and p62. Overexpression of NSP13 or SARS-CoV-2
infection can induce p62 aggregation and then recruits TBK1 to the
p62 complex. Our work reveals the potential of SARS-CoV-2 evad-
ing host antiviral immune responses and facilitating viral replication,
providing insights into the prevention and treatment of COVID-19.

Materials and Methods
Reagents

Poly(I:C), carbobenzoxy-Leu-Leu-leucinal (MG132; C2211), chloroquine
(CQ; C6628), and 3-methyladenine (3-MA; M9281) were purchased from
Sigma-Aldrich and used at a final concentration of 1 mg/ml, 10 mM, 10 mM,
and 10 mM, respectively. Bafilomycin A1 (Baf A1; tlrl-baf1) was purchased
from InvivoGen and used at a final concentration of 1 mM. NSP13 inhibitors
myricetin (HY-15097, MCE), bismuth (HY-B0796, MCE), scutellarein (HY-
N0752, MCE), and SSYA10001 (HY-113794, MCE) were used at a final
concentration of 10 mM. The Abs specific for TBK1 (38066), phospho-
TBK1 (5483), and phospho-IRF3 (37829) were purchased from Cell Signal-
ing Technology, and Abs specific for IRF3 were purchased from Invitrogen
(39-2700). p62 (P0067) was from Sigma-Aldrich, STREP (A00875-40) was
from GenScript, and hemagglutinin (HA, HT301-01), MYC (HT101-01),
FLAG (HT201-01), ACTIN (HC201-01), and GAPDH (HC301-01) were
from Transgen. The Abs specific for nucleoprotein of the SARS-CoV-2 were
purchased from SinoBiological (40588-T62).

Cell culture

HEK-293T, HeLa, and HeLa-ACE2 cells were routinely cultured at 37◦C
with 5% CO2 in DMEM (Life Technologies, 11965092) supplemented with
10% FBS (Life Technologies, 16140071) and 1% penicillin-streptomycin.
Calu3 cells were cultured at 37◦C with 5% CO2 in MEM (Life Technologies,
11095080) supplemented with 20% FBS (Life Technologies, 16140071) and
1% penicillin-streptomycin. The p62 knockout (KO) HEK-293T cells and
Beclin1 KO HEK-293T cells were generated by the CRISPR-Cas9 gene-
editing system.

Virus and infection

Sendai virus was purchased from the China Center for Type Culture Collec-
tion (Wuhan University, China). Vesicular stomatitis virus (VSV) was pro-
vided by Prof. H. Meng (Institute of Basic Medicine, Shandong Academy of
Medical Sciences, China). For VSV and Sendai virus infection, HEK-293T
cells were infected with virus at a multiplicity of infection (MOI) of 1 at
indicated time points.

All studies involving SARS-CoV-2 infection were conducted in the bio-
safety level-3 laboratory of Shenzhen Third People’s Hospital. The SARS-
CoV-2 SZTH-003 was isolated from samples of a COVID-19 patient using
Vero-E6 cells. The genomic sequence of SZTH-003 has been deposited in the
Global Initiative of Sharing All Influenza Data (EPI_ISL_406594). Titration of
SARS-CoV-2 was performed on Vero-E6 cells by a plaque assay. SARS-
CoV-2 stocks used in this study had undergone four passages on Vero-E6 cells
and were stored at −80◦C. Calu3 or HeLa-ACE2 cells were infected with
virus at an MOI of 1 at the indicated time points. After adsorption for 1 h at
37◦C, the cells were washed with PBS and cultured in normal media.

Confocal microscopy

HeLa, HeLa-ACE2, or Calu3 cells were cultured on coverslips and infected
with SARS-CoV-2 for 24 h, then washed with PBS (Takara, T900) and fixed
in 4% paraformaldehyde for 30 min at room temperature. After washing
with PBS, cells were permeabilized with 0.5% Triton X-100 (Sangon Bio-
tech, A110694) in PBS at room temperature for 20 min, and then washed
with PBS again. The cells were blocked with 5% BSA (Beyotime, ST025)
for 1 h followed by incubation with the appropriate primary Ab at 4◦C over-
night. On the next day, the cells were incubated with fluorescent-labeled sec-
ondary Abs. Nuclei were stained with DAPI (Beyotime, C1102). Following
staining, the stained cells were examined under a Leica DMi8 laser confocal
microscopy (Leica Microsystems). Pearson’s correlation coefficient for
colocalization was analyzed by a colocalization finder plugin of ImageJ.

Quantitative real-time PCR

RNA was isolated from the indicated cells by using TRIzol reagent (Invitro-
gen, 15596018), and a fifth volume of chloroform was added to the lysate
and shaken violently for 15 s before centrifugation at 12,000 × g at 4◦C for
15 min. An equal volume of precooled isopropyl alcohol was added and
mixed upside down after careful absorption of the upper aqueous phase into
a new centrifuge tube. Then, it was left for 10 min at 4◦C and centrifuged at
12,000 × g at 4◦C for 10 min. The supernatant was removed, and 1 ml of

75% ethanol was added. The samples were centrifuged at 12,000 × g at 4◦C
for 5 min, with its supernatant being discarded. An appropriate amount of
RNase-free double-distilled H2O was added to dissolve the RNA.

Total RNA was then reverse transcribed with a quantitative reverse tran-
scription kit (Takara, RR047A). Quantitative real-time PCR was carried out
in triplicate using SYBR Green (Vazyme, Q311) according to the man-
ufacturer’s instructions, and fold changes were calculated with the 2−DDCt

method, where DCt is the difference between the amplification fluorescence
threshold of the mRNA of interest and the mRNA of gapdh used as the inter-
nal reference. Primers for IFN-b were 59-CAGCAATTTTCAGTGTCA-
GAAGC-39 (forward) and 59-TCATCCTGTCCTTGAGGCAGT-39 (reverse),
and for gapdh were 59-ACAACTTTGGTATCGTGGAAGG-39 (forward) and
59-GCCATCACGCCACAGTTTC-39 (reverse).

Immunoprecipitation and immunoblotting

For immunoblotting, whole-cell lysates were prepared by lysing the cells for
15 min at 4◦C in 2× SDS loading buffer [100 mM Tris-HCl (pH 6.8), 200
mM DTT, 4% SDS, 0.2% bromophenol blue, 20% glycerol]. For immuno-
precipitation, whole-cell lysates were prepared by lysing the cells for 30 min
at 4◦C in Nonidet P-40 buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
10% glycerol, 0.5% Nonidet P-40, 1 mM NaF] containing 1 mM PMSF
(Solarbio Life Sciences) and a protease inhibitor mixture (Sigma, P8340).
Lysates were centrifuged at 12,000 × g for 10 min at 4◦C. Immunoprecipita-
tion was performed using mouse anti-FLAG, anti-MYC, or anti-HA Abs
with protein A/G agarose beads (Thermo Scientific, 22852).

Western blotting of the cell lysates and immunoprecipitates was per-
formed using mouse anti-FLAG, anti-HA, anti-MYC, anti-STREP, and other
Abs as indicated. Immunoblot analysis was also performed on equal amounts
of proteins, and signals were developed with the SuperSignal West Pico
PLUS chemiluminescent substrate (Thermo Scientific, 34580).

Luciferase reporter assay

For the IRF3 or IFN-stimulated regulatory element luciferase reporter assay,
the cells were transfected with plasmids encoding the IRF3 or IFN-stimu-
lated regulatory element luciferase reporter gene and indicated plasmids in
96-well plates. After 24 h of transfection, the cells were collected and lysed.
Luciferase activity was measured with the Bright-Glo luciferase assay system
(Promega, E2620) according to the manufacturer’s protocols. Briefly, 100 ml
of reagent was added to cells grown in 100 ml of medium, and luminescence
was measured after the completion of cell lysis.

For the IFN-b luciferase reporter assay, the cells were transfected with
IFN-b luciferase reporter plasmid and the indicated plasmids, and luciferase
activity was measured with the Dual-Luciferase reporter assay system (Prom-
ega, E2620) according to the manufacturer’s protocols. Data were normalized
by the ratio of firefly to Renilla luciferase activity.

Statistical analysis

Statistically significant differences between groups and treatments were deter-
mined by one-way ANOVA, and those between groups were determined by
the Tukey multiple comparison test or Student t test using GraphPad Prism
8.3 software. A p value <0.05 was considered statistically significant.

Results
SARS-CoV-2 NSP13 inhibits expression of IFN-I

Previous screening showed that SARS-CoV-2 NSP13 significantly
inhibited the poly(I:C)-induced IFN production (13). To further con-
firm the data, HEK-293T cells were transfected with NSP13 or
empty vector for 24 h, then infected with VSV at the designated time
points. The mRNA level of IFN-b was quantified by quantitative
real-time PCR. While VSV infection could induce strong IFN-b
expression, a significant reduction of IFN-b had been observed in the
presence of NSP13 (Fig. 1A). To further study the antagonistic effect
of SARS-CoV-2 NSP13 on IFN-I, activation of the IFN-b promoter
induced by RIG-I, MDA5, MAVS, TBK1, and IRF3 was detected in
HEK-293T cells transfected with NSP13 expressing plasmid or empty
vector. The results showed that the IFN-b luciferase reporter activity
was significantly suppressed by NSP13 in HEK-293T cells with
RIG-I, MDA5, MAVS, or TBK1 expression, but it was not affected
in HEK-293T cells with IRF3 expression (Fig. 1B). Furthermore,
the expression of NSP13 impaired IRF3 luciferase reporter and inter-
nal ribosome entry site (IRSE) promoter activity induced by TBK1 in
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a dose-dependent manner (Fig. 1C, 1D). These results suggest that
NSP13 can inhibit the production of IFN induced by viral infection
and act upstream of IRF3.

SARS-CoV-2 NSP13 interacts with TBK1

A previous study on the SARS-CoV-2�host interaction suggested a
possible interaction between NSP13 and TBK1 (23), which is an
important kinase for regulation of IFN generation. To confirm the
interaction of TBK1 and NSP13, FLAG-NSP13 and HA-TBK1
were cotransfected into HEK-293T cells, and the TBK1 complex
was pulled down by immunoprecipitation with anti-HA Ab. FLAG-
NSP13 was detected in TBK1 immunoprecipitates (Fig. 2A), and
HA-TBK1 could also be detected in FLAG-NSP13 immunoprecipi-
tates (Fig. 2B). In addition, the colocalization of NSP13 and TBK1
was also observed in HeLa cells cotransfected with FLAG-NSP13
and HA-TBK1 (Fig. 2C�E, Supplemental Fig. 1). These data show

that SARS-CoV-2 NSP13 interacts with TBK1, the key kinase that
regulates the IFN signaling pathway.

SARS-CoV-2 NSP13 promotes autophagic degradation of TBK1

To explore the mechanism of NSP13 inhibiting IFN-I production,
we detected the phosphorylation of TBK1 and IRF3 in vector- or
NSP13-transfected HEK-293T cells infected with VSV. The immu-
noblot results showed that the phosphorylation of endogenous
TBK1 and IRF3 was induced by VSV infection in cells transfected
with empty vector, but it was significantly impaired by the presence
of NSP13 (Fig. 3A). Unexpectedly, the total TBK1 decreased in
HEK-293T cells with overexpression of NSP13 with or without VSV
infection, whereas the level of IRF3 was not impaired (Fig. 3A). In
NSP13 and TBK1 cotransfected HEK-293T cells, the level of TBK1
was also decreased (Fig. 3B). The overexpression TBK1 has strong
autophosphorylation and can phosphorylate IRF3, but phosphoryla-
tion of both TBK1 and IRF3 was found to be diminished by NSP13

FIGURE 1. SARS-CoV-2 NSP13 inhibits IFN production. (A) HEK-293T cells transfected with NSP13 or empty vector were infected with VSV at the desig-
nated time points. Quantitative real-time PCR was performed to measure the mRNA level of IFN-b. Whole-cell lysates were immunoblotted with anti-FLAG and
anti-ACTIN (n 5 3 independent experiments). (B) Luciferase assay of HEK-293T cells transfected with the IFN-b reporter plasmids together with MYC-tagged
RIG-I, MDA5, MAVS, TBK1, or IRF3 with or without the NSP13 expression plasmid. The immunoblot was analyzed with anti-FLAG, anti-MYC, or anti-ACTIN
Ab (n 5 3 independent experiments). IFN-b Luc, IFN-b luciferase reporter. (C) The IRF3 luciferase reporter assay was evaluated in HEK-293T cells cotransfected
with TBK1, IRF3 reporter plasmids, and different doses of NSP13 (0, 0.025, 0.05, 0.10, and 0.125 mg, respectively). The immunoblot was analyzed with anti-
FLAG or anti-ACTIN Ab (n 5 3 independent experiments). (D) The promoter activity of IRSE was evaluated in HEK-293T cells cotransfected with TBK1, IRSE
luciferase reporter plasmids, and different doses of NSP13 (0, 0.025, 0.05, 0.10, and 0.125 mg, respectively). The immunoblot was analyzed with anti-FLAG or anti-
ACTIN Ab (n 5 3 independent experiments). All quantitative real-time PCR data are normalized to the gapdh gene. The control group is used as a reference. The
error bars represent the SD, and differences between the experimental and control groups were determined by one-way ANOVA (*p < 0.05, **p < 0.01).
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(Fig. 3B). We also tested the effects of NSP13 on other critical
adaptors in the IFN-I pathway and found that the levels of RIG-I,
MDA5, MAVS, and IRF3 were not decreased upon NSP13 overex-
pression (Supplemental Fig. 2). These data suggest that NSP13 spe-
cificity reduces TBK1 protein level, thus destroying the TBK1/IRF3
axis and reducing IFN transcription.
The control of protein degradation in eukaryotic cells relies on two

major systems including the ubiquitin�proteasome pathway and the
autophagy�lysosome pathway (24). We then wondered which path-
way contributed to SARS-CoV-2 NSP13-mediated TBK1 degrada-
tion. HEK-293T cells were cotransfected with FLAG-NSP13 and
HA-TBK1 plasmids and then treated with autophagy inhibitor or pro-
teasome inhibitor. Immunoblot analysis revealed that degradation of
TBK1 was rescued by autophagy inhibitors 3-MA, CQ, and BafA1
rather than the proteasome inhibitor MG132 (Fig. 3C). To further
assess the importance of autophagy in this process, NSP13 and
TBK1 were cotransfected into Beclin1 KO HEK-293T cells and
wild-type (WT) HEK-293T cells. The TBK1 degradation induced by
NSP13 was in a dose-dependent manner in WT HEK-293T cells, but
it was completely abolished in Beclin1 KO cells (Fig. 3D). These
data indicate that NSP13-mediated TBK1 degradation is dependent
on autophagy but not proteasome.
Surprisingly, LC3II/LC3I did not increase in NSP13-overexpressing

cells (Fig. 3B), and NSP13 also did not interact with the autophagy
regulator VSP34 complex (Vps34, Beclin1, and Uvrag) (Supplemental
Fig. 3A). However, the colocalization of TBK1 with LC3 was
increased in NSP13-expressed HeLa cells (Supplemental Fig. 3B, 3C).

These data suggest that the NSP13 does not directly induce autophagy
but promotes TBK1 recruitment into autophagosome.
To further confirm that NSP13 inhibits IFN production depending

on autophagic degradation of TBK1, Beclin1 KO HEK-293T cells
were transfected with NSP13 or vector and then infected with VSV
at the indicated time points. The mRNA level of IFN-b induced by
VSV was not significantly reduced after NSP13 transfection in
autophagy deficient cells (Fig. 3E). Consistently, the IFN-b lucifer-
ase reporter activity was not significantly suppressed by NSP13 in
Beclin1 KO HEK-293T cells with RIG-I, MDA5, MAVS, TBK1,
and IRF3 expression (Fig. 3F).
NSP13, as the helicase-regulated SARS-CoV-2 replication, has ATP

hydrolysis activity and dsDNA unwinding activity (25). To explore
whether the ATP hydrolysis activity and dsDNA unwinding activity of
NSP13 regulated degradation of TBK1, the inhibitors of ATP hydroly-
sis activity (myricetin and scutellarein) and dsDNA unwinding activity
(bismuth and SSYA10001) were both used to treat NSP13 and TBK1
coexpressing HEK-293T cells. The level of TBK1 was still decreased
in myricetin, scutellarein, or bismuth and SSYA10001-treated HEK-
293T cells (Supplemental Fig. 3D). These results indicate that the auto-
phagic degradation of TBK1 is independent on the ATP hydrolysis
activity and dsDNA unwinding activity of NSP13.

SARS-CoV-2 NSP13 induces selective autophagic degradation of
TBK1 by interacting with p62

To identify the cargo receptors involved in NSP13-mediated TBK1
degradation, we sought to use affinity purification mass spectrometry

FIGURE 2. SARS-CoV-2 NSP13 interacts with TBK1. (A and B) HEK-293T cells were transfected with vectors encoding HA-TBK1 and FLAG-NSP13,
followed by coimmunoprecipitation with anti-HA (A) or anti-FLAG (B) Ab and immunoblot analysis with anti-FLAG or anti-HA Ab (n 5 2 independent
experiments). (C) Confocal microscopy of HeLa cells transfected with vectors encoding HA-TBK1 and FLAG-NSP13. Immunofluorescence was performed
using anti-HA (green) and anti-FLAG (red) Abs and DAPI (blue). Scale bars, 10 mm (n 5 2 independent experiments). (D) Intensity profiles of NSP13 and
TBK1 along the plotted lines in (C), as analyzed by ImageJ line scan analysis. (E) Pearson’s correlation coefficient for TBK1 and NSP13 colocalization was
analyzed by the colocalization finder plugin of ImageJ. The error bars represent the SD, and differences between the experimental and control groups were
determined by one-way ANOVA (*p < 0.05, **p < 0.01).
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to identify the NSP13 binding proteins. FLAG-NSP13 was trans-
fected into HeLa and HeLa-ACE2 cells, and the NSP13 complex
was pulled down by immunoprecipitation with anti-FLAG Ab. The
precipitation was subjected to SDS-PAGE and stained with Coo-
massie blue, followed by detection of protein mass spectrometry
(Fig. 4A). The analysis revealed that SQSTM1/p62 peptides were
enriched in the NSP13 immunoprecipitation group rather than in the

vector group (Fig. 4B), which indicated the potential of p62 to act
as a candidate cargo receptor. A previous study reported that p62
acted as the cargo receptor in a variety of virus infections to selec-
tively degrade host proteins (20). To determine whether TBK1 deg-
radation was regulated by p62-mediated selective autophagy, we
cotransfected NSP13 and TBK1 into p62 KO HEK-293T cells and
found that the absence of p62 effectively rescued NSP13-mediated

FIGURE 3. SARS-CoV-2 NSP13 degrades TBK1 by the RIG-I�like receptor pathway. (A) HEK-293T cells were transfected with or without FLAG-
NSP13 and infected with VSV at the designated time points. Endogenous TBK1 and IRF3 were immunoblotted (n 5 2 independent experiments). (B)
HEK-293T cells were transfected with FLAG-NSP13, MYC-TBK1, and GFP-IRF3 plasmids for 24 h. The total cell lysates were immunoblotted for TBK1,
IRF3, and endogenous LC3 (n 5 2 independent experiments). (C) HEK-293T cells were transfected with FLAG-NSP13 and MYC-TBK1 and then treated
with 10 mM MG132, 10 mM CQ, 10 mM 3-MA, or 1 mM Baf A1 for 6 h before harvest. TBK1 and NSP13 were immunoblotted (n 5 2 independent experi-
ments). (D) Immunoblotting analysis of HA-TBK1 in cell lysates of WT and Beclin1 KO cells transfected with different doses of FLAG-NSP13 (n 5 2 inde-
pendent experiments). (E) Beclin1 KO HEK-293T cells transfected with NSP13 or empty vector were infected with VSV at the designated time points, and
quantitative real-time PCR was performed to measure the mRNA level of IFN-b. Whole-cell lysates were immunoblotted with anti-FLAG and anti-ACTIN
(n 5 3 independent experiments). (F) Luciferase assay of Beclin1 KO HEK-293T cells transfected with the IFN-b reporter plasmids together with MYC-
tagged RIG-I, MDA5, MAVS, TBK1, or IRF3 with or without the NSP13 expression plasmid. Immunoblot analysis included anti-FLAG, anti-MYC, or anti-
ACTIN Ab (n 5 3 independent experiments). All quantitative real-time PCR data are normalized to the gapdh gene. The control group is used as a reference.
Error bars represent the SD. IFN-b Luc, IFN-b luciferase reporter.
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TBK1 degradation (Fig. 4C). More interestingly, the overexpression
of NSP13 induced degradation of endogenous and exogenous p62
in a dose-dependent manner (Fig. 4C, 4D). Meanwhile, p62 interac-
tion with NSP13 was confirmed in HEK-293T cells that were
cotransfected with FLAG-NSP13� and MYC-p62�expressing plas-
mids (Fig. 4E). Immunofluorescence analysis further revealed that
NSP13 colocalized with p62 (Fig. 4F�H, Supplemental Fig. 4A).
Although TBK1 does not interact directly with p62, it can be

detected in p62 immunoprecipitates in the presence of NSP13
(Fig. 5A). The immunofluorescence analysis also revealed that
TBK1 colocalized with p62 only in cells with overexpression of
NSP13 (Fig. 5B�D, Supplemental Fig. 4B). These data suggested
that SARS-CoV-2 NSP13 acted as a bridge to recruit TBK1 and
p62 to form TBK1�NSP13�p62 complexes. To explore which
domain of NSP13 was responsible for the interaction with TBK1
and p62, the N-terminal zinc-binding domain (ZBD) and C-termi-
nal “RecA-like” domain truncation variants were constructed. An
immunoprecipitation assay showed that p62 was bound to both the

ZBD and RecA domains except the full-length NSP13, but the ZBD
domain showed a stronger interaction with p62 (Fig. 5E). TBK1 only
interacted with full-length NSP13 and the RecA domain (Fig. 5F),
indicating that NSP13 recruits TBK1 by its RecA domain. These data
suggested that p62 mainly bonded to the ZBD domain of NSP13, and
TBK1 mainly interacted with the RecA domain of NSP13 to form
TBK1�NSP13�p62 complexes (Fig. 5G).

SARS-CoV-2 infection degrades TBK1 and induces p62 aggregation

To explore whether TBK1 is degraded during SARS-CoV-2 infec-
tion, Calu3 cells were infected with 1 MOI of SARS-CoV-2 at dif-
ferent time points. Immunoblotting of viral nucleocapsid showed
that SARS-CoV-2 replication was markedly enhanced along with
time (Fig. 6A). Unlike a previous study (26), we found that
SARS-CoV-2 infection induced strong phosphorylation of
TBK1 in Calu3 cells at 8�24 h postinfection (Fig. 6A). Endoge-
nous TBK1 and p62 were significantly reduced at 8 h after viral
infection and then recovered (Fig. 6A). The viral proteins were

FIGURE 4. SARS-CoV-2 NSP13 interacts with p62. (A) FLAG-NSP13 was transfected into HeLa and HeLa-ACE2 cells. Then NSP13 complex was
pulled down by immunoprecipitation with anti-FLAG Ab. The precipitation was subjected to SDS-PAGE and stained with Coomassie Blue, followed by
analysis using protein mass spectrometry. (B) Significant p62 enriched in NSP13 immunoprecipitates by quantitative mass spectrometry (n 5 3 independent
experiments). (C) Immunoblotting analysis of HA-TBK1 in cell lysates of WT and p62 KO HEK-293T cells transfected with different doses of FLAG-
NSP13 (n 5 2 independent experiments). (D) HEK-293T cells were transfected with FLAG-NSP13 and different doses of MYC-p62 plasmids for 24 h. p62
and NSP13 were immunoblotted (n 5 2 independent experiments). (E) HEK-293T cells were transfected with vectors encoding MYC-p62 and FLAG-
NSP13, followed by coimmunoprecipitation with anti-FLAG Ab and immunoblot analysis with anti-MYC Ab (n 5 2 independent experiments). (F) Confocal
microscopy of HeLa cells were transfected with FLAG-NSP13 and GFP-p62, and the immunofluorescence was performed using anti-FLAG (red) Abs, GFP
(green), and DAPI (blue). Scale bars, 10 mm (n 5 2 independent experiments). (G) Intensity profiles of NSP13 and p62 along the plotted lines in Figure 4F, as
analyzed by ImageJ line scan analysis. (H) Pearson’s correlation coefficient for p62 and NSP13 colocalization was analyzed by the colocalization finder plugin of
ImageJ. Error bars represent the SD, and differences between the experimental and control groups were determined by one-way ANOVA (**p < 0.01).
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highly expressed after 16 h of infection, and SARS-CoV-2
ORF3a was reported to inhibit autophagic flux (27). This may
promote the recovery of TBK1 and p62 levels in the postinfec-
tion period.
Furthermore, confocal microscopy analysis was performed to

explore the effect of p62 on SARS-CoV-2 replication. HeLa-ACE2

cells were infected with SARS-CoV-2, and infection efficiency
was detected by immunostaining of viral nucleocapsid. Confocal
microscopy analysis demonstrated the enhanced aggregates of
p62 in SARS-CoV-2�infected cells, which suggested that p62
performed as an important autophagy cargo receptor in deliver-
ing proteins to autophagosome during SARS-CoV-2 infection

FIGURE 5. NSP13 interacts with p62 and TBK1 by different domains. (A) HEK-293T cells were transfected with vectors encoding MYC-p62, HA-TBK1,
and FLAG-NSP13, followed by coimmunoprecipitation with anti-MYC Ab and immunoblot analysis with anti-HA and anti-FLAG Ab (n 5 2 independent
experiments). (B) Confocal microscopy of HeLa cells transfected with GFP-p62 and HA-TBK1 with or without FLAG-NSP13. Immunofluorescence was per-
formed using anti-HA (red) Abs, GFP (green), and DAPI (blue). Scale bars, 10 mm (n 5 2 independent experiments). (C) Intensity profiles of p62 and TBK1
with or without FLAG-NSP13 along the plotted lines in Fig. 4H, as analyzed by ImageJ line scan analysis. (D) Pearson’s correlation coefficient for p62 and
TBK1 colocalization with or without FLAG-NSP13 was analyzed by the colocalization finder plugin of ImageJ. Error bars represent the SD, and differences
between the experimental and control groups were determined by one-way ANOVA (*p < 0.05). (E) HEK-293T cells were transfected with FLAG-NSP13,
indicated truncated NSP13, and GFP-p62 plasmids for 24 h, followed by coimmunoprecipitation with anti-GFP Ab and immunoblot analysis with anti-FLAG
Ab (n 5 2 independent experiments). (F) HEK-293T cells were transfected with FLAG-NSP13, indicated truncated NSP13, and MYC-TBK1 plasmids for
24 h, followed by coimmunoprecipitation analysis with anti-MYC Ab and immunoblot analysis with anti-FLAG Ab. Blue star represents full-length or trun-
cated NSP13 interacting with p62; gray stars represent full-length or truncated NSP13 interacting with TBK1 (n 5 2 independent experiments). (G) Sche-
matic diagram of NSP13 interacting with p62 and TBK1 by different domains.
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(Fig. 6B, 6C). Collectively, these data reveal that SARS-CoV-2
infection is able to suppress IFN-I pathway by p62-depended
selective autophagic degradation of TBK1.

Discussion
Previous studies have reported that host antiviral immune responses
play a critical role in fighting against SARS-CoV-2 infection (28).
The antagonistic mechanism of antiviral innate immunity by SARS-
CoV-2 may be the cause of death in COVID-19 patients (26, 29, 30).
The SARS-CoV-2 proteins that antagonize IFN-I and IFN-stimulated
gene production have been identified (11, 12, 15, 30). Although previ-
ous studies have identified NSP13 as inhibiting IFN production, and
some found that NSP13 interacted with TBK1 and inhibited the phos-
phorylation of TBK1 and IRF3 (13, 31�33), the detailed mechanism
was unknown. Here, we found that SARS-CoV-2 NSP13 recruited
TBK1 to p62 for degradation, thus inhibiting IFN-I generation.
TBK1 is an important adaptor in the induction of IFN-I and

proinflammatory cytokines activated by RNA and DNA viruses.
There are multiple mechanisms that affect the IFN-I pathway by
regulating TBK1 activity. DExD/H-box RNA helicase 19 (DDX19),
E3 ubiquitin ligase DTX4, TRAF-interacting protein (TRIP)13, deu-
biquitinating enzymes CYLD and USP2b, and ubiquitin-conjugating
enzyme 2S (UBE2S) promote the degradation of TBK1 to inhibit
IFN-I production (34�39), whereas E3 ubiquitin ligase MIB1,
MIB2, Nrdp1, and RNF128 increase the level of K63-linked ubiqui-
tination of TBK1 to enhance activity of IFN-I (40�42). Furthermore,
other viral proteins are reported to downregulate TBK1-dependent
antiviral innate immunity. The tegument protein UL46 of HSV-1
interacts with TBK1 and inhibits its dimerization, thus reducing
IFN-I production (43). The SARS-CoV-2 membrane protein induces
TBK1 degradation via K48-linked ubiquitination (44). Our data
highlighted that TBK1 colocalized to and interacted with SARS-
CoV-2 NSP13, which was consistent with the results of NSP13-tar-
geted affinity purification mass spectrometry (23). We found that
NSP13 reduced phosphorylation of TBK1 and downregulated
TBK1 protein level. In addition, SARS-CoV-2 NSP13 helicase is an
important component for viral replication and is able to hydrolyze

NTPs and destabilize RNA helix (45). We provide evidence that the
process of SARS-CoV-2 NSP13 inhibiting the IFN-I pathway regu-
lated by TBK1 was independent of its NTPase and RNA helicase
activities.
Importantly, we found that the degradation of TBK1 was rescued

by autophagy inhibitors rather than by proteasome inhibitors. In
Beclin1 and p62 KO HEK-293T cells, TBK1 was not degraded
despite the overexpression of SARS-CoV-2 NSP13, indicating that
SARS-CoV-2 NSP13 promoted TBK1 degradation in an autophagy-
dependent manner. We further assessed the role of p62 in the degra-
dation of TBK1 induced by SARS-CoV-2 NSP13, an important
cargo receptor in selective autophagy. Many adaptors in the IFN-I
pathway and inflammatory response are regulated by autophagic
cargo receptor p62, such as stimulator of IFN genes (STING) and
absent in melanoma 2 (AIM2) (46, 47). We found that p62 expres-
sion was reduced by SARS-CoV-2 NSP13 in a dose-dependent
manner. Interaction and colocalization exist between p62 and
SARS-CoV-2 NSP13. The authentic SARS-CoV-2 infection further
supports the conclusion that TBK1 and SARS-CoV-2 NSP13 form
a p62-associated complex that enters autophagosome to degrade
TBK1 after fusing with lysosome. Altogether, our work demon-
strates that SARS-CoV-2 NSP13 antagonizes host antiviral innate
immunity by p62-dependent selective autophagic degradation of
TBK1. These findings may provide the optimal therapeutic strate-
gies based on selective autophagy for COVID-19 patients.
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