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A B S T R A C T

Autophagy plays an important role in the interaction between viruses and host cells. SARS-CoV-2 infection can
disrupt the autophagy process in target cells. However, the precise molecular mechanism is still unknown. In this
study, we discovered that the Nsp8 of SARS-CoV-2 could cause an increasing accumulation of autophagosomes by
preventing the fusion of autophagosomes and lysosomes. From further investigation, we found that Nsp8 was
present on mitochondria and can damage mitochondria to initiate mitophagy. The results of experiments with
immunofluorescence revealed that Nsp8 induced incomplete mitophagy. Moreover, both domains of Nsp8
orchestrated their function during Nsp8-induced mitophagy, in which the N-terminal domain colocalized with
mitochondria and the C-terminal domain induced auto/mitophagy. This novel finding expands our understanding
of the function of Nsp8 in promoting mitochondrial damage and inducing incomplete mitophagy, which helps us
to understand the etiology of COVID-19 as well as open up new pathways for creating SARS-CoV-2 treatment
methods.
1. Introduction

COVID-19 disease, caused by the severe acute respiratory symptom
coronavirus-2 (SARS-CoV-2), has become a serious public health hazard
in the twenty-first century. The most common clinical manifestations
range from influenza-like illness with fever and chills to severe illness
with lung damage, multiple organ failure, and even death (Yang et al.,
2022; Wang et al., 2022). The genome of SARS-CoV-2 contains 16
non-structural proteins (Nsp1–Nsp16), 4 structural proteins, and 9
accessory proteins (Uddin et al., 2020). Among them, non-structural
proteins are mainly involved in regulating viral genome replication and
transcription, protein post-translational cleavage and modification, and
viral nucleic acid synthesis (Yoshimoto, 2020). Moreover, non-structural
proteins play an important role in the antagonism between the virus and
host during the process of coronavirus infection (Rohaim et al., 2021).

Autophagy, a highly conserved and ubiquitous cellular pathway, is a
process characterized by the formation of autophagosomes that transport
protein aggregates, damaged organelles, and pathogens to lysosomes for
), jialuqiao@jhun.edu.cn (J. Qia
this work.

s by Elsevier B.V. on behalf of KeA
-nd/4.0/).
degradation, which adjust cellular homeostasis (Li et al., 2021a). After
the COVID-19 outbreak, researchers have increasingly studied the rela-
tionship between SARS-CoV-2 and the autophagy of host cells.
SARS-CoV-2 induces autophagy by preventing the mechanism from
progressing before autophagy degrades. Additionally, SARS-CoV-2 takes
over autophagy pathway components in unconventional methods
(Brüggemann et al., 2023; Zhao et al., 2021). SARS-CoV-2 E, M, ORF3a,
and ORF7a cause autophagosome accumulation, but Nsp15 suppresses
autophagosome formation (Hayn et al., 2021). Moreover, ORF3a of
SARS-CoV-2 blocks autophagosomes by preventing the HOPS complex
from assembling the SNARE complex, which is necessary for autolyso-
some formation (Miao et al., 2021). Another coronavirus, SARS-CoV, can
induce incomplete autophagy by interacting between Nsp3 and Beclin1,
which in turn modulates coronavirus replication and antiviral innate
immunity (Chen et al., 2014). These findings demonstrated that coro-
naviruses extensively interact with autophagy in human cells.

Mitophagy, a highly sustained and widespread quality-control
mechanism, is a process by which damaged mitochondria are
o).
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selectively targeted into autophagosomes and are joined with lysosomes,
which destroy the damaged mitochondria to maintain the number of
mitochondria (Onishi et al., 2021). Mitophagy and autophagy play a vital
part in the virus-host connection. Influenza A virus protein PB1-F2
translocates to mitochondria, accelerates mitochondrial fragmentation,
and induces mitophagy (Wang et al., 2021). Human parainfluenza virus
type 3 (HPIV3) matrix proteins (M) promote mitophagy by interacts with
Tu translation elongation factor mitochondrial (TUFM) which decrease
the interferon response (Ding et al., 2017). COVID-19 patients' peripheral
blood mononuclear cells (PBMCs) show increased mitochondrial
swelling, substantial depolarization of mitochondrial membrane poten-
tial, and lowered glycolysis levels and cellular respiration rates (Gibellini
et al., 2020). Additionally, SARS-CoV-2 can induce mitochondrial de-
polarization and mitochondrial permeability transition pore opening,
which promote SARS-CoV-2 replication (Shang et al., 2021a). The find-
ings suggest that mitochondria play an important role in SARS-CoV-2
replication and in the interaction between SARS-CoV-2 and host cell
defense. However, the detailed mechanism of virus-induced mitophagy
and the molecular function of SARS-CoV-2 proteins in this process are
unclear, so additional investigation is urgently required.

In this study, we found that Nsp8, a non-structural protein of SARS-
CoV-2, can promote the increase in autophagosomes through blocking
the fusion of autophagosomes with lysosomes. In addition, we found that
Nsp8 induces mitophagy by reducing mitochondrial membrane potential
and generating reactive oxygen species (ROS). Both autophagy and
mitophagy induced by Nsp8 disappear when ROS production is inhibited.
We also found that both domains of Nsp8 play important roles during
mitophagy inducing. This study helps us understand the pathogenic
mechanism of COVID-19 and how it evades clearance from the host,
providing a rationale for new therapeutic avenues.

2. Materials and methods

2.1. Cell culture and plasmid transfection

Vero E6 cells (African green monkey kidney cells), 293T cells (human
renal epithelial cells), and A549 cells (human alveolar adenocarcinoma
basal epithelial cells) were obtained from the Chinese Academy of Sci-
ence's Cell Bank (Shanghai, China). Vero E6, 293T, and A549 cells were
cultured with 10% fetal bovine serum (Gibco, Logan, UT, USA) in Dul-
becco's modified Eagle's medium (DMEM, Gibco, Logan, UT, USA) at
37 �C with 5% CO2. We used lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA, USA) to transfect plasmids into cells according to the
manufacturer's instructions.

2.2. Plasmids and antibodies

The Nsp1–10 and Nsp12–16 fragments were obtained from the SARS-
CoV-2 (MN908947.3) cDNA provided by Prof. Ke Peng (Wuhan Institute
of Virology, Chinese Academy of Sciences, Wuhan, China) (Li et al.,
2020). The Nsp1–10, Nsp12–16, and N- and C-terminal domains of Nsp8
fragments were cloned into pCMV-Flag vector. And the full-lenth, N- and
C-terminal domains of Nsp8 were cloned into pCMV-GFP vector to
generate pCMV-GFP-Nsp8, pCMV-GFP-Nsp8-N and pCMV-GFP-Nsp8-C
plasmids. Flag-Nsp8 was cloned into pCDH-puro-EGFP to generate the
pCDH-Nsp8-puro-EGFP plasmid. Supplementary Table S1 lists the
primers used in plasmid construction. Mito-DsRed2-EGFP (Cat#P4954)
and mCherry-EGFP-LC3 (Cat#P0446) plasmids were purchased from
Miaoling Plasmid Sharing Platform (Wuhan, China). EGFP-LC3 was
cloned by mutation of mCherry-EGFP-LC3. The following primary anti-
bodies were used: TOM20 (Beyotime, AF1717); SQSTM1/p62 (Beyo-
time, AF5312); Beclin 1 (Beyotime, AF5123); ATG5 (Beyotime, AF2269);
LC3A/B (Cell Signaling Technology, 12741S); anti-Mouse IgG 647
(Invitrogen, A31571); anti-Mouse IgG594 (Invitrogen, A21203); Flag
(Proteintech, 20543-1-AP); β-Actin (Proteintech, 66009-1-Ig); Cyto-
chrome c (Proteintech, 10993-1-AP); COXII (Proteintech, 55070-1-AP);
521
TIM23 (Proteintech, 11123-1-AP); SARS-CoV-2-NP (Sino Biological,
40143-MM05).

2.3. Generation of Nsp8 stable expression cell lines

pCDH-Flag-Nsp8-puro-EGFP was co-transfected with psPAX2
and VSV-G into 293T cells at a 4:3:1 (a total of 10 g of plasmids) ratio on a
10 cm plate with polyetherimide (PEI). The supernatant of the
culture medium was collected 48 h post-transfection and filtered through
a 0.45 μm filter. Then, A549 cells were transfected with lentivirus in the
presence of 6 μg/mL polybrene (Santa Cruz Bio., Texas, USA) for 12 h.
Three days after transduction, cells were diluted into single cell per well
and were selected with 2 μg/mL puromycin (Sigma-Aldrich, St. Louis,
Missouri, USA). The expression status of expanded single-cell clones
(hereafter: A549-Nsp8) was validated fluorescence imaging, flow
cytometry, and Western blotting analysis of immunoblotting with Flag
antibody (Supplementary Fig. S1).

2.4. SARS-CoV-2 infection

The SARS-CoV-2 infection experiment was performed as previously
described (Li et al., 2021b). Briefly, SARS-CoV-2 was propagated in Vero
E6 cells, and viral titer (TCID50) was determined on Vero E6 cells. Vero
E6 cells were incubated with SARS-CoV-2 for 1 h at a multiplicity of
infection (MOI) of 1. After removing the infectious liquid, the cells were
washed with PBS and maintained in culture medium. At 24 h
post-infection, cells were lysed and subjected to Western blotting
detection. All viral infection procedures were conducted under BSL-3 at
the Wuhan Institute of Virology, Chinese Academy of Sciences.

2.5. Immunofluorescence analysis

Plasmids were transfected into A549, 293T, or Vero E6 cells as indi-
cated before immunofluorescence analysis, then, 4% formaldehyde was
used to fix them following PBS washing. After blocking for 30 min at
room temperature with 5% BSA and 0.1% TritonX-100, the cells were
incubated overnight at 4 �C with a 1:200 dilution of primary antibody.
We washed the cells three times with TBST before incubating for 1 h at
room temperature with donkey anti-mouse IgG (H þ L) highly cross-
adsorbed secondary antibody, Alexa Fluor™647 (Invitrogen, Carlsbad,
CA, USA) or donkey anti-mouse IgG (H þ L) highly cross-adsorbed sec-
ondary antibody, Alexa Fluor™ 594 (Invitrogen, Carlsbad, CA, USA).
Hoechst33342 (Sigma Aldrich, St. Louis, MO, USA) was used for nuclear
staining. Confocal microscopy (Leica, TCSSP8) was used to obtain images
of the cells. Image J (National Institutes of Health, USA) was used to
process the images and calculate the fluorescence count (Klionsky et al.,
2021). GraphPad Prism 6.0 (GraphPad Software, Inc., USA) was used for
statistical analysis.

2.6. Western blotting

Cells were rinsed with PBS before being lysed for 30 min at 4 �C in
RIPA lysis buffer (Beyotime Biotechnology, Beijing, China) containing
protease and phosphatase inhibitors (Roche, Shanghai, China). The
amount of protein in the sample was measured using a BCA kit (Beyotime
Biotechnology, Beijing, China), followed by separation by SDS-PAGE.
The sample was transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, MA, USA). After blocking the membranes with 5%
nonfat milk in TBST for 1 h, we incubated them with the corresponding
primary antibodies overnight at 4 �C. After washing the membranes three
times with TBST, we incubated them for 1 h at room temperature with
the appropriate HRP-conjugated goat anti-rabbit or anti-mouse antibody.
Protein bands were observed using ECL Substrate (Millipore, MA, USA)
with a Chemidoc XRS Gel Imaging System (Bio-Rad Laboratories, Inc.,
CA, USA).
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2.7. Reagents and chemical treatment

Chloroquine (CQ, Cat#HY-17589A), CCCP (Cat#HY-100941); bafi-
lomycin A1 (Baf A1, Cat#HY-100558), Mdivi-1 (Cat#HY-15886), and N-
Acetyl-L-cysteine (NAC, Cat#HY-B0215) were purchased from MedChe-
mExpress (Shanghai, China). Hydrogen peroxide (H2O2, Cat#A75371)
was purchased from Innochem (Beijing, China). Earle's balanced salt
solution (EBSS, C0213-500 mL) was purchased from Beyotime Biotech-
nology (Beijing, China).

CQ (inhibits autophagy by increasing lysosome pH) was produced as a
50 mmol/L stock in dimethyl sulfoxide (DMSO), which we added to the
medium at a final concentration of 50 μmol/L for 6 h. CCCP (oxidative
phosphorylation uncoupler) was produced as a 10 mmol/L stock in DMSO,
whichwe added to themedium for 1 h before use at afinal concentration of
10 μmol/L. Baf A1 (inhibits autophagy by blocking autophagosome-lyso-
some fusion) was produced as a 400 μmol/L stock in DMSO, which we
added to the medium for 4 h before usage at a final concentration of
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400 nmol/L. Mdivi-1 (mitophagy inhibitor) was prepared as a 50 mmol/L
stock in DMSO, which we added to the medium at a final concentration of
50 μmol/L for 2 hbefore transfection.NAC(ROS inhibitor)was produced as
a 5 mol/L stock in DMSO, which we added to the medium at a final con-
centration of 5, 10, or 15 mmol/L. After 6 h for transfection experiments,
NAC treatment was continued until sample collection. H2O2 (ROS inducer)
was used at afinal concentration of 1mmol/L for 30min. EBSS (autophagy-
inducing reagents; 117.24 mmol/L NaCl, 5.33 mmol/L KCl, 26.19 mmol/L
NaHCO3, 1.01 mmol/L NaH2PO4, and 5.56 mmol/L D-glucose) treatment
was performed for 1 h before sample collection.

2.8. Mitochondria isolation

A cell mitochondria separation kit (#C3601, Beyotime Biotechnology,
Beijing, China) was used to separate the mitochondria and cytoplasm ac-
cording to the manufacturer's instructions. Briefly, the cells were cleaned
and suspended in prechilled PBS. After centrifugation, we resuspended the
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cells in 1 mmol/L PMSF-supplemented mitochondrial isolation buffer for
15 min on ice. We transferred the cell suspension to a suitable glass ho-
mogenizer, whichwe then homogenized 30–35 times and then centrifuged
at 1000 �g for 10 min at 4 �C. The supernatant was collected and centri-
fuged at 3500�g for 10min at 4 �C. The precipitate was themitochondrial
fraction, and the supernatant was centrifuged at 12,000�g for 10 min at 4
�C. The collected supernatant was the post-spin supernatant.

2.9. Mitochondrial membrane potential detection

At 24 h after the cells were transfected, the mitochondrial membrane
potential detection reagent MitoProbe™ TMRM (Cat#M20036, Invi-
trogen, Carlsbad, CA, USA) was added to the medium at a 1:1000 dilu-
tion, which we then incubated at 37 �C for 30 min. Flow cytometry (BD,
Accuri C6 Plus) was used to evaluate stained cells, and data were pro-
cessed using FlowJo v10.6.2 software (Treestar, Ashland, OR, USA).

2.10. Determination of ROS

A fluorescent MitoSox probe (Cat#M36008, Invitrogen, Carlsbad, CA,
USA) was used to detect mitochondrial superoxide. MitoSox-Red, at a
A

Ve
ct

or
N

sp
8

C
Q

EGFP-LC3 mCherry-LC3 Merge

mCherry-EGFP-LC3

B

D

p62

LC3

Flag

β-actin

p62/β-actin

LC3-II/β-actin

p62

LC3

Flag

β-actin

Flag-Nsp8
EBSS

- +
- -

Flag-Nsp8

EB
SS

1.0 1.4 1.6 1.8

1.0 1.2 2.4 2.4

LC3-I
LC3-II

Fig. 2. SARS-CoV-2 Nsp8 inhibits autophagosome fusion with lysosomes. A–C A54
harvesting (A). A549 cells were transfected with 2 μg Flag-Nsp8 plasmid for 24 h and
harvested. p62, LC3, Flag-Nsp8, and β-actin (loading control) expression levels were
estimated by densitometry calculation (A). D, E A549 cells were co-transfected with
EBSS for 1 h before harvesting. Then, cells were immunostained with anti-Flag antib
(D). The quantification of autophagosomes is reported as the average number of d
biological replicates, and statistical significance compared with the controls was cal

523
final concentration of 1.5 mmol/L, was added into a 6-well plate con-
taining the corresponding cells, which we incubated for 30 min at 37 �C
in an incubator with 5% CO2. Then, the cells were rinsed with PBS and
observed with fluorescence microscopy (OLYMPUS IX73).

2.11. Electron microscopy

A549 or A549-Nsp8 cells were cultured 24 h, then were harvested and
fixed with 2.5% (w/v) glutaraldehyde and 1% osmium tetroxide, dehy-
drated by fractionation of ethanol concentrations (from 30% to 100%),
and embedded in epoxy resin. Ultrathin sections (80 nm) of embedded
cells were prepared, deposited on formvar-coated copper grids (200
mesh), stained with uranyl acetate and lead citrate, and analyzed using a
200 kV Tecnai G2 electron microscope (FEI, USA). The number of
autophagosomes in pre field was used to statistical analysis (Feng et al.,
2020).

2.12. Cell viability

Cell viability was measured using cell Counting Kit-8 (CCK-8 Kit)
(Cat#C0037, Beyotime Biotechnology, Beijing, China) according to
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manufacturer's instructions. In brief, A549 cells were inoculated in 96-
well plates (1.0 � 104 cells/well) for 12 h and incubated with either
NAC or DMSO for 30 h. Next, the CCK-8 reagent was added, incubated at
37 �C for 1 h, and then absorbance at 450 nm wavelength was measured
with a microplate reader (Thermo Fisher Scientific, USA) at 450 nm.

2.13. Statistical analysis

All data are presented as mean � standard deviation (SD). All studies
were performed in triplicate. We performed a t-test on the two groups
with GraphPad Prism 6.0 software (GraphPad Software, Inc., USA). We
considered P < 0.05 to be significant (*P < 0.05, **P < 0.01, and ***P <

0.001).

3. Results

3.1. SARS-CoV-2 Nsp8 induces increase in autophagosomes

SARS-CoV-2 infection can increase intracellular autophagosomes in
Vero E6 cells according to electron microscopy results, indicating that
SARS-CoV-2 can trigger autophagy (Hui et al., 2021). We also performed
524
SARS-CoV-2 infection of Vero E6 cells and used Western blotting to
detect autophagy-related proteins. The results showed that the expres-
sion levels of ATG5, Beclin1, LC3-II, and p62 were considerably higher in
infected cells than in uninfected cells (Fig. 1A). These findings confirmed
that SARS-CoV-2 infection was able to induce autophagy. Then, we
wanted to determine which non-structural proteins of SARS-CoV-2 pro-
mote autophagy. We established 15 non-structural proteins (Nsp11 was
not used due to its low molecular weight) of SARS-CoV-2 and expressed
them in A549 cells, a type of lung cell that can be infected by
SARS-CoV-2. The Western blotting results showed that Nsp8 increased
LC3-II (Supplementary Fig. S2A). Because Nsp8 is involved in the com-
plex process of SARS-CoV-2 replication as a cofactor of RdRp with Nsp7
and Nsp12, we explored whether other RdRp complex members, Nsp7
and Nsp12, help to increase the LC3-II induced by Nsp8. Therefore, we
detected the effects of Nsp8 with Nsp7, Nsp8 with Nsp12, and Nsp8 with
Nsp7 and Nsp12 on LC3 byWestern blotting, and found that the increases
in LC3-II levels induced by Nsp8 were unrelated to Nsp7 and Nsp12
(Supplementary Fig. S2B).

To further establish that Nsp8 generates an increase in autophago-
somes, A549 and Vero E6 cells were transfected with Flag-Nsp8
plasmid. The results of Western blotting analysis showed that Nsp8
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increased the level of LC3-II in an Nsp8-dependent manner in both cell
types (Fig. 1B and C). We also detected the change of LC3-II over time
after transfection with Nsp8, and found that the expression level of LC3-
II was elevated in a time-dependent manner after Nsp8 overexpression
(Fig. 1D). Simultaneously, EGFP-LC3 overexpressed A549 cells were co-
transfected with Flag-Nsp8 or treated by CQ (an autophagy inhibitor by
blocking the fusion of autophagosome with lysosome) and EBSS (a
commonly used method of autophagy induction). Compared to that in
control, Flag-Nsp8, CQ and EBSS treated A549 cells showed increased
green puncta. What is more, LC3-EGFP puncta in Nsp8-overexpression
cells showed larger than that in CQ treated cells (Fig. 1E). In addi-
tion, we used immunofluorescence assay to detect the changes of
intracellular LC3 after A549 cells transfected with Flag-Nsp8 or treated
by CQ and EBSS, and found the similar phenomenon with EGFP-LC3
(Fig. 1F). Moreover, we constructed Nsp8 stable expression cell lines
(A549-Nsp8) and found that Nsp8 significantly induced the expression
level of LC3-II compared with the control (Supplementary Fig. S1C). We
also observed that A549-Nsp8 had more autophagosomes than the
control under an electron microscope (Fig. 1G). These data demonstrate
that Nsp8 can induce the accumulation of autophagosomes in A549
cells.

3.2. SARS-CoV-2 Nsp8 induces incomplete autophagy

2Accumulation of autophagic vacuoles may be a result of completed
autophagy induction or disruption of autophagosomes to lysosomes.
P62 binds to LC3 and is degraded after autophagosomes fuse with ly-
sosomes, and changes in p62 levels can be an indicator of complete or
incomplete autophagy (Pankiv et al., 2007). Therefore, we analyzed the
p62 protein level after Nsp8 overexpression by immunoblotting, and
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the results showed Nsp8-dependent increased levels of p62 protein
(Fig. 2A), indicating Nsp8 might inhibit the autophagy flux. Next, we
detected the effect of Nsp8 on autophagy flux under EBSS treatment or
Bafilomycin A1 (Baf A1, inhibits autophagy by blocking the fusion of
the autophagosome with the lysosome). The results showed that EBSS
treatment induced autophagy, according to the immunoblotting results,
with decreased p62 expression level and increased LC3-II expression
level. However, the increases in p62 and LC3-II levels by Nsp8
expression were retained even though autophagy was stimulated after
EBSS treatment (Fig. 2B), suggesting Nsp8 did not inhibit the upstream
steps (autophagosome formation) of autophagy flux. However, when
autophagy was previously blocked by Baf A1, resulting in an increase in
p62 and LC3-II levels, Nsp8 overexpression did not cause a further in-
crease under Baf A1 treatment (Fig. 2C), indicating Nsp8 might block
the downstream steps (autophagosome fusion with lysosomes) of the
autophagy flux. These above results display that Nsp8 can induce
incomplete autophagy.

To further confirm that Nsp8 inhibits autophagosome fusion with
lysosomes, we used a tandem reporter construct, mCherry-EGFP-LC3,
which is widely used to distinguish incomplete and complete auto-
phagy via monitoring the number of yellow and red puncta. EGFP is
sensitive to lysosomal proteolysis and is quickly quenched in acidic
conditions, whereas red fluorescent protein (mCherry) maintains its
fluorescence even in acidic environments (Mizushima et al., 2010). As a
result, Flag-Nsp8 plasmid-transfected cells led to more accumulation of
yellow than red puncta, which was also observed in CQ-treated cells,
indicating that autophagosomes did not fuse with lysosomes in
Nsp8-overexpression cells (Fig. 2D and E). Overall, the above results
demonstrate that Nsp8 can induce incomplete autophagy by inhibiting
the fusion of autophagosomes with lysosomes.
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3.3. SARS-CoV-2 Nsp8 induces mitophagy

Recently, it is reported that the PBMCs of COVID-19 patients show
increased mitochondrial swelling, substantial depolarization of mito-
chondrial membrane potential, and lowered glycolysis levels and cellular
respiration rates (Gibellini et al., 2020). The damaged mitochondria can
be selectively targeted into autophagosomes and joined with lysosomes
to maintain the homeostasis of mitochondria. Another result of an
affinity-purification mass spectrometry assay identified high-confidence
protein interactions between SARS-CoV-2 and human, which demon-
strated that Nsp8 is related with mitochondria (Gordon et al., 2020).
Therefore, we wondered whether Nsp8 attended to regulate the ho-
meostasis of mitochondria by autophagy. We first sought to detect the
spatial relationship between Nsp8 and mitochondria in cells. For this
purpose, we transiently expressed Flag-Nsp8 in A549 and 293T cells, and
the immunofluorescence colocalization analysis results showed that
Nsp8 colocalized with mitochondria (Fig. 3A). Furthermore, we extrac-
ted mitochondria from A549 cells, and the results of the Western blotting
assay revealed that Nsp8 was present in the mitochondrial fraction
components (Fig. 3B). As Nsp8 can induce autophagy and mitophagy is
one type of autophagy to regulate homeostasis of mitochondria, we asked
whether Nsp8 can induce mitophagy. We transfected Flag-Nsp8 plasmid
to A549 cells and applied CCCP (a mitophagy inducer) treatment as a
positive control and found an increase in LC3-II levels in the mitochon-
drial fraction following Flag-Nsp8 plasmid transfection, which resembled
that of the CCCP treatment (Fig. 3C). Additionally, we performed
immunofluorescence experiments and found that LC3 colocalized with
TOM20 in Nsp8-overexpression cells (Fig. 3D).
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Next, we detected the mitophagy related protein TIM23 and COXII
after A549 cells transfected with Flag-Nsp8 or treated by CCCP. Western
blotting detection showed that the mitophagy inducer CCCP could
reduce the mitochondria-related proteins, but which were recovered
under Nsp8 overexpression when mitophagy was stimulated after CCCP
treatment (Fig. 3E). Moreover, we used a tandem reporter construct
encoding a mitochondria-targeting signal sequence fused to the DsRed2
and EGFP gene, Mito-DsRed2-EGFP, which can distinguish incomplete or
complete mitophagy (Ding et al., 2017). Similarly, complete or incom-
plete mitophagy was differentiated by the amount of red and yellow
fluorescence. The results showed that yellow fluorescence, indicating the
merge of both EGFP and DsRed2 in the mitochondria, was present in the
Nsp8-overexpressing cells. In contrast, the cells treated with CCCP
showed notable red dots and fewer yellow dots in A549 cells (Fig. 3F). In
addition, we introduced the mitophagy inhibitor Mdivi-1, and the
Western blotting results showed that the levels of LC3-II were increased
after Nsp8-overexpression, whereas treatment with Mdivi-1 decreased
the expression of LC3-II induced by Nsp8 (Fig. 3G). Overall, these results
suggest that Nsp8 can promote incomplete mitophagy.

3.4. SARS-CoV-2 Nsp8 promotes mitophagy by generating mitochondrial
damage

SARS-CoV-2 infection can result in mitochondrial damage (Mehrzadi
et al., 2021; Saleh et al., 2020). To explore whether Nsp8 induces
incomplete mitophagy by triggering mitochondrial dysfunction, we first
used a tetramethyl rhodamine methyl ester (TMRM) incorporation assay
to detect the mitochondrial membrane potential (Δψm). A549 cells were
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Fig. 6. SARS-CoV-2 Nsp8 C-terminal domain influences auto/mitophagy. A Diagram of Nsp8 subdomains. B A549 cells were transfected with 2 μg plasmids for 24 h,
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transfected with Flag-Nsp8 plasmid, and CCCP treatment was the positive
control, as previously described. The results of the flow cytometry assay
showed that Δψm was reduced in Nsp8-expressing cells, which was
similar to that in the CCCP treatment (Fig. 4A and B). Next, A549 cells
were transfected with GFP-Nsp8 plasmid and stained with MitoSOX, an
indicator dye used for the highly selective detection of superoxide in the
mitochondria (Lai et al., 2018). The results of the fluorescence micro-
scopy assay showed that Nsp8 also induced mitochondrial ROS (mtROS)
production (Fig. 4C). Then, we detected the distribution of cytochrome C
(Cyt-c), a marker of mitochondrial damage, in the post-spin supernatant
and mitochondrial fraction after Nsp8 overexpression in A549 cells. The
results of Western blotting analysis showed that the expression level of
Cyt-c in the post-spin supernatant was higher in Nsp8 than in the vector
(Fig. 4D), indicating that Nsp8 overexpression can result in mitochon-
drial damage. Under an electron microscope, we also observed that the
mitochondria in the control group were normal in shape, with a large
number of closely arranged cristae. In A549-Nsp8 cells, the mitochon-
drial cristae were broken, and we noted mitochondrial swelling and
vacuolization, indicting mitochondrial damage (Fig. 4E). These data
suggest that Nsp8 can promotes mitochondria damage.

3.5. Inhibition of ROS attenuates Nsp8-induced auto/mitophagy

mtROS production is one of the markers of mitochondrial damage.
ROS play an important role in the induction of autophagy (Filomeni et al.,
2010). To further elucidate the relationship between Nsp8-induced
mitophagy and mitochondrial damage, we first treated
Nsp8-overexpressing cells with or without NAC, an antioxidant that re-
duces oxidative stress, and then detected mtROS production with the
MitoSOX indicator. The results of the fluorescence microscopy assay
showed that the red fluorescence intensity of the transfected GFP-Nsp8
plasmid cells was enhanced compared with that of the control group,
indicating that Nsp8 overexpression substantially increased ROS pro-
duction (Fig. 5A). Our observations were similar in the H2O2-treated
group, which served as a positive control. Moreover, Nsp8-induced ROS
production was attenuated after cells were treated with NAC. The results
of aWestern blotting assay showeda decreasing trend in LC3-II levelswith
increasing concentrations ofNAC inNsp8-overexpressing cells (Fig. 5B) in
which NAC treatment had no effect on A549 cells viability (Fig. 5C).
Furthermore, we isolated mitochondria to detect the expression of LC3-II
by Western blotting when cells were transfected Flag-Nsp8 plasmid with
NAC treatment. The results showed that Nsp8 induced the expression of
LC3-II in the mitochondrial fraction, whereas the promotion of LC3-II
levels in the mitochondria caused by Nsp8 was almost eliminated in
NAC-treated cells (Fig. 5D). Taken together, these results suggest that
Nsp8-induced ROS is an important factor in auto/mitophagy.

3.6. Nsp8 N-terminal colocalizes with mitochondria and its C-terminal
induces auto/mitophagy

Nsp8 has two domains: rod-like N-terminal and globular C-terminal
domains (Hillen et al., 2020). To further study which domain of Nsp8
plays a role during Nsp8-induced auto/mitophagy, we divided Nsp8 into
two subdomains and constructed individual expression plasmids
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(Fig. 6A). First, we explored which subdomains induce autophagy by
Western blotting, and the results showed that the C-terminal domain
stimulated LC3-II expression level, similar to that observed with Nsp8
overexpression and CQ or EBSS treatment; the N-terminal domain had
little effect on LC3-II levels (Fig. 6B). Next, we examined the spatial
relationship between the Nsp8 subdomains andmitochondria in cells. For
this purpose, Flag-Nsp8 and Flag-Nsp8 subdomains were transiently
expressed in A549 cells, and the immunofluorescence results showed that
theN-terminal domain exclusively localized at themitochondria, whereas
the C-terminal domain diffused in cells, especially in the nucleus (Fig. 6C).
We also found an increase in LC3-II levels in the mitochondrial fraction
following C-terminal domain overexpression, which resembled that after
Nsp8 overexpression (Fig. 6D). However, the N-terminal domain did not
increase the LC3-II expression level in mitochondrial fraction. Addition-
ally, the N-terminal domain, not the C-terminal domain, was detected in
the mitochondrial fraction, which confirmed the subcellular localization
of the N-terminal domain in cells, which we detected through immuno-
fluorescence. Thereafter, we performed immunofluorescence experi-
ments and found that the C-terminal domain promoted colocalization
between LC3 and TOM20, which mirrored the results for Nsp8 (Fig. 6E).
Next, we used the MitoSOX indicator to detect which subdomains induce
mtROS production. The results showed that both Nsp8 and the Nsp8
C-terminal domain markedly stimulated mtROS production (Fig. 6F).

In order to further verify the role of Nsp8 C-terminal domain in auto/
mitophagy induction and autophagy flux, we performed gradient trans-
fection of Nsp8 C-terminal and found that the expression level of LC3-II
was significantly elevated in the C-terminal domain dose-dependent
manner (Fig. 6G). Immunofluorescence assay found that Nsp8 C-termi-
nal domain could induce the increase of EGFP-LC3þ autophagosomes
(Fig. 6H), more accumulation of yellow than red puncta of mCherry-
EGFP-LC3 or Mito-DsRed2-EGFP (Fig. 6I and J), which was similar to
Nsp8 overexpression. To summarize, we find that the Nsp8 N-terminal
colocalizes with mitochondria, whereas the Nsp8 C-terminal domain can
boost mtROS production and induce auto/mitophagy.

4. Discussion

Because SARS-CoV-2 is the cause of a worldwide pandemic that has
been ongoing since 2019, it is critical to investigate and comprehend the
pathogenic mechanism between SARS-CoV-2 and the host. Among the 16
non-structural proteins encoded by the SARS-CoV-2 genome, Nsp8 has
been studied as a cofactor of RdRp in the replication and transcription
machinery of SARS-CoV-2. However, the effects of Nsp8 on the host are
poorly understood. In the present study, we found that SARS-CoV-2 Nsp8
promotes mitochondrial damage and induces incomplete mitophagy.

Autophagy is involved in the mechanism of balance between cells and
stimuli, playing a key role in pathogenic infection. The infection pro-
cesses of SARS-CoV-2 are closely related to the autophagy of host cells
(Bignon et al., 2022; Brüggemann et al., 2023). Recently, a clinical study
found that the levels of both LC3-II and p62 are significantly higher in the
PBMCs from COVID-19 patients (Barbati et al., 2022). In vitro, many
studies, including ours, have verified that SARS-CoV-2 infection can
induce autophagy (Hui et al., 2021; Shang et al., 2021b). Next, the
detailed mechanism of autophagy induced by SARS-CoV-2 attracted
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further interest. The E, M, ORF3a, and ORF7a of SARS-CoV-2 were
screened for causing autophagosome accumulation by quantitative re-
porter assays of GFP-LC3 in HEK293T cells (Hayn et al., 2021). ORF3a
and ORF7a cause an increase in LC3-II and p62 levels in 293T cells (Hayn
et al., 2021). In our screening assay, we focused on the non-structural
proteins of SARS-CoV-2 and found that Nsp8 can induce autophagy in
both A549 and Vero E6 cells. The results of further studies showed that
Nsp8 can induce incomplete autophagy by inhibiting the fusion of
autophagosomes with lysosomes. Similarly, a report suggested that
ORF3a can colocalize with lysosomes and interact with VPS39, which
leads to the accumulation of unfused autophagosomes (Miao et al.,
2021). Additionally, ORF3a interacts with UVRAG to positively regulate
PI3KC3-C1 but suppresses PI3KC3-C2, thus increasing autophagosome
formation and blocking autophagosome maturation (Qu et al., 2021).
ORF7a limits the progression of autophagic flux by activating caspase-3
to cleave the SNAP29 protein, resulting in the failure of autophago-
some fusion with lysosomes to promote viral replication (Hou et al.,
2023). Overall, the above findings illustrated that the activation of
autophagy might be caused by multiple viral proteins during the
SARS-CoV-2 infection process. Additionally, viral proteins might target
different host factors, which together lead to a complicated and multi-
directional role of autophagy in the process of SARS-CoV-2 infection.

Mitochondria, as intracellular organelles, have historically been
thought of as power stations for cell survival, but mitochondria are also a
platform for host-virus interactions. Viral infection can cause mitochon-
drial dysfunction, which affects metabolism, innate immune response,
oxidative stress, cell proliferation, and apoptosis. Mitochondrial impair-
ment has been observed in the macrophages from SARS-CoV-2 patients
(Elesela and Lukacs, 2021; Gibellini et al., 2020). SARS-CoV-2 activates
type I interferon (IFN) signaling in endothelial cells through mitochondrial
DNA release (Domizio et al., 2022). In our study, we discovered that Nsp8
localizes in the mitochondria and causes mitochondrial damage, which
further induces mitophagy. Mitophagy is a cellular strategy used to pre-
serve intracellular environment stability by removing disordered mito-
chondria. However, viruses can affect every step of the mitophagy cycle to
maximize persistent infection and facilitate pathogenesis in some in-
stances. The SARS-CoV-2M protein can promotemitophagy to damage the
mitochondrial network, hence preventing downstream innate immune
signals and reducing the type I IFN response (Hui et al., 2021). Thefindings
that Nsp8 colocalizes with the mitochondria and is enriched in the mito-
chondrial fraction suggested that the non-structural proteins of
SARS-CoV-2 interact with the organelle.

Uniquely among coronaviruses, the Nsp7, Nsp8, and Nsp12 proteins
constitute the core components of the coronavirus RdRp machinery that
mediates viral replication. The N-terminal helices of Nsp8, abundant in
positively charged residues, are responsible for RNA binding during
replication or transcription of the viral genome. The C-terminal domain
of Nsp8 is mainly involved in the complex of SARS-CoV-2 Nsp7-Nsp8-
Nsp12 (Biswal et al., 2021). We found that the Nsp8 N-terminal domain,
rather than the C-terminal domain, colocalizes with mitochondria. Other
researchers found that approximately 70% of the mitochondrial precur-
sor proteins typically carry an amphipathic helix with a net positive
charge at their N-terminal (Roubicek and Souza-Pinto, 2017; V€ogtle
et al., 2009), which is consistent with our experimental results regarding
the subcellular localization of the Nsp8 N-terminal domain. However, the
C-terminal domain of Nsp8 is attributed to the induction of auto/mi-
tophagy. Hence, we speculated that the Nsp8 N-terminal domain is
mainly in charge of mitochondria targeting, then the Nsp8 C-terminal
domain attends to auto/mitophagy by interacting with some unknown
proteins in the mitochondria. Additionally, mitophagosome accumula-
tion in the cell, which is termed “incomplete mitophagy”, may serve as
membraned vesicles for viral replication. During HPIV3 infection, its
phosphoprotein (P) binds to SNAP29 and compromises its interaction
with STX17, thereby preventing mitophagosome-lysosome fusion and
leading to extracellular viral production (Ding et al., 2014, 2017).
Considering the function of Nsp8, mitochondria or mitophagosomes may
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also provide a platform for SARS-CoV-2 replication regulated by the
RdRp replication complex. Therefore, further studies are required on
how Nsp8 triggers and regulates the auto/mitophagy pathway in the
mitochondrial compartment and how auto/mitophagy plays a role dur-
ing SARS-CoV-2 replication.

Due to the severity of the pandemic, developing a specific drug or
vaccine for SARS-CoV-2 has been a hot research topic. As a proof of
concept, both CQ and HCQ are drugs of interest for clinical evaluation as
inhibitors of the autophagic process by increasing the pH of acidic
endosomes and lysosomes (Kumar et al., 2021). As mitochondria can
serve as membraned vesicles for viral replication, the accumulation of
mitophagosomes caused by interfering autophagic pathways may be a
potential target for controlling SARS-CoV-2 infection by conducting
mitophagy. Midiv-1, an inhibitor of mitophagy, has a reduced viral load
at 24 and 48 h post-SARS-CoV-2 infection. Therefore, developing specific
drugs for Nsp8, which is involved in both the replication complex and
mitophagy, may be an effective antiviral strategy.

5. Conclusions

In summary, we identified SARS-CoV-2 Nsp8 as an inducer of
incomplete mitophagy. Moreover, Nsp8 damages mitochondria by
reducing the mitochondrial membrane potential, creating ROS, and
preventing injured mitochondria from being removed in time. Further-
more, the Nsp8 N-terminal domain can colocalize with mitochondria,
whereas the Nsp8 C-terminal domain can increase mtROS production
and induce auto/mitophagy. This novel finding expands our under-
standing of the function of Nsp8 in virus infection and opens up new
possibilities for creating treatment techniques to tackle viral and COVID-
19 infections.
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