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SARS-CoV-2 membrane protein causes the mitochondrial
apoptosis and pulmonary edema via targeting BOK
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Deaths caused by coronavirus disease 2019 (COVID-19) are largely due to the lungs edema resulting from the disruption of the lung
alveolo-capillary barrier, induced by SARS-CoV-2-triggered pulmonary cell apoptosis. However, the molecular mechanism
underlying the proapoptotic role of SARS-CoV-2 is still unclear. Here, we revealed that SARS-CoV-2 membrane (M) protein could
induce lung epithelial cells mitochondrial apoptosis. Notably, M protein stabilized B-cell lymphoma 2 (BCL-2) ovarian killer (BOK) via
inhibiting its ubiquitination and promoted BOK mitochondria translocation. The endodomain of M protein was required for its
interaction with BOK. Knockout of BOK by CRISPR/Cas9 increased cellular resistance to M protein-induced apoptosis. BOK was
rescued in the BOK-knockout cells, which led to apoptosis induced by M protein. M protein induced BOK to trigger apoptosis in the
absence of BAX and BAK. Furthermore, the BH2 domain of BOK was required for interaction with M protein and proapoptosis. In
vivo M protein recombinant lentivirus infection induced caspase-associated apoptosis and increased alveolar-capillary permeability
in the mouse lungs. BOK knockdown improved the lung edema due to lentivirus-M protein infection. Overall, M protein activated
the BOK-dependent apoptotic pathway and thus exacerbated SARS-CoV-2 associated lung injury in vivo. These findings proposed a
proapoptotic role for M protein in SARS-CoV-2 pathogenesis, which may provide potential targets for COVID-19 treatments.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is an acute pneumonic
disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), resulting in millions of deaths. Hypoxemia
respiratory failure is a characteristic of COVID-19 death, which
exhibits abundant cell apoptosis and fluid accumulation in intra-
alveolar spaces [1, 2]. However, the mechanism of pulmonary
barrier failure caused by SARS-CoV-2 infection remains unclear.
It has been proposed that SARS-CoV-2 infection-associated

epithelial cell apoptosis plays a vital role in lungs disorder [3].
Apoptosis is evolutionarily conserved progress and has dis-
tinctive signal transduction, different from necroptosis and
pyroptosis [4]. Apoptosis is the most widely studied form of cell
death in the context of virus infections [5]. Studies revealed that
coronavirus, such as SARS and MERS, majorly induce apoptosis
in target cells, resulting in organ dysfunction and disease [6, 7].
Clinical pathology results indicate that endothelial apoptosis
exists in postmortem lung slices from COVID-19 patients [8]. It is
reported that SARS-CoV-2 induces the apoptosis of the infected
alveolar cells by using human lung stem cell-based alveolo-
spheres [9]. In humanized ACE2 transgenic mice and Syrian
hamsters, extensive apoptosis has been observed in lung
epithelial cells [10–12]. However, the mechanism of apoptosis

on pulmonary epithelial cells induced by SARS-CoV-2 remains
unclear.
Apoptosis can be modulated by an interaction between cellular

and viral proteins [6]. Coronavirus, such as SARS-CoV and SARS-
CoV-2, is a kind of enveloped virus, including four structural
proteins: spike (S), nucleocapsid (N), membrane (M) and envelope
(E) protein, some non-structural proteins and putative accessory
factors [13]. Among the SARS-CoV proteins, M protein, E protein,
3a, 7a protein can induce cell apoptosis [6, 14, 15]. However, the
potential viral protein and molecular mechanism involved in
SARS-CoV-2-induced apoptosis need more investigation.
Proteomic analysis of host cells infected by SARS-CoV-2

indicated that mitochondria is a primary target organelle. More-
over, many mitochondrial apoptosis mediators, like cytochrome
c (Cyt c) are upregulated in SARS-CoV-2-infected cells [16].
Mitochondrial apoptosis is regulated by the B-cell lymphoma-2
(BCL-2) family, consisting of pro-apoptotic and anti-apoptotic
members. Once activated, the pro-apoptotic effectors, like BCL-2
ovarian killer protein (BOK), will translocate to mitochondria and
perforate it, which induces apoptosis through releasing signaling
factors such as Cyt c [17].
In this study, we found that M protein incited the BOK level by

interacting and inhibiting its ubiquitination-degradation. The
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endodomain of M protein was required for its interaction with
BOK. Furthermore, the BH2 domain of BOK was essential for the M
protein/BOK interaction and mitochondrial apoptosis. In vivo
results suggested that M protein mediated apoptosis and caused
remarkable lung edema in the mice model. BOK knockdown

alleviated the lung edema due to M protein. Overall, our study
revealed the role of M protein in SARS-CoV-2-induced lung cell
apoptosis by triggering BOK-dependent mitochondrial death and
might provide targeting interventions for the treatment of the
COVID-19 lung disorders.
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MATERIALS AND METHODS
Plasmid construction
The cDNA encoding BOK was obtained by reverse transcription of total
RNA from H292 cell lines and following PCR. The purified PCR products
were directionally cloned into pcDNA3.1(+) (HA tag or Myc tag) and pCDH-
CMV-MCS-EF1-green fluorescent protein (GFP)-T2A-Puro vector (Generay,
Shanghai, China). The primers used in this study were shown in
Supplementary Table 1. The pcDNA6B-nCoV-M-flag, pcDNA6B-nCoV-M-
▵transmembrane (TM)1-flag, pcDNA6B-nCoV-M-▵TM12-flag, and
pcDNA6B-nCoV-M-▵TM1-3-flag, pcDNA6B-nCoV-M-▵endodomain (ED)-flag
clone were kind gifts from Prof. Wang Peihui [18, 19]. HA-tagged BOK
plasmids were lacking BH4, lacking BH3, lacking BH1, lacking BH2 or
lacking transmembrane evolved from full length (FL) of BOK, pLKO.1-
shRNA (shCtrl.), pLKO.1-shRNA-mouse BOK (mBOK)-1 (Lenti-shBOK1) and
pLKO.1-shRNA-mBOK2 (shBOK2) construct were purchased from Generay
company (Shanghai, China). The shRNA sequences for BOK knockdown
were listed in Supplementary Table 1.

Transfection
The indicated vectors were transfected with Lipofectamine 2000 (Thermo
Fisher Scientific, Waltham, MA, USA) or polyethyleneimine (linear MW25,000,
Fushen, Shanghai, China) following the manufacturer’s protocol. If the time
point was not indicated specially, otherwise cells were harvested 48 h post
transfection and processed for Western blot (WB) or flow cytometric analysis.

Mitochondrial membrane potential (ΔΨm) assay
ΔΨm variations were detected by JC-1 staining (Beyotime, China). Briefly,
2 × 104 cells were seeded in 24-well plate (Corning, Carolina, USA)
overnight. JC-1 staining was performed after 24 h of transfection with 1
μg of mock or M-flag plasmid per-well, with 10 nM JC-1, according to the
manufacturer’s instructions. Then cells were washed with PBS and
observed by inverted fluorescence microscopy (Zeiss LSM 40, Carl Zeiss,
Germany). Also, we recorded the ratio of aggregated JC-1 (red
fluorescence; ECD channel) to monomeric JC-1 (green fluorescence, FITC
channel) with flow cytometry. The reduction of ΔΨm was indicated by the
red/green fluorescence intensity ratio.

Cell lines
NCL-H292 [H292] (#SCSP-582), HEK293T (#SCSP-502), EA.hy926 (#GNHu39)
and Lewis lung cancer (LLC, #TCM 7) cell lines were purchased from the
National Collection of Authenticated Cell Cultures (Shanghai, China). All the
cells were cultured in a humidified atmosphere of 5% CO2 at 37 °C. H292
cells were grown in RPMI-1640 (Gibico, New York, USA) medium
supplemented with 10% fetal bovine serum (FBS) (HyClone, Utah, USA)
and 100 U/ml Penicillin-Streptomycin (Gibico, USA). HEK293T, EA.hy926
and LLC cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco,
USA) supplemented with 10% FBS and 100 U/ml Penicillin-Streptomycin.

Apoptosis assay
Apoptosis assay was carried out by Annexin V-FITC/PI Detection Kit (BD,
San Diego, CA, USA) followed by the manufacturer’s instruction. Briefly, 2 ×
105 cells were resuspended in binding buffer, followed by staining with 10
μl Annexin V-FITC and 5 μl PI for 15 min. The samples were analyzed with
flow cytometry (Beckman Coulter, cytoflexLX, USA).

Animals
All animal studies were approved by the Ethics Committee of Sun-Yat Sen
University (No.00109), in accordance with UK Animals (Scientific Procedures)
Act 1986. C57BL/6 mice were bred in a 12-h light/dark cycle with access
freely to water and food specific pathogen-free facility. Sex- and age-

(6–8 weeks-old) matched mice were randomly assigned into 8 groups: the
Control group, Lenti-vector group (lentiviral negative control vector encoding
mcherry reporter gene), Lenti-M group (lentiviral vector encoding M protein
and mcherry reporter gene), Lenti-M+Q-VD-OPh group, PBS+ Lenti-M
group (PBS group), Lenti-shcontrol+ Lenti-M (shCtrl.) group, Lenti-shBOK1+
Lenti-M (shBOK1) group, Lenti-shBOK2+ Lenti-M (shBOK2) group.
5 × 107 TU/kg in 50 μl PBS of the lentivirus (Lenti-vector, Lenti-M, Lenti-

shControl, Lenti-shBOK1, and Lenti-shBOK2) or 50 μl PBS were intratracheally
injected. For knockdown animal models, 5 × 107 TU/kg in 50 μl PBS of the
lentivirus expressing M protein was intratracheally injected after three days of
the injection of a lentivirus expressing shRNA. Before intratracheal injection, the
mice were treated with pentobarbital sodium (80mg/kg). 26 G syringes were
used for injection of surgical exposure bronchus. Before sacrifice, the mouse
lungs were quantified by computed tomography (CT) using a dedicated small
animal PET-CT scanner (nanoScan PET/CT 82 s, Mediso, Arlington, USA). Images
were analyzed by RadiAnt DICOM Viewer software (version 2020.1).

Bioluminescence imaging
The thorax was surgically exposed and the lungs were washed with PBS.
The bioluminescent images of the lung organ were taken using an IVIS®
Lumina III (PerkinElmerzei, USA).

Bronchoalveolar lavage fluid (BALF)
After euthanasia of mice with ketamine/xylazine, the collection of
bronchoalveolar lavage fluid (BALF) was followed according to the
previous study [20]. The trachea was semi-exposed and the lungs were
washed with 0.8 ml PBS three times. The right lung lobe was grinded and
lysis buffer was added for WB analysis and the left lobe was used for
Haemotoxinlin and Eosin (H&E) and immunofluorescence staining assays.
The BALF supernatant was centrifuged at 550 g for 5 min at 4 °C. Cells were
resuspended with 500 μl PBS and counted using a hemocytometer. The
supernatant was stored at −80 °C for further experiments.
For quantification of BALF proteins, the BALF supernatant was measured

with Coomassie Brilliant Blue G assay. For the IgM measurement, the BALF
supernatant was tested with a Mouse IgM ELISA development kit
(MABTECH, 3885-1AD-6, Sweden) as per the manufacturer’s instructions.
Other animals were used for pulmonary permeability assay.

Pulmonary permeability assay
Pulmonary Evans blue (EB) extravasation was measured as previously reported
method [21]. Briefly, mice were intravenously infused with EB (30mg/kg) 60
min prior to being sacrificed. The left lungs were excised and stored in liquid
nitrogen. Frozen tissue was incubated individually in formamide (60 °C, 36 h).
The quantity of EB extracted from the tissue was evaluated using the ELISA
reader (Thermo Fisher Scientific, USA) at the absorption maximum for EB (620
nm). Lungs were weighed after being dried 65 °C for 48 h. The amount of EB
was calculated following the standard curve of EB in formamide/PBS. Tissue EB
content= Lung EB content/dry tissue weight.

Caspase (CASP) activity assay
CASP 3 activity in living cells was tested with the GreenNuc™ CASP -3
Activity Kit (Beyotime, China) according to the manufacturer’s instructions.
H292 or EA.hy926 (2 × 104 cells per well) cultured in 96-well plates were
transfected with 0.5 μg of empty plasmid or plasmids expressing S-flag, N-
flag, M-flag or N-flag, respectively, for 48 h. Then, cells were incubated with
200 μl PBS containing 10 μM active CASP 3 detection reagents for 30min
at room temperature. The fluorescent intensity of CASP 3 activity was
quantified using the ELISA reader (Thermo Fisher Scientific, USA) at the
absorption of 485 nm (excitation wavelength).
CASP 8 (Beyotime, China), CASP 9 (Beyotime, China), and CASP 12 (SLF

Biotech, China) activities were measured using the CASP Activity Kit according

Fig. 1 The impacts of SARS-CoV-2 M protein overexpression on H292 and EA.hy926 cell apoptosis. A Cleaved caspase 3 (cleaved CASP 3)
activity in H292 and EA.hy926 cells was measured after 48 h transfection with an empty vector (pcDNA6B), or plasmids expressing SARS-CoV-2
E protein, M protein, N and S protein, respectively. B Represent images of H292 cells staining with cleaved CASP 3 detection reagent. Scale bar,
50 μm. C H292 and EA.hy926 cells were transfected with an empty vector (pcDNA6B) or a M-Flag expression vector for 48 h. Representative
multiplexed immunofluorescence staining of DAPI (blue) and antibody-Flag (red) were showed. Scale bar, 20 μm. D, E Flow cytometric analysis
was used for measuring the proportion of apoptotic cells stained with annexin V-fluorescein 5-isothiocyanate (FITC)/propidium iodide (PI) (D)
and the proportion of apoptotic cells was further analyzed (E). F Live-cell images of H292 and EA.hy926 transfected with M plasmid. Scale bar:
20 μm. See also Movies S1 and S2. Data present with mean ± SD for five independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns non-
significant. Unpaired Student’s t test compared two subjects.
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to the manufacturer’s instructions. Briefly, transfected (2 μg of mock or M-flag)
of H292 (1 × 106 well) were scraped and lysates were left on ice for 5min. The
buffer containing the substrate peptides coupling p-nitroanilide (pNA) was
added to the supernatant. The signal of pNA or CASP activity was detected at
the wavelength of 405 nm by an ELISA reader (Thermo Fisher Scientific, USA).

Generation of BOK knockout cell lines and rescue expression
of BOK
LentiCRISPR v2-derived constructs (Addgene #52961) encoding sgRNA
targeted BAK, BAX or BOK and Cas9 were cotransfected with psPAX2

(Addgene #12260) and pMD2.G (Addgene #12259) into 293 T cells at a
10:7:5 (a total of 16 μg plasmids) ratio on a 10 cm plate with
polyethyleneimine. The supernatant of the culture medium was collected
48 h post transfection and filtered through a 0.45 μm filter. H292 cells were
transducted 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). Knockout status of expanded
single-cell clones was validated by gene sequences and WB analysis of
immunoblotting with BAK antibody (1:1000, #ab32371, Abcam, Cambridge,

Fig. 2 SARS-CoV-2 M protein induced mitochondrial death in H292 cells. H292 cells were transfected with an empty vector (pcDNA6B) or
M-Flag plasmid and used for further experiments. A Activities of CASP 8, CASP 9 and CASP 12 were examined at 48 h. Data are representative
of three independent experiments performed in triplicates. B, C The proportion of cells displaying cleaved CASP 3+ activation was assayed
with FACS in H292 cells transfected with M-Flag for 48 h in the presence of Z-LEHD-FMK (CASP 9 inhibitor, 20 μM) or Q-VD-OPh (pan CASP
inhibitor, 50 μM). D Representative live images of JC-1 fluorescence in H292 cells as an indicator of mitochondrial membrane potential (ΔΨm).
Low ΔΨm (accumulation of JC-1 monomers) demonstrated with green, normally polarized mitochondrial membranes (accumulation of JC-1
aggregates) presented orange. The images were acquired using a Zeiss 880 inverted confocal microscope. Scale bar, 50 μm. E, F The JC-1
signal was measured by flow cytometry. The red to green JC-1 fluorescence ratio in H292 cells was quantified by flowjo software (F).
G Represent images of H292 cells stained with Cyt c and TOMM20 (mitochondria marker) at 36 h. The images were acquired using a Zeiss 880
inverted confocal microscope with a 63×oil-immersion objective. Scale bar, 50 μm. H Co-localization of mitochondria (TOMM20, green) and
Cyt c (red) was analyzed. n= 5–10 images/63 × fields experiment. Data present with mean ± SD for at least three independent experiments. ns
non-significant, *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired Student’s t test compared two subjects.
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England), BAX antibody (1:1000, #2772 s, CST, USA) or BOK antibody
(1:1000, #ab233072, Abcam, Cambridge, England). The rescue expression
of BOK followed Xu et al. [22]. The sgRNA sequences for CRISPR/Cas 9
knockout were listed in Supplementary Table 1.

Lentivirus packaging and infection
The pCDH-CMV-MCS-EF1-GFP-T2A-Puro encoding BOK or pLVX-mcherry
vector encoding SARS-CoV-2 M protein or pLKO.1 vector encoding mouse-
BOK (mBok)-shRNA was cotransfected with psPAX2 and pMD2G into 293
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T cells as mentioned above. Culture supernatants were collected 48 h of
post transfection and then centrifuged at 4000 g for 15min. Supernatants
containing lentiviral particles were concentrated by polyethylene glycol
8000 (PEG 8000) solution at 4 °C overnight, and then concentrated by
centrifugation at 4000 × g for 30 min. The sediments were resuspended in
PBS and the virus titer was measured by fluorescence tittering assay or
real-time quantitative PCR (qPCR).

Cell fractionation
Mitochondria and cytosol were separated according to the manufacturer’s
instruction (Mitochondria Isolation Kit, Thermo Fisher Scientific, USA).
Briefly, cells were scraped into Reagent buffer, incubated 8min on ice,
dounce homogenized. The lysate was centrifuged at 700 g for 10min at 4 °
C. After that, the supernatant was collected and centrifuged at 12,000 g for
15min at 4 °C. The pellet contains mitochondrial fraction and the cytosolic
fraction was the cytosolic fraction.

Immunoblotting and immunoprecipitation
Cells pellets or whole grinding animal lung tissue were collected and
resuspended in lysis buffer (10 mM Tris-HCl [pH7.5], 150 mM NaCl, 0.1%
Nonidet p-40, 5 mM EDTA) with PMSF, incubated on ice for 10min, and
centrifuged at 20,000 × g for 15 min. The protein content of cell extracts
was quantitated by Coomassie brilliant blue G250 method (Bio-Rad,
#5000205, CA, USA) and boiled at 100 °C for 5 min. 30 μg total proteins
were electrophoresed in 15% SDS-polyacrylamide gel electrophoresis
(PAGE) gel and electro-blotted on to a polyvinylidene difluoride (PVDF)
membrane (Millipore, MA, USA). Blots membrane was blocked with 5%
skim milk in TBS with 0.1% Tween20 before being incubated with the
antibody. The membranes were developed by chemiluminescence (Fdbio,
Hangzhou, China) on a Luminescent Image Analyzer (ImageQuant LAS 500,
GE, USA).
Immunoprecipitation was carried out as described previously [23].

Briefly, cell extracts were incubated with the anti-Flag affinity gel
(#A2220, Sigma–Aldrich, USA) or the anti-HA agarose beads (#AT0079,
CMCTAG, USA) or suitable primary antibody (2 μg) and Protein A/G
(Millipore, USA) at 4 °C for 10 h. Next, the mixture was centrifuged
at 9500 g at 4 °C for 1 min. Pellets were washed eight times with lysis
buffer mentioned before. Binding proteins were resuspended in the lysis
buffer with the protein loading buffer. Protein samples were subjected
to 10% or 15% SDS-PAGE gel followed by WB analysis and visualized as
mentioned above.

qPCR
Total RNA was extracted with TRIzol reagent (Life Technologies, USA). 1
μg cDNA was synthesized with M-MLV reverse transcriptase (Promega,
#M1705, Madison, WI, USA) according to the manufacturer’s instructions.
qPCR reaction was performed using SYBR Green Master Mix (Promega,
#M1705, USA) on a Real-time PCR detection device (CFX ConnectTM, Bio-
Rad, USA). The primer sequences for human BOK were listed in
Supplementary Table 1.

Cycloheximide (CHX) chase assay
Transfected (2 μg of empty vector or M-flag) H292 cells in a 6 well plate
and incubated for 24 h. Next, cycloheximide (#M4879, Abmole, USA) was
added to a final concentration of 25 μg/ml, and cells were collected at
indicated time points. Protein concentration was tested by Quick Start™
Bradford 1x dye reagent (Bio-Rad, USA) method. WB was performed as
described earlier.

In vivo ubiquitination assay
HEK293T cells or H292 cells were transfected with the indicated plasmids.
After treatment with 10 μM MG132 (#M1902, Abmole, USA) for 5 h, the
cells were lysed and the supernatant were precipitated and analyzed by
Western blotting using appropriate antibodies (including BOK (#EPR15331,
1:1000, Abcam, USA), Myc, ubiquitin (#ab7780, 1:1000, Arigobio, Taiwan,
China), HA (1:1000, HA.C5, Arigobio, China)) as described previously [23].

Immunofluorescence staining
Cells were washed with PBS buffer twice and fixed with 4% paraformalde-
hyde for 30min. Fixed cells were washed and blocked by blocking buffer
(0.15%(v/v) Triton X-100 and 5%(m/v) BSA in PBS) for 30min. The dilution
buffer of primary antibodies was added. The cells were immunolabeled with
the following primary antibody incubated overnight at 4 °C: rabbit anti-Cyt c
(1:200, #AF2047, Beyotime, China), mouse anti-TOMM20 (1:150, #sc-17764,
Santa Cruz Bio., USA), mouse anti-flag (1:500, Sigma–Aldrich, USA), rabbit anti-
BOK (1:200, #DF3829, Affinity Biosciences, OH, USA), mouse anti-cleaved
CASP 3 (1:200, CST, USA) diluted in blocking buffer. The cells were washed
with PBS followed by staining with Alexa Fluor 488- (1:1000, Thermo Fisher
Scientific, USA), Alexa Fluor 594- (1:1000, Thermo Fisher Scientific, USA) or/
and Alexa Fluor 647-secondary antibody (1:1000, #AF647, Bioss, Beijing,
China) at RT for 1 h. DAPI (Beyotime, China) was used to stain the nuclei.
Images were captured using LSM880 Zeiss confocal imaging (63×) system.
The co-localization between Cyt c and mitochondria was analyzed with Zeiss
Zen Blue software as described previously [24]. A localization index of 100%
indicates that Cyt c and the mitochondria detected by both channels have
the same distribution, which is ideal in healthy cells.
The organs or tissue were fixed in 10% buffered formalin solution, and

paraffin sections (4 μm in thickness) were prepared. Sections were dewaxed
and incubated in the pressure boiling citrate buffer solution for 10min in
stainless steel and was naturally cooled at room temperature. Then the slices
were stained followed the above cell immunofluorescence staining method.

Statistical analysis
Statistical analysis was performed using SPSS version 20.0, and data shown
as mean ± standard derivation (SD). An unpaired student’s test was used
for two-group comparisons. One-way analyses of variance were used for
the analysis of more than two group’s comparisons. The normality of
the data was confirmed by the Shapiro–Wilk’s test and Levene’s test. If
equal variance were found, the least significant difference test was used;
otherwise, the data with the heterogeneity of variance were analyzed
using a nonparametric test (Kruskal–Wallis test).

Fig. 3 SARS-CoV-2 M protein inhibited BOK ubiquitination and promoted its translocation and interacted with BOK via endodomain. A, B
H292 cells were not transfected (control) or transfected with an empty vector (pcDNA6B) or M-Flag plasmid for 48 h. The protein levels of Bcl-
2, BID, BAX, BAK and BOK (A) or M-Flag, Precursor caspase-3 (Pro-CASP 3) and cleaved CASP 3 were analyzed by WB. C After H292 cells were
transfected with M-Flag for 48 h, the mitochondrial and cytosolic fractions were isolated and analyzed by WB. D mRNA levels of Bok in H292
cells transfection with M-Flag for 48 h were examined by qPCR. E Cycloheximide (CHX) chase to check the turnover of endogenous BOK, H292
cells either transfected with vector or M-Flag expressing plasmid, were treated with 30 μg/ml CHX and harvested at the indicated time periods
for WB analysis (upper panel), and quantification of BOK level. β-actin use as internal control (lower panel). F Lysates from H292 non-
transfected (control) or transfected with an empty vector (pcDNA6B) or M-Flag plasmid followed by treatment with 10 μM MG132 for 5 h
before harvest and were immunoprecipitated. Ub Ubiquitination. G HEK293T cells were cotransfected with plasmids encoding HA-tagged
ubiquitin, Myc-tagged BOK, together with either an empty vector (pcDNA3.1(+)) or plasmid encoding Flag-tagged M protein for 40 h. Cells
were treated with 10 μM MG132 for 5 h and lysed. Then the proteins mixture was immunoprecipitated with anti-Myc antibody followed by
WB. H Immunoprecipitation using anti-Flag or anti-HA antibodies from lysates of 293 T cells transfected with HA-tagged BOK (24 kDa) alone, or
with an empty vector (pcDNA6B), SARS-CoV-2 Flag-tagged N (51 kDa) and M (23/24 kDa). I Exogenous protein interaction was further
confirmed in 293 T lysates immunoprecipitated with anti-HA and analyzed by WB with the indicated antibodies. J, K 293 T cells were co-
transfected with pcDNA3.1(+) carrying HA-tagged BOK, with a pcDNA6B vector containing Flag-tagged M (full lengh), Flag-tagged truncated
variants of M proteins (M-▵transmembrane (TM)1-Flag (22 kDa), M-▵TM1-2-Flag (18/20 kDa), M-▵TM1-3-Flag (14 kDa), M-▵endodomain (ED)-
Flag (22 kDa)). Blots of cell lysates (input) or anti-Flag (J) and anti-HA (K) immunoprecipitates were analyzed by Western blotting for HA and
Flag. L Confocal microscopy of 293 T cells co-transfected with HA-tagged BOK and Flag-tagged M (above lane) or Flag-tagged M-▵ED (below
lane). White arrows represent the colocalization. Scale bars, 10 μm. Data present with mean ± SD for at least three independent experiments.
ns non-significant, **p < 0.01. Data were analyzed with one-way ANOVA with LSD’ t test.
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RESULTS
M protein transient overexpression induced apoptosis
To investigate whether structural proteins of SARS-CoV-2 induce
cell apoptosis, H292 and EA.hy926 cells transfected with empty
plasmid or plasmids of M-Flag, N-Flag, S-Flag and E-Flag of SARS-
CoV-2, respectively. The above structural proteins, M protein

significantly increased cleaved caspase 3 (CASP 3) activity in both
cell lines (Fig. 1A, B). These results indicated that M protein might
affect cell apoptosis.
M protein positive cells showed a nuclear diameter reduction and

chromatin condensation compared to control (Fig. 1C, arrows).
Furthermore, we observed that the proportion of apoptotic cells was
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significantly increased in M protein overexpressing cells compared
to control in both cell lines (Fig. 1D, E).
Real-time morphological observation of H292 and EA.hy926

cells revealed classical apoptosis morphology upon M protein
overexpression such as cytoplasm condensation, blebbing of the
cell membrane, membrane-bound vesicles formation (Fig. 1F and
Supplementary Movies S1 and S2). The above data suggested that
overexpression of M protein could induce apoptosis in H292 cells
and EA.hy926 cells.

Transient overexpression of M protein activated the
mitochondrial apoptosis pathway in H292 cells
To gain insights into the underlying mechanism of activating CASP
3 by M protein overexpression in H292 cells, CASP 8, 9 and 12
activity were detected. No alterations in the Fas-associated CASP 8
and endoplasmic reticulum (ED)-involved CASP 12 responses were
observed in M protein overexpression cells (Fig. 2A). Notably, the
activity of mitochondria-associated CASP 9 was significantly
elevated upon M protein overexpression (Fig. 2A). For better
identifying the role of CASP played during the M protein
proapoptotic process in cells, the CASP 9 specific inhibitor (Z-
LEHD-FMK) and pan-CASP inhibitor (Q-VD-OPh) were used. Z-
LEHD-FMK inhibited M protein-induced CASP 3 activation in H292
cells (Fig. 2B). Further, no difference in the proportion of cleaved
CASP 3 positive cells was observed in response to M protein
overexpression in the presence of Q-VD-OPh or Z-LEHD-FMK
(Fig. 2B, C). These results suggested that apoptosis induced by M
protein was CASP 9 dependent.
Irreversible loss of mitochondrial membrane potential (ΔΨm) is a

significant event in the early apoptotic cells [25]. Immunostaining
and FACS results showed that the proportion of cells with low ΔΨm
was higher in the M protein transfection group compared to the
control (Fig. 2D–F). A colocalization analysis confirmed the leakage
of Cyt c from mitochondria in the M-overexpressing cells (Fig. 2G, H).
The above results confirmed that overexpression of M protein
activated the mitochondrial apoptosis pathway in H292 cells.

M protein inhibited the ubiquitination and resulted in cellular
accumulation of BOK
A crucial checkpoint in activating the mitochondrial apoptosis
pathway is mitochondrial perforation [17]. To investigate whether
BCL-2 family proteins are involved in M protein induced-apoptosis,
we detected the levels of BCL-2, BID, BAK, BAX and BOK in H292
cells transfected with M protein expressing plasmid. Then, we
noticed a significant increase in BOK expression, but no change
was found in other proteins (Fig. 3A). M protein induced
upregulation of BOK was accompanied by elevating cleaved CASP

3 protein level (Fig. 3B). M protein showed doublet bands (Fig. 3B),
which may be related to its O-linked glycosylation [26, 27].
Moreover, BOK redistributed to mitochondria was observed upon
M protein overexpression, accompanied by a higher abundance of
Cyt c in the cytoplasm (Fig. 3C).
The M protein overexpression had no impact on the transcription

level of Bok (Fig. 3D). The BOK degradation rate was slower in M
overexpressing cells than in the vector group analyzed by
cycloheximide (CHX) chase assay (Fig. 3E). As the ubiquitin-
proteasome system degrades the BOK [28], we tested whether M
protein stabilized BOK by inhibiting its ubiquitination. We immuno-
precipitated endogenous BOK with anti-BOK antibody from H292
cells non-transfected (control) or transfected with an pcDNA6B
vector or plasmids encoding Flag-tagged M protein (M-Flag) and
analyzed BOK polyubiquitination with both anti-ubiquitin antibody
and anti-BOK antibody. Compared with control or vector group, the
polyubiquitination of BOK in M-flag group decreased (Fig. 3F, lane
3), indicating that the M-Flag inhibited BOK ubiquitination.
Furthermore, the exogenous myc-tagged BOK was immunoprecipi-
tated with anti-myc antibody from 239 T cells in the presence of
overexpressed HA-tagged ubiquitin with/without M-Flag overex-
pressed. Overexpression of M protein made higher level of myc-
tagged BOK be enriched, while the levels of ubiquitinated BOK-Myc
were decreased (Fig. 3G). To further investigate how M protein
impacted BOK stability, we performed a co-immunoprecipitation
(co-IP) assay to evaluate whether M protein interacted with BOK. We
found an antibody efficiently precipitated BOK-HA protein against
the flag (M tag), but not by control or SARS-CoV-2 N protein
(Fig. 3H). Further, reverse co-IP showed that the M tagged with the
flag was precipitated by an antibody against HA (BOK tag) in 293
T cells (Fig. 3I). Next, we used the truncated variants of SARS-CoV-2
M protein (Supplementary Fig. 1) and investigated which region is
responsible for binding with BOK. Co-IP results showed that all M
protein deletion mutants except for ▵TM1-3 (endodomain, Fig. 3J,
K), interacted with BOK; thus, the endodomain (ED) of SARS-CoV-2 M
protein played a vital role in interacting with BOK. Consistent with
the co-IP results, we observed colocalization of SARS-CoV-2 M with
BOK, and no colocalization of SARS-CoV-2 ▵ED with BOK (Fig. 3L).
These data demonstrated that M protein upregulated the BOK by
interacting with BOK via endodomain, and blocking its subsequent
degradation.

M protein induced apoptosis required BOK
To further explore the role of BOK in apoptosis induced by M
protein, we used CRISPR/Cas9 to knockout BOK in H292 cells and
recombinant exogenous BOK with lentivirus system with GFP
reporter gene for further experiments (Supplementary Fig. 2A–C).

Fig. 4 BOK was required for the proapoptotic effect of M protein overexpression on H292 derived cells. To determine the role of BOK in
the proapoptotic processes of M protein in H292 cells, we generated two BOK knockout cell (KO1 and KO2) lines, two corresponding BOK
rescued cell (KO1+ BOK and KO2+ BOK) lines and an empty lentivirus rescued cell (KO+ BOK) line. To recover the BOK expression in the
knockout H292-derived cell line, GFP lentivirus vector (pCDH-CMV-MCS-EF1-GFP-T2A-Puro) or carrying BOK was used to transducted the BOK
KO cells. The pCDH-CMV-MCS-EF1-GFP-T2A-Puro cloning and expression lentivirus vector drives expression of Bok from the CMV promoter
and drives expression of GFP from EF1α promoter. A Six H292 derived cell lines, including WT, KO1+ Vector, KO1, KO1+ BOK, KO2 and KO2+
BOK, were transfected with an empty vector (pcDNA6B) (six vertically left panels) or M-flag expressing plasmids (six vertically right panels).
After 48 h, the PI+ cells were determined by flow cytometry analysis (FACS). B The proportion of PI+ cells were further analyzed according to
the FACS results in (A). C H292-derived cells were transfected with an empty vector (pcDNA6B) and M-Flag expressing plasmid for 48 h. The
Pro-CASP 3, cleaved CASP 3, cleaved CASP 9, cleaved PARP, BOK and M-Flag levels were measured by Western blot. D H292-derived cells were
transfected with an empty vector (pcDNA6B) or M-Flag expressing plasmid for 36 h. The Cyt c and TOMM20 were detected by
immunofluorescence. The images were acquired using a Zeiss 880 inverted confocal microscope with a 63×oil-immersion objective. Scale bar,
50 μm. E Co-localization of mitochondria (TOMM20, white) and Cyt c (red) was analyzed. n= 5–10 images/63 × fields experiment. Data present
with mean ± SD for at least three independent experiments. F WT, DKO (BAK−/−/BAX−/−), TKO (BAK−/−/BAX−/−/BOK−/−) and KO (BOK−/−)
H292 cells were transfected with an pcDNA6B vector or M-Flag expressing plasmid. At 48 h after transfection, flow cytometric analysis was
used for measuring the proportion of apoptotic cells stained with annexin V-fluorescein 5-isothiocyanate (FITC) and the proportion of
apoptotic cells was analyzed. G H292-derived cells (WT, DKO, TKO and KO1) were transfected with an empty vector (pcDNA6B) and M-Flag
expressing plasmid for 48 h. The Pro-CASP 3, cleaved CASP 3, cleaved PARP, BAK, BAX, BOK and M-Flag levels were measured by Western blot.
Data present with mean ± SD for three independent experiments. ns non-significant, *p < 0.05; **p < 0.01, ***p < 0.001. Data were analyzed
with the Kruskal–Wallis test with post hoc Dunn’s test.
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The proportion of PI+ cells in wild type (WT), BOK deletion and
rescued groups showed no apparent significant difference
(Supplementary Fig. 2D, E). Collectively, the results indicated that
BOK genetic editing did not impact the viability of H292 derived
cells under normal conditions in vitro.

To further confirm whether M protein induced mitochondria
apoptosis via BOK protein, we used WT and genetically altered
H292 cell lines to test their response upon M protein over-
expression. The knockout of BOK inhibited apoptosis, prevented
cleaved CASP 9, cleaved CASP 3 and cleaved PARP formation, as
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well as leakage of Cyt c in H292 cells upon M protein
overexpression (Fig. 4A–E). We have also confirmed these results
by rescue experiments (Fig. 4A–E). Since mitochondria-dependent
apoptosis generally needs the presence of BAK and BAX [29, 30],
we generated BAK−/−BAX−/− (DKO) and BAK−/−BAX−/−BOK−/−

(TKO) H292 cells to explore whether M protein overexpression-
induced apoptosis requires the BAK and BAX. Similar to WT cells,
M protein overexpression-induced cell apoptosis and promoted
the cleaved CASP 3 and cleaved PARP expression in DKO cells, but
not in the TKO cells and BOK KO1 cells (Fig. 4F, G). The above
results indicated that M protein could induce mitochondrial
apoptosis pathway via BOK without BAK and BAX.

M protein interacted with BH2 domain and enhanced the
activity of BOK for inducing apoptosis
To identify the region of BOK protein responsible for interacting
with M protein, five BOK deletion mutants were generated. Co-IP
results showed that all BOK protein deletion mutants except for
▵BH2, interacted with M protein (Fig. 5A, B). The above results
indicated that M protein interacted with the BH2 domain of BOK.
To investigate whether the binding of M protein and BOK

affected apoptosis, we cotransfected plasmids of M-Flag with FL-
BOK or ▵BH2-BOK into H292 derived cells. Apoptotic and ΔΨmlow

cells proportion was enhanced by overexpression of FL-BOK-
protein and ΔBH2-BOK-protein, respectively, compared to control.
The percentage of cell apoptosis was markedly enhanced by M
cotransfection with FL-BOK but not with ▵BH2-BOK-protein
(Fig. 5C–F). These results demonstrated that M protein bound to
the BH2 domain of BOK and enhanced activity of BOK for inducing
apoptosis.

Expression of M protein by lentivirus promoted apoptosis of
lung cells and increased the pulmonary permeability in vivo
Next, we investigated the role of M protein in vivo with lentivirus
as a carrier (Supplementary Fig. 3). As shown in the Supplemen-
tary Fig. 4A, C57BL/6 mice were intratracheally injected with a
lentivirus harboring the M and mcherry reporter gene. The
mcherry fluorescent signals were detected in the lungs of lenti-
vector group, lenti-M group and lenti-M+Q-VD-OPh mice group,
compared to control group (Supplementary Fig. 4B). To assess
whether the indicated treatment caused the lung injury, we
performed CT examinations of the mice. Intratracheal injection of
lentivirus vector produced only minor changes in the lung,
compared to control group. The lung presented severe ground-
glass opacities in lenti-M group (Fig. 6A). The Q-VD-OPh treatment
significantly improved pulmonary density compared to those in
the lenti-M group (Fig. 6A). Furthermore, we observed the
histopathological morphologic alterations of lung tissues. The
mcherry+ cells in the lung sections of lenti-vector group, lenti-M
group and lenti-M+Q-VD-OPh group could be observed under
the immunofluorescent microscope (Fig. 6B). In the lungs of lenti-
M group treated mice, we detected a higher number of mcherry+

and cleaved CAPS 3+ cells. Furthermore, M protein expression

resulted in nucleosome-sized fragments characteristic of apoptosis
and being desquamated (Fig. 6B). In addition, M protein
expression increased cleaved CASP 9, cleaved CASP 3 and cleaved
PARP expression in lung tissues, and this effect was attenuated by
intravenous injection of Q-VD-OPh. Furthermore, the level of BOK
was significantly increased in lenti-M group (Fig. 6C).
As the cell apoptosis was associated with alteration of

pulmonary microvasculature permeability in lung injury [31, 32],
we further assessed permeability of the alveolar-capillary barrier in
mouse lungs. Expression of M-protein markedly increased the lung
wet/dry weight ratio, total cell counts, concentrations of total
protein and IgM in the BALF, which was blunted by Q-VD-OPh
(Fig. 6D–G). Tracheal injection of PBS and control lentivirus had no
or minor alterations on the aforementioned lung edema index.
The above data showed that the M protein caused the lung
edema and protein infiltration of plasma. Further, we used Evans
blue (EB) dye to confirm whether the above phenomenon
involved the alveolar-capillary barrier disorders. The result
demonstrated that the EB content in lung tissue was markedly
higher in the lenti-M group than in other groups (Supplementary
Fig. 4C). Q-VD-OPh significantly reduced the amount of EB,
indicating less leakage, which was presumably due to less
apoptosis (Fig. 6H). Collectively, the CASP associated cell apoptosis
triggered by lentivirus expressing M protein induced hyperperme-
ability in the pulmonary barrier.

Knockdown of BOK suppressed lung edema caused by
lentivirus M protein expression in vivo
To test the role of BOK in pulmonary barrier disorder induced by
lentivirus M protein expression in vivo, we used lentivirus-
mediated short-hairpin RNA (shRNA) targeting BOK. WB results
showed that the two BOK shRNA could effectively inhibit the
protein level of BOK in mouse lewis lung carcinoma (LLC) cells
(Fig. 7A). To further test whether the BOK knockdown altered the
cell apoptosis upon expression of M protein, LLC cells were further
transducted with lentivirus carrying M protein (MOI= 15) for 72 h
after BOK knockdown. The results showed that the levels of BOK
and cleaved CASP 3 were obviously increased after transduction of
lentivirus carrying M protein in the PBS and shCtrl. group. On the
contrary, the protein level of BOK and cleaved CASP 3 was
significantly reduced in the shRNA knockdown groups compared
with PBS and the control shRNA group (Fig. 7B).
Next, we performed tracheal injection of a lentivirus expressing

either shRNA against BOK or a control without expressing shRNA
before treating with lenti-M-mcherry (Fig. 7C). The protein level of
cleaved CASP 3, cleaved PARP and BOK in lung tissue was reduced
in shBOK1 or shBOK2 group compared to PBS and shCtrl. groups
(Fig. 7D). Further, the lung wet/dry ratio, total protein content, IgM
concentration and total cell count in the shBOK1group and the
shBOK2 group were significantly less than that in the PBS and
shCtrl. groups (Fig. 7E–H). These results suggested that the
downregulation of BOK could ameliorate pulmonary edema
resulted from M protein expression in mice.

Fig. 5 M protein interacted with BH2 domain and enhanced activity of BOK for inducing apoptosis. A HA-tagged BOK plasmids lacking
BH4 (▵ from 32 to 44 amino acid residues (aa)), lacking BH3 (▵ from 66 to 82 aa), lacking BH1 (▵ from 112 to 131 aa), lacking BH2 (▵ from 164
to 178 aa) or lacking transmembrane (▵ from 189 to 209 aa) evolved from full length (FL) of BOK and the cartoon representation of the
predicted structure of the BOK (BH2 domain was circled by dotted line). B Immunoprecipitation using anti-Flag antibodies from lysate of 293
T cells transfected with distinct HA-tagged BOK plasmids mentioned above and Flag-tagged M. C BOK knockout H292 derived cells were
transfected with an empty vector (pcDNA3.1(+)), FL-BOK, ▵BH2-BOK alone or cotransfected M-Flag and FL-BOK or ▵BH2-BOK, respectively.
Cells were stained with Annexin V/PI after 48 h of post transfection. D Graph represents result of flow cytometry analysis expressed as
histograms of apoptotic cells proportion (Annexin V+/PI− & Annexin V+/PI+) under indicated treatments. Data from three separate
experiments are presented as mean ± SD. E BOK knockout H292 derived cells were transfected with an empty vector (pcDNA3.1(+)), FL-BOK,
▵BH2-BOK alone or cotransfected M-Flag and FL-BOK or ▵BH2-BOK, respectively. CCCP (50 μM) was used as a control for mitochondria
depolarization. Cells were stained with JC-1 after 36 h post transfection. F The quantification of ΔΨm (only JC-1 monomers staining cells)
under indicated treatments. Data from three separate experiments are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ns non-
significant. Data were analyzed with the Kruskal–Wallis test with post hoc Dunn’s test.
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DISCUSSION
Evidence showed that SARS-CoV-2 could directly induce host cell
apoptosis [10, 11, 15]. However, the associated molecular factors
involved during cell apoptosis triggered by SARS-CoV-2 are not
clear. In this study, we demonstrated that the SARS-CoV-2 M
protein induced cell apoptosis via BOK. In vivo results suggested

that M-protein expression induced lung cell BOK-associated
mitochondrial death, damaged pulmonary barrier integrity and
caused lung edema in the mouse.
COVID-19 is characterized by a ground-glass shadow on CT and

diffuse alveolar injury [33], suggested that capillary permeable
pulmonary edema is a driving factor for respiratory failure.
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Fig. 6 M protein expression destroyed pulmonary barrier integrity in vivo. C57BL/6 mice were randomly divided into four groups (n= 8
mice per group) for intratracheally injection with PBS (Control), Lenti-vector (lentivirus carrying empty vector), Lenti-M (lentivirus carrying
SARS-CoV-2 M protein) and Lenti-M+Q-VD-OPh (pan CASP inhibitor), respectively. A Computed tomography (CT) comparison of mouse lungs
after three days of post treatments. B Histopathology and immunofluorescence of representative lung tissue sections stained with
hematoxylin and eosin or anti-cleaved CASP 3. The images were taken using the Leica DM5500 microscope (20×). Scale bar: 20 μm.
C Immunoblotting analysis was performed on lung tissue samples. D Lung wet-to-dry weight ratio in the lungs. E, F Concentrations of total
protein (E) and IgM (F) (large size protein in plasma, 900 kDa) in bronchoalveolar lavage fluid (BALF) of the groups. G Total cell counts in BALF
of the groups. H Quantification of Evans blue contents in the lung tissue from the groups (n= 10 mice per group). All values are means ± SD.
*p < 0.05, **p < 0.01, ns non-significant. Data were analyzed with the Kruskal–Wallis test with post hoc Dunn’s test.

Fig. 7 BOK knockdown alleviated lung edema induced by the M protein expression. C57BL/6 mice were subjected to nontransducted
(PBS), transducted with negative control shRNA (shCtrl.), anti-BOK-shRNA1(shBOK1), and anti-BOK-shRNA2 (shBOK2) tracheal injection for
three days, and then injected with lentivirus expressing SARS-CoV-2 M protein for three days (n= 8 per group). AWestern blot analysis of BOK
protein levels in mouse lewis lung carcinoma (LLC) cells PBS, shCtrl lentivirus, or shBOK1, and shBOK2 group for 48 h, 72 h, and 96 h,
respectively. B Western blot analysis of Pro-CASP 3, cleaved CASP 3 and BOK protein levels in LLC derived cells upon transduction with lenti-
vector or lenti-M for 72 h. C Schematic representation of the experimental process. D Representative immunoblotting analysis of Pro-CASP 3,
cleaved CASP 3, BOK and cleaved PARP protein levels in the lungs. E Lung wet-to-dry weight ratio in the groups. F Total protein concentration
in the BALF. G IgM concentration was measured in the indicated groups. H Total cell count in the BALF. All values are means ± SD. *p < 0.05,
**p < 0.01, ns non-significant. Data were analyzed with the Kruskal–Wallis test with post hoc Dunn’s test.
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Consistent with this view, the autopsy results show that patients
who died due to COVID-19 have severe lung epithelial and
endothelial damage [3, 34]. The pathogenesis of this manifestation
and molecular mechanisms remain unclear. As an important part
of the alveolar-capillary barrier, the epithelial layer prevents
pulmonary edema [35, 36]. In the current study, in vitro studies
revealed that the SARS-CoV-2 M protein had a direct proapoptotic
effect on the human lung epithelial cells and umbilical vein cells.
The detrimental effect of M protein on lung tissue was confirmed
in in vivo experiments and caused serum IgM and albumin
leakage into the BALF. Since the SARS-CoV-2 virus particles can be
observed in bronchiolar and alveolar epithelial cells of COVID-19
patients [37], the M protein may be one of the detrimental factors
aggravating lung injury during COVID-19.
From the aspects of similar sequence and structure to BAX

and BAK, BOK is classified into “killers” effector subgroup of the
BCL-2 family [17]. BOK overexpression triggers intrinsic apopto-
sis [38]. The role and function of BOK have been mainly
investigated in the development and progression of cancer [17].
In healthy cells, BOK are mainly localized to and partially
inserted into the membranes of the Golgi apparatus as well as
the ER and associated membranes [39]. BOK can directly
mediate mitochondria membrane permeabilization, which is
independent of the participation of other proteins in vitro [40].
In host cells, BOK is degraded after ubiquitination modification
[28]. Once the degradation pathway is impeded, the stabilized
BOK protein perturbs mitochondrial membrane permeability
[40]. In our study, we observed the colocalization of BOK with M
protein with immunofluorescence in 293 T cells. Since the SARS-
CoV-2 M protein is primarily localized to the ER and Golgi
[19, 41], we conjectured that M protein stabilized BOK by
inhibiting its ubiquitination-degradation at the ER. Previous
studies reported that BOK activity can be regulated by activated
BID or anti-apoptotic BCL-2 proteins through BH3-BOK domain
[28, 42]. Here, M protein enhanced the proapoptotic activity of
BOK through its BH2 domain. Deletion of BH2 domain inhibited,
but not abolished, the proapoptotic ability of BOK overexpres-
sion in the H292 cells. BH2 domain of BOK may not be required,
but as a regulated domain, for its function as an initiator of cell
death, which is similar with BAX [43]. Similar to the proapoptotic
effect of BOK showed in our study, BOK knockdown ovarian
carcinoma cells were resistant to drug-induced cell death (taxol,
cisplatin, camptothecin) [44]. These findings contradict the
study that BOK protects lung cells from cadmium chloride-
induced cell death [45]. The discrepancy may be attributed to
the cell-intrinsic differences (e.g., expression of endogenous
BOK, cell lines) and requires further investigation. In addition,
BOK knockdown could blunt the lung cell apoptosis and
subsequent lung edema induced by M protein expression.
Overall, these findings demonstrated the proapoptotic function
of BOK in the lentivirus carrying M protein infection
mouse model.
In summary, we demonstrate that BOK is critical for SARS-CoV-2

M protein-mediated apoptosis. By suppressing the CASP activity or
downregulating the level of BOK, cell death and tissue disorders
could be alleviated in the lungs of mice infected with lentivirus
carrying M protein. These findings may serve not only to elucidate
the mechanisms underlying SARS-CoV-2 associated lung edema in
COVID-19 patient, but also to provide a potential target for the
development of therapeutic strategies for the amelioration of
SARS-CoV-2 induced lung and vascular injury.
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