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A B S T R A C T   

Viral infection-induced cell death has long been considered as a double-edged sword in the inhibition or exac
erbation of viral infections. Patients with severe Coronavirus Disease 2019 (COVID-19) are characterized by 
multiple organ dysfunction syndrome and cytokine storm, which may result from SARS-CoV-2-induced cell 
death. Previous studies have observed enhanced ROS level and signs of ferroptosis in SARS-CoV-2 infected cells 
or specimens of patients with COVID-19, but the exact mechanism is not clear yet. Here, we find SARS-CoV-2 
ORF3a sensitizes cells to ferroptosis via Keap1-NRF2 axis. SARS-CoV-2 ORF3a promotes the degradation of 
NRF2 through recruiting Keap1, thereby attenuating cellular resistance to oxidative stress and facilitated cells to 
ferroptotic cell death. Our study uncovers that SARS-CoV-2 ORF3a functions as a positive regulator of ferroptosis, 
which might explain SARS-CoV-2-induced damage in multiple organs in COVID-19 patients and imply the po
tential of ferroptosis inhibition in COVID-19 treatment.   

1. Introduction 

SARS-CoV-2, a novel coronavirus, was identified in early 2020 as the 
cause of the global epidemic Coronavirus disease 2019 (COVID-19) 
[1–3]. Since its outbreak, many studies have been performed to better 
understand the basic mechanisms and clinical features of this disease. 
COVID-19 is now considered as a multi-organ dysfunction disease with a 
broad spectrum of manifestations, such as hyperactivation of the im
mune system, which leads to a ‘‘cytokine storm’’ [4]. However, the 
underlying mechanisms of multiple organ failure remain unclear. One 
possible mechanism linking cytokine storm to organ damage is the 
programmed cell death, which is regarded as a common outcome of 
virus infection [5]. Previous studies had shown that viral infections 
could trigger cell death via various mechanisms, depending on the viral 

species [6,7]. Cell death can be a double-edged sword during pathogenic 
infections [8,9]. On one hand, virus-associated cell death protects the 
host from additional infection, while on the other hand, it contributes to 
the progression of many infections and pathogenesis [8,10,11]. Three 
major forms of programmed cell death are observed following viral in
fections, including apoptosis, necroptosis, and pyroptosis, which were 
also observed in specimens from patients with severe COVID-19 
[12–15]. 

Ferroptosis is a newly discovered programmed cell death, which is 
mainly caused by iron-mediated lipid free radical accumulation and 
dysregulation of antioxidation responses [16,17]. Unlike the immuno
logically silent apoptosis, studies showed that ferroptosis is immuno
genic and ferroptotic cells release damage-associated molecular patterns 
(DAMPs) and alarmins, which not only leads to amplified cell death but 
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also promotes a series of reactions associated with inflammation 
[18–20]. Ferroptosis has been shown to contribute important patho
logical roles in multiple system diseases involving acute kidney injury 
(AKI), acute lung injury (ALI) and ischaemia–reperfusion injury (IRI) 
[17], which are typical clinical symptoms of multiple organ involvement 
and failure in patients with severe COVID-19 [21]. Several evidences 
report the ferroptosis signatures in COVID-19 patients, implying the 
involvement of ferroptosis in SARS-CoV-2 infection [22]. Role of 
Glutathione Peroxidase 4 (GPX4) and glutathione (GSH) oxidation has 
been associated with SARS-CoV-2 mediated lipid ROS generation from 
Fenton reaction [22–24]. The mRNA level of GPX4 was significantly 
decreased upon patient-derived SARS-CoV-2 (SZ005) infection [25]. 
4-Hydroxynonenal (4-HNE), a reactive breakdown product of the lipid 
peroxides or oxidized phosphatidylcholine, which is regarded as a 
biomarker of ferroptosis, was found to be positive in COVID-19 patient 
[26]. The abundance of lipid peroxides observed in myocardium and 
renal cortex of patients with COVID-19 might be triggered by ischaemia 
and ischaemia–reperfusion injury in these organs as seen in multiple 
organ dysfunction syndromes (MODS) [26]. Recently, SARS-CoV-2 
infection has been reported to trigger ferroptosis in human sinoatrial 
node (SAN)-like pacemaker cells and human iPSC-derived cardiac cells 
[22,27]. In addition, iron metabolism is dysregulated in COVID-19 pa
tients [28]. These studies demonstrated the involvement of ferroptosis in 
SARS-CoV-2 infection and its potential contribution to the multiple 
organ damage. 

Coronavirus accessory proteins are a series of proteins whose genes 
are interspersed among or within the genes encoding structural proteins. 
They are not essential to the replication of coronavirus in vitro, but 
participate in mediating virus–host interactions, host immune responses 
and pathogenicity [29]. Elucidating how SARS-CoV-2-encoded proteins, 
especially the accessory proteins not conserved in other coronaviruses, 
interact with host factors is crucial for us to understand the high infec
tivity and pathogenicity of this virus and also to develop potential 
COVID-19 treatments. In this study, we found that ORF3a, an accessory 
protein specific to the coronavirus SARS and SARS-CoV-2, sensitizes 
cells to ferroptosis via Keap1-NRF2 axis. ORF3a triggers the degradation 
of NRF2 by recruiting Keap1, thus enhancing the accumulation of the 
level of lipid reactive oxygen species (ROS) and leading to ferroptosis. 
According to our data, it will be valuable to develop potential COVID-19 
treatments toward ferroptosis inhibition and NRF2 activation, which 
may mitigate the adverse effects associated with the sequela of infection 
during the current COVID-19 pandemic. 

2. Results 

2.1. SARS-CoV-2 infection increased the transcription level of PTGS2 

To assess whether ferroptosis is involved in SARS-CoV-2 infection, 
we reanalyzed an RNA-seq database of several cell lines infected with 
SARS-CoV-2 (GSE147507) [30]. We found that the mRNA level of 
prostaglandin-endoperoxide synthase 2 (PTGS2, a biomarker associated 
with ferroptotic cell death) [31], was significantly increased in lung cells 
infected with SARS-CoV-2 (Fig. 1A). To confirm the upregulation of 
PTGS2 by SARS-CoV-2, two human lung cell lines, NCI–H1299 and A549 
with angiotensin-converting enzyme 2 (ACE2) overexpression were 
treated with PBS (mock-infected), or infected with three SARS-CoV-2 
variants: the early strain, B.1, Beta (B.1.351) and Delta (B.1.617.2), 
and successful infection was confirmed by quantitative real-time poly
merase chain reaction (qRT-PCR) analysis of SARS-CoV-2 subgenomic 
RNA (sgRNA), the indicator of coronavirus replication (Fig. S1). 
Meanwhile, a primary lung cell Human Bronchial Epithelial Cell (NHBE) 
was used to be infected with Omicron BA.2, which exhibits greater 
infection efficiency than other variants (B.1, Beta, Delta). As shown in 
Fig. S2, we didn’t observe significant infection in NHBE, so we finally 
chose cancerous cell lines such as NCI–H1299 and A549-ACE2 to 
conduct the research. Result of qRT-PCR analysis verified that PTGS2 
was significantly upregulated by the infection of all the variants of 
SARS-CoV-2 (Fig. 1B), which was consistent with data from GSE147507. 
Next, ferroptosis after SARS-CoV-2 infection was assessed in vivo. As 
SARS-CoV-2 B.1.617.2 (delta) variant had been proved to trigger severe 
infection, we chose this strain to evaluate ferroptosis after in vivo 
infection. K18-hACE2 transgenic C57BL/6 mice were mock-infected 
(PBS), or infected with 500 PFU of SARS-CoV-2 B.1.617.2 (delta) 
variant. Three days post infection, the transcriptional level and protein 
level of PTSG2 in the lung tissue were assessed. Result of qRT-PCR 
analysis of SARS-CoV-2 sgRNA in the lung showed successful infection 
(Fig. 1C). Compared with mock group, transcriptional level of Ptgs2 
increased nearly seven folds in SARS-CoV-2 infection group (Fig. 1C). 
IHC results also proved the enhanced protein level of PTSG2 in lung 
tissue of SARS-CoV-2-infected hACE2 transgenic mice, which also 
showed the symptom of tissue damage (Fig. 1D). Next, we detected the 
transcriptional levels of relative regulators (Solute Carrier Family 7 
Member 11/SLC7A11, Ferritin Light Chain/FTL, Ferritin Heavy 
Chain1/FTH1, NAD(P)H quinone dehydrogenase 1/NQO1, Heme 
Oxygenase-1/HO-1 and GPX4) of ferroptosis in lung tissue, which 
significantly decreased upon SARS-CoV-2 infection (Fig. 1E). These re
sults indicate that there is a significant association between SARS-CoV-2 
infection and ferroptosis. 

Fig. 1. SARS-CoV-2 infection increased the transcription level of PTSG2. (A) Reanalysis of data from Blanco-melo et al. (GSE147507)(30). Data from cell lines Calu3 
and A549-ACE2 infected with SARS-CoV-2 was normalized against mock treated cells. Expression and p values were calculated with edgeR2 using Benjamini- 
Hochberg adjusted two-sided Wald test statistic. (B) NCI–H1299 cells and A549-ACE2 cells were infected with three indicated strains of SARS-CoV-2 variant 
(B.1, Beta and Delta) at a MOI of 0.05 for 48 h. Gene expression of PTGS2 was analyzed by qRT-PCR. Data show mean ± SEM from three independent experiments. 
(C) K18-hACE2 mice were intranasally inoculated with vehicle (n=3) or with SARS-CoV-2 Delta variant (500 plaque forming units (PFU) virus per mouse (n=9). 
Gene expression of sgRNA and Ptgs2 of lung tissues were harvested at 3 dpi and analyzed by qRT-PCR. (D) Lung tissues from three mice in each group were fixed to 
stain with PTGS2 and spike protein of SARS-CoV-2, the representative images were shown. (E) Total RNA in lung tissues from three mice in indicated groups were 
extracted and subjected to qRT-PCR analysis. Data represent mean ± SEM from three individual mouse. *P ≤ 0.05, **P ≤ 0.01, ***p ≤ 0.001. 
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2.2. SARS-CoV-2 ORF3a sensitizes cells to ferroptosis 

Coronavirus-encoded accessory proteins play important roles in 
virus–host interactions and regulate host immune responses, thereby 
contributing to pathogenicity of coronavirus [29,32]. Therefore, we 
surveyed the effect of seven accessory proteins of SARS-CoV-2 on GPX4 
inhibitor RSL3 (RAS-selective lethal 3)-induced ferroptosis by detecting 
the accumulation of lipid ROS, a well-known ferroptosis marker [33]. 
Among the seven accessory proteins, SARS-CoV-2 ORF3a overexpressing 
cells demonstrated the highest lipid ROS level induced by RSL3 
(Fig. 2A). Thus, we focused on SARS-CoV-2 ORF3a, which is simply 
referred to ORF3a hereafter unless the viral origin is stated. To further 
confirm the role of ORF3a on ferroptosis, we established a doxycycline 
(Dox)-regulated cell line with inducible, stable expression of flag-tagged 
ORF3a from NCI–H1299 cells. The stable protein expression of ORF3a in 
the presence of 0.1-0.5 μg/ml Dox was confirmed by Western blot 
(Fig. 2B). Next, we detected whether ORF3a expression renders cells 
susceptible to erastin and RSL3-induced ferroptosis. As shown in Fig. 2C 
& D, both erastin and RSL3 promoted significant cell death and 
enhanced lipid ROS level. Meanwhile, we also observed enhanced lipid 
ROS level and cell death upon RSL3 treatment in SARS ORF3a overex
pressed cells, which could be rescued by deferoxamine mesylate (DFO) 
incubation (Figs. S3A and S3B). Furthermore, compared to control cells, 
erastin and RSL3-induced cell growth inhibition and lipid ROS forma
tion were significantly increased in a dose-dependent manner in the 
Dox-inducible cells (Fig. 2E–H). And the effects could be completely 
reverted by ferroptosis inhibitors (e.g., DFO; ferrostatin-1, Fer-1), but 
not by inhibitors of apoptosis (e.g., Z-VAD-FMK) or necroptosis (e.g., 
Nec-1s) (Fig. 2I–L). These results indicate that SARS-CoV-2 ORF3a is a 
positive regulator of ferroptosis in cells. 

2.3. ORF3a-mediated ferroptosis is regulated by NRF2-ARE pathway 

To determine the mechanism through which ORF3a induced fer
roptosis, we detected the expression level of various genes involving 
ferroptosis. Interestingly, we found that in response to RSL3, ORF3a 
expression significantly decreased the mRNA levels of several antioxi
dant proteins (Fig. 3A & Fig. S4), especially heme oxygenase 1 (HO-1), 
NQO-1, FTL, FTH1 and SLC7A11, which are downstream target genes of 
NRF2 [34]. We questioned whether the NRF2-antioxidant response 
element (ARE) pathway, which is vital to cell survival response to 
environment, is involved in the regulation of ORF3a-mediated 

ferroptosis. Therefore, an ARE luciferase reporter, the NQO-1 luciferase 
reporter, was used to assess the ability of ORF3a to regulate NRF2-ARE 
pathway. Kelch-like ECH-associated protein 1 (Keap1) , a previous re
ported negative regulator of NRF2 was used as a positive control [35]. 
Expression of ORF3a significantly suppressed the luciferase expression 
of NQO-1, and the inhibition effect was dose-dependent (Fig. 3B & C). 
Thus, we speculate that ORF3a might regulate cellular ferroptotic 
sensitivity through NRF2-ARE pathway. 

2.4. NRF2-driven ferroptotic inhibition genes are suppressed in SARS- 
CoV-2 infected cells 

Previous study had verified that the NRF2-response is suppressed in 
COVID-19 patient and the expression of NRF2-dependent genes is sup
pressed in cells infected with SARS-CoV-2 [36]. By re-analysis of data 
published by Blanco-Melo et al. [30], we found that genes linked with 
the NRF2-dependent antioxidant response were repressed in A549-ACE2 
cells during SARS-CoV-2 infection (Fig. 4A). The suppression of NRF2 
pathway by SARS-CoV-2 was confirmed as the mRNA expression of 
NRF2 downstream target genes including FTH1, FTL, NQO-1 and HO-1 
were repressed in SARS-CoV-2 infected NCI–H1299 cells and 
ACE2-overexpressing A549 cells (Fig. 4B & C). Correspondingly, the 
protein levels of NRF2 and HO-1 were also decreased upon infection of 
the three variants of SARS-CoV-2 both in H1299 and A549-ACE2 cells 
(Fig. 4D & E). Taken together, these data indicate that SARS-CoV-2 at
tenuates the NRF2 antioxidant pathway and SARS-CoV-2 ORF3a may 
play a vital role in this process, thus sensitizing cells to ferroptosis. 
Interestingly, we reanalyzed the data from a bioproject (https://www. 
ncbi.nlm.nih. gov/bioproject/PRJNA832132) and observed Omicron 
variant infection hardly affect the target genes of NRF2 in ferroptosis 
regulation in human peripheral blood mononuclear cells (PBMCs) 
(Fig. S5). Then we infected NCI–H1299 cells and ACE2-overexpressing 
A549 cells with SARS-CoV-2 variant (BA.2). In A549-ACE2, only HO-1 
decreased upon infection. Although mRNA expression of FTH1, FTL and 
NQO-1 were repressed in NCI–H1299 but not as significantly as other 
variants (B.1, Beta, Delta) (Fig. S6&Fig.4B). Meanwhile, the infection 
slightly affected the protein level of NRF2 (Fig. S7). The weaker in
duction of ferroptosis sensitivity upon BA.2 infection may be one of the 
reasons of mild or asymptomatic infections observed in omicron variant 
infection. 

Fig. 2. SARS-CoV-2 ORF3a sensitizes cells to ferroptosis. (A) MEF cells were transfected with indicated plasmids for 24 h and treated with 0.2 μM RSL3 for 8 h, lipid 
ROS was detected using BODIPY-C11 by flow-cytometry. Data show mean ± SEM from three independent experiments. (B) Tet-on inducible NCI–H1299 cells were 
induced with different doses of doxycycline (Dox) for 24 h and the protein expression of ORF3a was assessed by Western blot. (C) Tet-on inducible NCI–H1299 cells 
were treated with erastin (5 μM) or RSL3 (1 μM) for 24 h, and visualized by microscope (Scale Bar =100 μm). (D) Tet-on inducible NCI–H1299 cells were treated with 
erastin (5 μM) or RSL3 (1 μM) for 24 h, lipid ROS were determined by flow-cytometry and represent image were shown. (E&F) Tet-on inducible NCI–H1299 cells 
were treated with indicated doses of erastin or RSL3 for 24 h and then cell lipid ROS was detected using BODIPY-C11 by flow-cytometry. Data were analyzed and 
showed as mean ± SEM from three independently experiments. (G&H) Tet-on inducible NCI–H1299 cells were treated with indicated doses of erastin or RSL3 for 24 
h, cell viability was determined by CCK8 assay. Data show mean ± SEM from three independent experiments. (I&J) Tet-on inducible NCI–H1299 cells were treated 
with erastin (5 μM) or RSL3 (1 μM) in the presence of DFO (100 μM), Fer-1 (1 μM), Z-VAD-FMK (10 μM) and Nec1-s (10 μM) and then cell viability was assessed by 
CCK8 assay 24 h thereafter. Data show mean ± SEM from three independent experiments. (K) Tet-on inducible NCI–H1299 cells were treated with erastin (5 μM), 
RSL3 (1 μM) and DFO (100 μM) for 8 h and then lipid ROS level were determined by flow-cytometry. Data show mean ± SEM from three independent experiments. 
(L) Tet-on inducible NCI–H1299 cells were treated with erastin (5 μM), RSL3 (1 μM) and DFO (100 μM) for 24 h and then cell death was determined with PI staining 
by flow-cytometry. Data show mean ± SEM from three independent experiments. *P ≤ 0.05, **P ≤ 0.01, ***p ≤ 0.001, n.s. = not significant. 
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Fig. 3. ORF3a-mediated ferroptosis is regulated by NRF2-ARE pathway. (A) Tet-on inducible NCI–H1299 cells were treated with or without doxycycline for 24h, 
followed by treatment with RSL3 (0.5 μM) for 12h, mRNA levels of indicated genes were quantified via qRT-PCR analysis. Quantitations are normalized to actin. Data 
show mean ± SEM from three independent experiments. (B&C) HEK 293T cells were transfected with indicated plasmids along with NQO-1-luc plasmid and pRL-TK 
for 36 h and then luciferase activity was determined by Dual Luciferase Reporter Assay. Data show mean ± SEM from three independent experiments. *P ≤ 0.05, **P 
≤ 0.01, ***p ≤ 0.001, n.s. = not significant. 
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2.5. SARS-CoV-2 ORF3a promotes the degradation of NRF2 

As intracellular protein levels are determined by the balance be
tween protein synthesis and degradation, we examined these parameters 
of NRF2 in cells with or without ORF3a overexpression. Results revealed 
that ORF3a overexpression had no effect on the mRNA level of NRF2 but 
decreased the protein level of NRF2 (Fig. 5A), indicating that ORF3a 
influences the stability of NRF2. To test this possibility, we treated cells 
with cycloheximide (CHX, the protein synthesis inhibitor) and analyzed 
the degradation rate of NRF2 by chase assay. As shown in Fig. 5B, ORF3a 
overexpression promoted the degradation of endogenous NRF2. Mean
while, HEK 293T cells were transiently transfected with Myc-tagged 
NRF2 and Flag-tagged ORF3a, and before harvest, cells were incu
bated with CHX and analyzed the degradation rate of NRF2. As ex
pected, the degradation of NRF2 was accelerated upon ORF3a 
overexpression (Fig. 5C). To further elucidate whether ORF3a promotes 
NRF2 degradation via the ubiquitin-proteasome pathway, we treated 
Dox-inducible NCI–H1299 cells with the proteasome inhibitor MG132 
and autophagy inhibitor Bafilomycin A1 (BAF). The result showed that 
only MG132 treatment rescued the protein level of NRF2 in ORF3a- 
expressing cells (Fig. 5D). Moreover, ubiquitylation level of NRF2 was 
dramatically increased upon ORF3a overexpression (Fig. 5E), suggesting 
that ORF3a destabilized NRF2 by promoting its degradation through 
ubiquitin-proteasome pathway. 

As an important nuclear transcription factor, NRF2 is activated in the 
cytoplasm and subsequently translocated into the nucleus when cells are 
under oxidative and/or electrophilic stimuli [35]. As shown in Fig. 5F, 
ORF3a overexpressing cells had lower levels of nuclear NRF2. Next, we 
checked whether ORF3a directly interacted with NRF2 and increased its 
degradation. However, immunoprecipitation assay showed that ORF3a 
had no interaction with NRF2 (Fig. 5G). Taken together, these data 
suggest that ORF3a destabilizes NRF2 by indirectly promoting its 
ubiquitin-proteasome degradation. 

2.6. SARS-CoV-2 ORF3a enhances the binding affinity of Keap1 with 
NRF2 

Kelch-like ECH-associated protein 1 (Keap1) is well known to act as a 
substrate adaptor to bring NRF2 into the Cul3-dependent E3 ubiquitin 
ligase complex, resulting in the rapid proteasome-mediated degradation 
of NRF2 [37]. Besides that, Keap1-NRF2 axis has been proved to protect 
against ferroptosis [38]. Thus, we explored whether Keap1 was involved 
in ORF3a-induced NRF2 degradation. Immunoprecipitation assay 
showed that ORF3a interacted with Keap1 (Fig. 6A). We also performed 
an immunoprecipitation assay in Dox inducible NCI–H1299 cells and 
found that ORF3a bound to endogenous Keap1 (Fig. 6B). In vitro GST 

pulldown assay verified that ORF3a directly bind to Keap1 (Fig. 6C). We 
also observed colocalization between Keap1 and ORF3a by immuno
fluorescence assay (Fig. 6D). In addition, the binding affinity between 
ORF3a and Keap1 was enhanced in cells treated with RSL3 (Fig. S8), 
further confirming that RSL3-induced NRF2 degradation was mediated 
by Keap1. 

Then, we explored the effect of ORF3a on the expression of Keap1. 
Results showed that ORF3a had no effect on the mRNA level of Keap1 
(Fig. 6E), but it stabilized the protein level of Keap1 and attenuated its 
degradation (Fig. 6F). Meanwhile, we infected NCI–H1299 cells and 
ACE2-overexpressing A549 cells with SARS-CoV-2 variants (B.1, Beta, 
Delta, BA.2). In A549-ACE2 cells, protein level of keap1 significantly 
increased upon SARS-CoV-2(B.1, Beta, Delta) infection, except for Om
icron BA.2 strain (Fig. S9). This phenomenon was also observed in 
NCI–H1299 cells, although not obvious as in A549-ACE2 cell. These 
results were consistent with our previous data, which may explain that 
endogenous NRF2 degraded upon SARS-CoV-2 variants (B.1, Beta, 
Delta) infection (Fig. 4D and E) but not in cells infected with SARS-CoV- 
2 (BA.2) (Fig. S7). Next, we observed much stronger endogenous 
interaction between NRF2 and Keap1 in the presence of ORF3a in 
NCI–H1299 cells (Fig. 6G). Moreover, results of co-immunoprecipitation 
showed that NRF2-Keap1 interaction was enhanced in a dose-dependent 
manner of ORF3a (Fig. 6H). These results imply that ORF3a directly 
binds to Keap1 and enhances the stability of Keap1, thus promoting 
Keap1-NRF2 interaction and facilitating the degradation of NRF2. 

2.7. SARS-CoV-2 ORF3a sensitizes cellular ferroptosis through Keap1- 
NRF2 axis 

To further explore the role of Keap1-NRF2 pathway in ORF3a- 
induced ferroptosis, we knocked down Keap1 by using siRNAs in 
ORF3a-overexpressing NCI–H1299 cells (Fig. 7A&7B). Next, we 
employed NQO1-Luc reporter assay to detect the activity of NRF2 on 
downstream target genes. The result showed that the overexpression of 
ORF3a downregulated the NQO1 luciferase activity by about 50%, 
which could be abolished when Keap1 was suppressed (Fig. 7C), indi
cated that downregulation of NRF2 mediated by ORF3a overexpression 
is rescued by Keap1 knockdown. To examine the effects of Keap1 on 
ORF3a-induced ferroptosis, we downregulated Keap1 in ORF3a- 
expressing cells and observed the cell death and lipid ROS induced by 
ferroptosis inducers. ORF3a significantly increased the lipid ROS and 
cell death induced by both erastin and RSL3 treatment, whereas Keap1 
knockdown partially rescued the lipid ROS in ORF3a overexpressed cells 
and protected cells from ferroptotic cell death. (Fig. 7D & E). These 
results indicate that the ability of ORF3a to promote ferroptosis depends 
on the NRF2-Keap1 axis. 

Fig. 4. NRF2-driven genes involving ferroptosis is suppressed in SARS-CoV-2 infected cells. (A) Indicated gene expression levels were reanalyzed from a data set 
conducted by Blanco-melo et al (GSE147507) (30). Heatmap shows NRF2-driven genes in SARS-CoV-2 infected versus mock treated A549-ACE2 cells. The color 
intensity indicates the row-scaled-normalized log2 (CPM) expression values, the columns display the data for each of the 3 replicates. (B&C) NCI–H1299 cells (B) and 
A549-ACE2 cells (C) were infected with three indicated strains of SARS-CoV-2 variant (B.1, Beta and Delta) at a MOI of 0.05 for 48 h mRNA levels of indicated genes 
were analyzed by qRT-PCR. Data show mean ± SEM from three independent experiments. (D&E) NCI–H1299 cells (D) and A549-ACE2 cells (E) were infected with 
three indicated strains of SARS-CoV-2 variant (B.1, Beta and Delta) at a MOI of 0.05 for 48 h. Protein levels were analyzed by immunoblotting. Quantitation was 
normalized to actin. The representative immunoblotting images were shown as left panel, the intensity of NRF2 and HO-1 were quantified by ImageJ software and 
mean ± SEM from three independent replicates were shown as right panel. *P ≤ 0.05, **P ≤ 0.01, ***p ≤ 0.001. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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3. Discussion 

Infection with SARS-CoV-2 has resulted in a pandemic that has 
widespread effects all over the world. The clinical symptoms of severe 
COVID-19 includes a broad spectrum of clinical disease, and the typical 
clinical presentations of severe patients contain acute respiratory 
distress syndrome, cytokine release syndrome (CRS), multiorgan failure, 
and death [39,40]. Cytokine storm induced by hyperactivation of the 
immune system and multiple organ failure have been suggested as 
contributory factors in COVID-19 disease severity [41]. Programmed 
cell death are demonstrated as a major trigger of inflammatory process, 
linking cytokine storm to organ damage. Several types of programmed 
cell death, such as apoptosis, necroptosis and pyroptosis have been 
observed in specimens from patients with COVID-19 [15,42,43]. Here, 
we provide evidences that a novel type of programmed cell death, fer
roptosis, is also involved in SARS-CoV-2 infection. We demonstrated 
that ORF3a, an accessory protein encoded by SARS-CoV-2, contributes 
to the induction of ferroptosis, which at least in part, explains the tissue 
damage and multiple organ failure caused by SARS-CoV-2. 

The ORF3a protein is unique to SARS-CoV and SARS-CoV-2, which 
has multiple functions in critical aspects of virus pathogenicity. The 
different functional domains of SARS-CoV-2 ORF3a have been demon
strated to associate with virulence, infectivity, and virus release [44]. In 
animal models of SARS-CoV-2 infection, genomic deletion of ORF3a 
showed a general decrease of the cytokine storm, the reduction of virus 
infection and tissue damage in lungs, indicating a major role of ORF3a in 
viral pathogenesis [45]. Previous studies implicated that ORF3a is an 
inducer of cell death including apoptosis, necrosis and pyropotsis 
[46–48]. In this study, we identified that ORF3a of SARS-CoV-2 could 
mediate the down-regulation of NRF2 and its downstream antioxidant 
response, therefore sensitizing cells to ferroptosis. In the context, it is 
speculated that ORF3a induces various cell death through different 
strategies, which leads to tissue damage that affects the severity of 
COVID-19. 

Iron overload induced lipid free radical accumulation and dysregu
lation of antioxidative responses are considered as two major reasons for 
ferroptosis [17]. Several studies reported the dysregulated iron ho
meostasis in COVID-19 patients. Clinical studies showed that serum 
ferritin levels in severe COVID-19 patients were significantly higher 
than the mild cases [49,50], which is likely caused by releasing the 
intracellular ferritin due to cell death and tissue damage. Virus repli
cation requires iron to serve as a raw material [51]. Transferrin receptor 

is responsible for transporting iron into the cell. A study showed that the 
expression of transferrin is higher in males and age-related, which is 
correlation with the severity and mortality of male and elderly 
COVID-19 patients [52]. Therefore, overwhelming iron uptake upon 
virus infection would result in the accumulation of intracellular labile 
iron, triggering Fenton reaction and generating excessive lipid ROS, 
which cannot be eliminated by the cellular antioxidation system. Viral 
infections are associated with a decrease in antioxidant defenses. A 
previous study found that oxidative burst recruits neutrophils to sites of 
infection where they kill the pathogens, which may contribute to organ 
damage and mortality in COVID-19 [53]. Consequently, ferroptosis may 
occur due to the dysregulation of iron homeostasis in COVID-19 
patients. 

Differing from apoptosis, ferroptosis is a form of immunogenic cell 
death that can trigger inflammatory responses through releasing DAMPs 
[54]. Inhibiting ferroptosis prevents certain diseases by 
anti-inflammatory mechanisms [55]. As ferroptosis inhibitors such as 
deferoxamine and deferiprone are usually iron chelators, which are 
generally safe and possess antiviral activities, further efforts should be 
devoted to assess whether anti-ferroptosis treatment can be considered 
as the therapeutic strategies to treat COVID-19. Indeed, some strategies 
inhibiting ferroptosis showed potentiality in COVID-19 treatment. Two 
ferroptosis inhibitors, rosiglitazone and rosiglitazone, could reduce viral 
yields of coronavirus, including SARS-CoV-2 [56]. 

In general, NRF2 and its responsible genes protect against stress- 
induced cell death and regulate the inflammatory response and tissue 
damage during infection. Under basal conditions, NRF2 in the cytosol 
interacts with its negative regulator protein Keap1 that targets NRF2 for 
ubiquitination and proteasomal degradation [57]. Redox products 
inactivate Keap1 by modifying specific sensor cysteine residues, pro
moting its dissociation with NRF2, and then NRF2 translocates into the 
nuclear to activate antioxidant defenses [58]. The NRF2 pathway has 
been found to be repressed in lung biopsies of COVID-19 patients, and 
pharmacological inducer of NRF2 inhibits the replication of SARS-CoV-2 
and the inflammatory response [36]. Consistent with previous studies, 
our findings supported the suppression of the NRF2 pathway during 
infection with SARS-CoV-2, highlighting the potential of activation of 
NRF2 to be an attractive antiviral approach against COVID-19 while 
limiting overflowing inflammatory host responses. Indeed, experimental 
evidence is beginning to emerge and NRF2 activators such as sulfo
raphane and bardoxolone methyl are under clinical trials. For example, 
NRF2 activator SFN (phytochemical sulforaphane) has been reported to 

Fig. 5. SARS-CoV-2 ORF3a promotes the degradation of NRF2. (A) Tet-on inducible NCI–H1299 cells were treated with or without doxycycline for 24 h, mRNA 
expression levels and protein levels of NRF2 were assayed. The relative intensities of NRF2 were quantified by ImageJ software. Data show mean ± SEM from three 
independent experiments. (B) Tet-on inducible NCI–H1299 cells were treated with doxycycline followed by treatment with cycloheximide (CHX) for the indicated 
time courses. Lysates were analyzed by immunoblotting. The relative intensities of NRF2 were quantified by ImageJ software and and mean ± SEM from three 
independent replicates were shown. (C) HEK 293T cells were transfected with NRF2-myc alone or with ORF3a-Flag for 24h followed by CHX treatment for the 
indicated time courses. Lysates were analyzed by immunoblotting. The relative intensities of NRF2-myc were quantified by ImageJ software and mean ± SEM from 
three independent replicates were shown. (D) Tet-on inducible NCI–H1299 cells were treated with or without doxycycline for 24 h, followed by treated with 1 μM 
BTZ or 200 nM BAF for 8 h and lysates were analyzed by immunoblotting. (E) Indicated NCI–H1299 cells were treated with 1uM BTZ for 8h and subjected to an in 
vivo ubiquitination assay. Cell lysates were subjected to immunoprecipitation with anti-NRF2 antibody and analyzed with indicated antibodies. (F) Subcellular 
fractionation analysis was performed, followed by the immunoblotting analysis of cytoplasmic and nuclear fractions. (G) HEK 293T cells were transfected with 
ORF3a-Flag and NRF2-Myc for 36 h. Cell lysates were immunoprecipitated with anti-Flag beads and the precipitated proteins were detected with indicated anti
bodies. ***p ≤ 0.001, n.s. = not significant. 
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exhibit in vitro and in vivo antiviral activity against SARS-CoV-2 [59]. 
Some natural chemical compounds targeting the Keap1-NRF2 axis may 
have the potential for anti-SARS-CoV-2 therapy, such as andrographo
lide [60]. Bardoxolone and bardoxolone methyl, two NRF2 activators in 
clinical trials, showed their SARS-CoV-2 inhibition activity [61]. 
Recently, NRF2 agonists 4-octyl-itaconate (4-OI) and dimethyl fumarate 
(DMF) have also been proved to inhibit the replication of SARS-CoV-2 
and suppress the inflammatory responses to SARS-CoV-2 in different 
cell types [36]. 

Besides the Keap1-NRF2 axis, there may be other possible mecha
nisms of ferroptosis in relation to SARS-CoV-2 infection. In this paper, 
we also observed other accessory proteins, ORF7a and ORF9b, enhanced 
cellular ferroptosis sensitivity in MEF cells (Fig.2A). Some researchers 
had demonstrated that ORF7a hires anti-apoptosis protein and aggre
gates on the ER, resulting in ER stress and apoptosis initiation, which 
may trigger ferroptosis [62,63]. A study showed that SARS ORF9b 
protein was associated with nucleocytoplasmic export linked apoptosis 
[64]. SARS-CoV-2 ORF9b had been proved to bind the outer mito
chondrial membrane and causes mitochondrial elongation, manipu
lating host cell mitochondria and its function [65]. 
SARS-CoV-2-encoded proteins nsp4 and ORF9b had been proved syn
ergistically induce mtDNA release [66]. The release of mtDNA into the 
cytosol or the extracellular space is intricately associated with the 
activation of different PRRs, which may lead to cell death [67,68]. Based 
on these results, it worthy to further study the role of ORF7a and ORF9b 
in ferroptosis regulation. 

In summary, we revealed that ferroptosis is associated with SARS- 
CoV-2 infection. ORF3a of SARS-CoV-2 sensitizes cells to ferroptosis 
via Keap1-NRF2 axis. Mechanistically, ORF3a acts as a molecular linker, 
directly binds Keap1 and recruits Keap1 to NRF2, leading to the pro
teasome degradation of NRF2. The degradation of NRF2 dampens the 
cellular antioxidant ability and sensitized cells to ferroptosis. Our study 
provides new evidence to promote the development of antiviral drugs 
specifically targeting the impairment of antioxidant pathway by ORF3a, 
thereby enhancing the therapeutic value and mitigating the adverse 
effects against SARS-CoV-2 infection. 
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Fig. 6. SARS-CoV-2 ORF3a enhances the binding affinity of Keap1 with NRF2. (A) HEK 293T cells were transfected with ORF3a-Flag and Keap1-HA for 36 h. Whole- 
cell lysates were immunoprecipitated with anti-Flag beads and the precipitated proteins were detected with indicated antibodies. (B) Tet-on inducible NCI–H1299 
cells were treated with or without doxycycline for 36 h, cell lysates were immunoprecipitated with anti-Flag beads and detected with immunoblotting. (C) Purified 
fusion proteins GST-ORF3a and His-Keap1 were used for the in vitro GST pull-down assay, GST protein was used as negative control. His-Keap1 was incubated with 
GST or GST-ORF3a at 4 ◦C overnight, and then the protein was detected by immunoblotting. (D) HeLa cells were transfected with Keap1-HA and ORF3a-Flag for 24 h, 
then cells were fixed, stained and visualized by confocal microscopy (scale bar = 10 μm). (E) Tet-on inducible NCI–H1299 cells were treated with or without 
doxycycline for 24 h, followed by treatment with RSL3 (0.5 μM) for 12 h, mRNA levels of Keap1 were quantified via qRT-PCR analysis and data show mean ± SEM 
from three independent experiments. (F) HEK 293T cells were transfected with Keap1-Flag alone or with ORF3a-myc for 24 h followed by CHX treatment for the 
indicated time course. Lysates were analyzed by immunoblotting. The relative intensities of Keap1-Flag were quantified by ImageJ software and mean ± SEM from 
three independent replicates were shown. (G) Tet-on inducible NCI–H1299 cells were treated with or without doxycycline for 24 h, followed by treatment with BTZ 
(1 μM) for 8 h. Then cells were harvested and the cell lysates were immunoprecipitated with anti-NRF2 antibody and analyzed with indicated antibodies. (H) HEK 
293T cells were transfected with Keap1-HA, NRF2-myc and increased dose of ORF3a-Flag for 24 h, followed by treatment with BTZ (1 μM) for 8 h. Then cells were 
harvested and the cell lysates were immunoprecipitated with HA beads and immunoblotted with indicated antibodies. **P ≤ 0.01, n.s. = not significant. 
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Fig. 7. SARS-CoV-2 ORF3a sensitizes cellular ferroptosis through Keap1-NRF2 axis. (A) NCI–H1299 cells were transfected with siKeap1 for 48 h, mRNA level was 
assayed by qRT-PCR. (B) Tet-on inducible NCI–H1299 cells were transfected with siRNA negative control or siKeap1 for 24 h, then treated with doxycycline for 24 h. 
Protein level was assayed by immunoblotting. (C) HEK 293T cells were transfected with siRNA negative control or siKeap1 and indicated plasmids for 48 h, and then 
luciferase activity was determined by Dual Luciferase Reporter Assay. Data show mean ± SEM from three independent experiments. (D) Tet-on inducible 
NCI–H1299 cells were transfected with siRNA negative control or siKeap1 for 24 h, followed by incubation with doxycycline for 24 h, then cells were treated with 
erastin, RSL3 and DFO for 8 h, and lipid ROS were determined by flow-cytometry. Data show mean ± SEM from three independent experiments. (E) Tet-on inducible 
NCI–H1299 cells were transfected with siRNA negative control or siKeap1 for 24 h, followed by treatment with doxycycline for 24 h, then cells were incubated with 
erastin, RSL3 and DFO for 12 h, and cell viability was determined by CCK8 assay. Data show mean ± SEM from three independent experiments. **P ≤ 0.01, ***P ≤
0.001, n.s. = not significant. 
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