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ABSTRACT

SARS-CoV-2 infections have resulted in a very large number of severe cases of COVID-19 and deaths
worldwide. However, knowledge of SARS-CoV-2 infection, pathogenesis and therapy remains limited,
emphasizing the urgent need for fundamental studies and drug development. Studies have shown
that induction of macroautophagy/autophagy and hijacking of the autophagic machinery are essen-
tial for the infection and replication of SARS-CoV-2; however, the mechanism of this manipulation
and the function of autophagy during SARS-CoV-2 infection remain unclear. In the present study, we
identified ORF3a as an inducer of autophagy (in particular reticulophagy) and revealed that ORF3a
localizes to the ER and induces RETREG1/FAM134B-related reticulophagy through the HMGB1-BECN1
(beclin 1) pathway. As a consequence, ORF3a induces ER stress and inflammatory responses through
reticulophagy and then sensitizes cells to the acquisition of an ER stress-related early apoptotic
phenotype and facilitates SARS-CoV-2 infection, suggesting that SARS-CoV-2 ORF3a hijacks reticulo-
phagy and then disrupts ER homeostasis to induce ER stress and inflammatory responses during
SARS-CoV-2 infection. These findings reveal the sequential induction of reticulophagy, ER stress and
acute inflammatory responses during SARS-CoV-2 infection and imply the therapeutic potential of
reticulophagy and ER stress-related drugs for COVID-19.

Abbreviations: CQ: chloroquine; DEGs: differentially expressed genes; ER: endoplasmic reticulum;
GSEA: gene set enrichment analysis; HMGB1: high mobility group box 1; HMOX1: heme oxygenase 1;
MERS-CoV: Middle East respiratory syndrome coronavirus; RETREG1/FAM134B: reticulophagy regula-
tor 1; RTN4: reticulon 4; SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; TN:
tunicamycin
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Introduction SARS-CoV-2 infection often causes severe respiratory failure,
sepsis and even multiple organ failure, accompanied by severe
acute inflammation and excessive cytokine release known as
“cytokine storm” [3-5]. To date, knowledge of SARS-CoV-2
infection and disease remains very limited.
Macroautophagy/autophagy is a conserved physiological
process in eukaryotic cells by which intracellular waste,
damaged organelles and invasive microorganisms are sepa-
rated and wrapped into double-membrane vacuoles and even-
tually degraded in lysosomes [6,7]. Autophagy is finely
regulated through many core autophagy-related genes and
several upstream signaling cascades that are primarily
initiated by amino acid and glucose deprivation, extracellular
stimuli, intracellular damage and so on [6]. Autophagy plays
essential roles in cell activities and behaviors, mainly main-
taining intracellular homeostasis, removing intracellular

The COVID-19 pandemic outbreak has resulted in the infec-
tion of hundreds of million people and the death of more than
five million people worldwide, and the number of patients
and deaths are still rapidly increasing. Effective treatments
and therapies are still far from satisfactory; the development
of specific drugs, therapies and vaccines are quite urgently
needed. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative agent of COVID-19. As an
emerging coronavirus associated with severe disease, SARS-
CoV-2 is highly homologous to two other such coronaviruses,
SARS-CoV-1 and Middle East respiratory syndrome corona-
virus (MERS-CoV), which have caused two pandemic out-
breaks in the past twenty years [1,2]. In high-risk populations,
such as older persons and persons with underlying diseases,
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threats, repairing damaged organelles and protecting cells
from death [8,9]. However, excessive autophagy also hastens
cell death [10,11]. While autophagy has exhibited great ther-
apeutic potential in many diseases [12], safe and effective
approaches for clinical applications still require a lengthy
development process.

Autophagy usually eliminates invading viruses and pro-
motes antiviral responses; however, autophagy can also be
hijacked by viruses to facilitate infection, replication and
pathogenesis [13,14]. Many enveloped viruses often enter,
replicate, mature and translocate through autophagy-related
vesicles [15-17]. Thus, autophagy inhibition by genetic
approaches or inhibitors effectively suppresses viral infection
and diseases [18,19]. Therefore, autophagy has become
a promising therapeutic target for viral infectious diseases.

Coronaviruses differentially regulate autophagy through
distinct mechanisms. For example, several viral proteins of
SARS-CoV-1 and MHV induce autophagy to support viral
infection and replication [20-23], whereas MERS-CoV Nsp6
inhibits autophagy [22]. However, autophagy inhibition by
different drugs and inhibitors effectively blocks viral infection
and replication, and coronaviruses likely require a low basal
level of autophagy for cell entry and incomplete autophagy for
virion assembly and maturation.

Previous studies have shown that the autophagy inhibitors
chloroquine (CQ) and hydroxychloroquine significantly sup-
press SARS-CoV-2 infection and replication [24,25], leading
to hopes that COVID-19 might be defeated by modulating
autophagy. However, the ineffectiveness of or lack of observed
benefit from CQ and its derivatives has been confirmed in
clinical trials of COVID-19 therapies [26-28], indicating that
autophagy-related therapeutic strategies are still far from clin-
ical application. Importantly, the infection and replication of
SARS-CoV-2 requires the activation of autophagy, and auto-
phagy-like double-membrane vesicles are employed for viral
RNA export and viral replication [29]. Therefore, elucidating
the fine regulation of autophagy by SARS-CoV-2 and the
function of autophagy during infection and replication is
quite crucial for understanding SARS-CoV-2 infection and
pathogenesis and for developing autophagy-related therapies
and drugs for COVID-19.

In the present study, we performed a systematic screen and
found that SARS-CoV-2 ORF3a induces reticulophagy/
ERphagy through the HMGB1-BECNI1 (beclin 1) axis, conse-
quently activating endoplasmic reticulum (ER) stress and
inflammatory responses through reticulophagy and in turn
facilitating SARS-CoV-2 infection and sensitizing cells to ER
stress-related cell death. Our findings reveal a novel mechan-
ism of induction of reticulophagy, ER stress and inflammatory
responses by SARS-CoV-2 and provide a potential target for
COVID-19 treatment and drug development.

Results

A systemic screening identified that ORF3a induces
autophagy

To investigate how SARS-CoV-2 regulates autophagy,
a systematic screen of the viral protein expression library
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was performed using the Gaussia luciferase-based autophagy
reporter Actin-LC3-DN, which detects cleavage of pro-LC3,
a key precursor of the autophagic protein LC3/Atg8 [30].
After two rounds of screening, we identified several viral
proteins that may decrease autophagy-dependent pro-LC3
cleavage; in contrast, NSP6, ORF3a and ORF8 increased auto-
phagy-dependent pro-LC3 cleavage in a dose-dependent man-
ner, and ORF3a exhibited the strongest induction effect (Fig.
S1A). To confirm that ORF3a serves as an inducer of auto-
phagy, an ORF3a-expressing plasmid was transfected into
cells with or without subsequent starvation in HBSS. The
conversion of LC3-I to LC3-II was obviously enhanced but
the SQSTM1/p62 level was decreased by ORF3a expression;
both were augmented under HBSS starvation (Figure 1A).
However, its homologue SARS-CoV ORF3a barely affected
LC3-I-to-LC3-II conversion (Fig. S1B), indicating that SARS-
CoV-2 ORF3a mediates specific induction of autophagy.
Furthermore, we evaluated the activation of one key kinase,
AKT, which negatively regulates autophagy, and found that
AKT phosphorylation was greatly decreased by ORF3a
expression, similar to the effect of HBSS starvation
(Figure 1B), and the phosphorylation of ULK1 was increased
in presence of ORF3a expression without treatment or under
HBSS starvation (Figure 1B). To further visualize autophago-
somes in the absence or presence of ORF3a expression, the
ORF3a-expressing plasmid was co-transfected with the GFP-
LC3- or ptfLC3-expressing plasmid. Increased numbers of
GFP-LC3 puncta were observed in cells with ORF3a expres-
sion compared with cells with empty vector transfection
(Figure 1C), and the formation of LC3-positive autophago-
somes (yellow puncta) and the maturation of autolysosomes
(red puncta) were similarly enhanced by ORF3a expression
(Figure 1D). Similarly, by electron microscopy, increased
double-membrane autophagic vacuoles were observed in
ORF3a-expressing cells, with relatively few autophagic
vacuoles observed in empty vector-transfected cells
(Figure 1E). These results suggest that ORF3a overexpression
significantly induces autophagy.

ORF3a localizes to the ER and induces RETREG 1-mediated
reticulophagy

To investigate the type of autophagy induced by ORF3a,
the subcellular localization of ORF3a was determined by
immunofluorescence. We found that ORF3a colocalized
with the ER membrane protein CANX (calnexin) in the
perinuclear region (Figure 2A), suggesting that ORF3a
localizes to the ER. Then, we hypothesized that ORF3a
regulates ER-related autophagy, and the reticulophagy
receptors RTN3 (reticulon 3) and RETREGI were evalu-
ated in the presence of ORF3a overexpression; their colo-
calization with ORF3a was observed in the ER
compartment (Figure 2B-C). The expression of
RETREG1 was slightly promoted by ORF3a expression
(Figure 2D) and SARS-CoV-2 infection (Figure 2E),
while the levels of the ER membrane proteins CANX
and RTN4 (reticulon 4) were greatly decreased in the
presence of ORF3a overexpression or SARS-CoV-2 infec-
tion, suggesting that ORF3a induces reticulophagy and the
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Figure 1. ORF3a induces autophagy. (A-B) HEK293T cells were transfected with empty vector or Flag-ORF3a-expressing plasmid for 48 h and then left untreated or
treated with HBSS for 2 h. The cells were harvested, and the whole cell extracts were analyzed by Western blots as indicated to detect LC3-I-to-LC3-II conversion and
SQSTM1 level (A) or AKT and ULK1 phosphorylation (B). (C) HelLa cells were transfected with empty vector or Flag-ORF3a- and GFP-LC3-expressing plasmid, left
untreated or followed by HBSS treatment for 2 h, then fixed and subjected to confocal microscopy analysis. Scale bar: 10 um. The LC3 puncta per cell were calculated
from 20 cells/each from three independent experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, by Sidak’s multiple comparisons test. (D) HeLa cells
were transfected with ptfLC3 and empty vector or Flag-ORF3a-expressing plasmid. Twenty-four hours post transfection, cells were fixed and subjected to confocal
microscopy analysis. Scale bar: 5 pm. The red puncta represent autolysosomes and the yellow puncta indicate autophagosomes. The LC3 puncta per cell were
calculated from 20 cells/each from three independent experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001, by Sidak’s multiple comparisons test. (E)
Autophagic vacuoles in control or Flag-ORF3a-expressing HEK293 cells were observed by electron microscopy analysis and representative images are shown. N,

nuclei. Scale bar: 1 pm. The arrows indicate autophagosomes.

degradation of ER membrane proteins. To determine
whether the decrease in the levels of CANX and RTN4
is due to autophagic degradation, the expression of
RETREGI in A549 cells was knocked down by shRNA
transduction, and we found that RETREGI depletion
attenuated the degradation of CANX and RTN4 in
ORF3a-transfected cells or during SARS-CoV-2 infection
(Figure 2D-E), indicating that ORF3a and SARS-CoV-2
infection induce reticulophagy. Interestingly, RETREGI
depletion also greatly attenuated LC3-I-to-LC3-II

conversion under ORF3a expression or during SARS-
CoV-2 infection, indicating that RETREGI is important
for autophagy induction and that RETREGI1-dependent
reticulophagy is the main type of autophagy occurring
in the context of ORF3a overexpression or during SARS-
CoV-2 infection (Figure 2D-E). Furthermore, ORF3a
expression augmented LC3-I-to-LC3-II conversion and
the degradation of CANX and RTN4 during SARS-CoV
-2 infection (Figure 2F), while the SQSTM1 level was
slightly affected, probably because of incomplete late
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Figure 2. ORF3a localizes to the ER and induces RETREG1-mediated reticulophagy. (A-C) Hela cells were transfected with mCherry-ORF3a and then stained with ER
marker CANX (A), or co-transfected with mCherry-RTN3 and GFP-ORF3a (B), or GFP-RETREG1 and mCherry-ORF3a (C). Twenty-four hours post transfection, cells were
fixed, and the images were visualized by confocal microscopy analysis. Scale bar: 5 um. The coefficient of colocalization was determined by qualitative analysis of the
fluorescence intensity of the selected area in merge. (D) Control or RETREG1-knockdown A549 cells were transfected with Flag-ORF3a-expressing plasmid or empty
vector for 48 h. The cells were harvested, and the whole cell extracts were immunoblotted with the indicated antibodies. (E) Control or RETREG1-knockdown A549
cells (transfected with ACE2-expressing plasmid for 24 h) were left uninfected or infected with SARS-CoV-2 for 24 h, MOI = 1. the cells were harvested, and the whole
cell extracts were analyzed by Western blots to detect the indicated antibodies. (F) A549 cells were transfected with Flag-ORF3a-expressing plasmid or empty vector
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autophagy during SARS-CoV-2 infection [31,32].
However, the levels of the mitochondrial membrane pro-
teins TIMM23 and TOMM?20 were barely affected by
ORF3a expression and/or SARS-CoV-2 infection
(Figure 2D and 2F), indicating that mitophagy was not
induced. To further confirm that ORF3a induces reticu-
lophagy, the specific
reticulophagy reporter SERP1/Ramp4-mCherry-GFP was
used to monitor reticulophagy in the presence of ORF3a
expression, and the formation of SERP1-positive autopha-
gosomes (yellow puncta) and autolysosomes (red puncta)
was similarly enhanced by ORF3a expression (Figure 2G).
These results suggest that ORF3a promotes RETREGI-
related reticulophagy during SARS-CoV-2 infection.

ORF3a interacts with HMGB1 and induces
BECN1-dependent autophagy

To investigate how ORF3a induces autophagy, we investigated
public SARS-CoV-2 viral protein-protein interaction network
resources and found that several ORF3a-binding proteins are
involved in autophagy regulation [33]. Five proteins were
depleted by shRNA, and the resulting effects on ORF3a-
induced autophagy were carefully evaluated. Since EI24
mainly regulates the basal autophagy pathway and autophagic
degradation of aggregated proteins [34,35] and EI24 depletion
did not consistently decrease ORF3a-mediated autophagy
induction in the repeated experiments, we did not further
evaluate whether EI24 is involved in this process. Depletion
of HMGBI (high mobility group box 1) and HMOXI1 (heme
oxygenase 1) greatly reduced the ability of ORF3a to induce
autophagy, whereas VPS11 and VPS39 depletion only weakly
affected autophagy induction (Figure 3A) and (Fig. S2A).
Furthermore, the interaction between ORF3a and HMGBI
was observed when both were transiently overexpressed in
cells (Figure 3B), and the interaction between ORF3a and
endogenous HMGB1 was also observed (Figure 3C). As
expected, the level of LC3-I-to-LC3-II conversion and degra-
dation of CANX induced by ORF3a were greatly decreased by
HMGBI1 shRNA in a dose-dependent manner (Figure 3D)
and (Fig. S2B), confirming that HMGBI1 is required for
ORF3a-induced reticulophagy.

In addition, ORF3a interacted with HMOXI1 (Fig. S2C),
and depletion of HMOXI1 moderately attenuated LC3-I to
LC3-II conversion in the presence of ORF3a expression,
while the degradation of CANX was barely reversed by
HMOX1 knockdown (Fig. S2D-E), indicating that HMOX1
is important for ORF3a-induced autophagy but may not be
involved in ORF3a-mediated induction of reticulophagy.
Given that HMOXI1 contributes to oxidative stress and
HMGBI acts as a key regulator of autophagy under oxidative
stress, HMOX1 and HMGBI may cooperate in the regulation

of autophagy under oxidative stress in the presence of ORF3a
expression.

Importantly, ORF3a promoted HMGBI translocation from
the nucleus to the cytosol, and HMGB1 was then recruited by
and colocalized with ORF3a in the endoplasmic reticulum,
suggesting that ORF3a induces reticulophagy by regulating
HMGBI translocation and recruiting HMGB1 to the ER
(Figure 3E). Mechanistically, HMGB1 associates with
BECN1 to enhance autophagy [36,37], and the increased
interaction of ORF3a with HMGBI enhanced the association
of BECN1 with HMGBI (Figure 3F). ORF3a did not directly
interact with BECN1, although they were linked via HMGB1
in a dose-dependent manner (Figure 3G), suggesting that
ORF3a interacts with HMGB1-BECN1 complexes to enhance
the HMGBI1-BECNI association and subsequently induce
autophagy. To further detect the role of BECN1 in ORF3a-
mediated regulation of autophagy, WT (wild-type) or BECN1-
KO cells were transfected with an ORF3a-expressing plasmid,
and the ORF3a-induced increase in LC3-I-to-LC3-II conver-
sion and decrease in the SQSTMI level were found to be
abolished in BECNI-KO cells compared with WT cells
(Figure 3G). These results suggest that ORF3a induces
BECN1-dependent autophagy through the HMGB1-BECN1
pathway.

ORF3a induces ER stress and inflammatory responses
through reticulophagy

To further investigate the function of ORF3a-induced auto-
phagy, the transcriptome of ORF3a-expressing A549 cells was
analyzed by RNA sequencing. The enrichment of the differ-
entially expressed genes (DEGs) was analyzed by gene set
enrichment analysis (GSEA). The enriched DEGs induced by
ORF3a expression shared high similarity to the DEGs in
SARS-COV-2- and MERS-CoV-infected cells (Fig. S3A).
Ninety-seven DEGs were upregulated in both SARS-CoV
-2-infected cells and ORF3a-expressing cells (Fig. S3B), and
a cluster of genes involved in ER stress and immune and
inflammatory responses were highly upregulated by both
ORF3a expression and SARS-CoV-2 infection (Fig. S3C),
suggesting that ORF3a plays a critical role in the induction
of ER stress and inflammatory responses during SARS-CoV-2
infection.

RNA sequencing analysis showed that ER stress-related
genes were enriched in the presence of ORF3a expression,
indicating that ORF3a activates ER stress (Figure 4A). To
confirm that ER stress is induced by ORF3a expression, the
expression of ER stress-related genes was evaluated in ORF3a-
expressing cells. The expression of HSPA5/BiP/GRP78 and
DDIT3/CHOP was gradually increased with increasing
ORF3a expression, and the phosphorylation of EIF2A was
similarly increased by ORF3a expression (Figure 4B).
Notably, the induction of ER stress by ORF3a expression

and ACE2-expressing plasmid for 24 h and then left uninfected or infected with SARS-CoV-2 for 24 h, MOl = 1. The cells were harvested and the whole cell extracts
were analyzed. (G) Hela cells were transfected with SERP1-mCherry-GFP and empty vector or Flag-ORF3a-expressing plasmid. Twenty-four hours post transfection,
cells were fixed and subjected to confocal microscopy analysis. The red puncta represent autolysosomes and the yellow puncta indicate autophagosomes. Scale bar:
5 um. The SERP1 puncta per cell were calculated from 20 cells/each from three independent experiments. *, p < 0.05; **, p < 0.01, by Sidak’s multiple comparisons

test.
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Figure 3. ORF3a interacts with HMGB1 and induces BECN1-dependent reticulophagy. (A) Flag-ORF3a or empty vector was co-transfected into HEK293T cells with
scramble or shRNA against EI24, HMGB1, HMOX1, VPS11 or VPS39. Thirty-six hours after transfection, cell pellets were collected, and the whole cell extracts were
analyzed by Western blots as indicated to detect LC3-I-to-LC3-Il conversion. The densities of LC3-Il to ACTB bands were analyzed by a LI-COR Odyssey scanner and
quantitated using ImagelJ software. The results are shown as the mean + SD (n = 3), *, p < 0.05; **, p < 0.01; ***, p < 0.001, by Sidak’s multiple comparisons test. (B)
GST-tagged HMGB1-expressing plasmid or empty vector was transfected into HEK293T cells with Flag-ORF3a or empty vector for 36 h. Cells were collected, lysed and
subjected to immunoprecipitation with GST-affinity beads, and then whole cell lysates and immunoprecipitated complexes were analyzed as indicated. (C) GFP-
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requires autophagy, and the increases in HSPA5 and DDIT3
expression and EIF2A phosphorylation were completely abol-
ished in BECNI1-KO cells compared to WT cells (Figure 4C).
Furthermore, depletion of RETREGI1 greatly attenuated the
induction of HSPA5 expression and EIF2A phosphorylation
in the presence of ORF3a overexpression (Figure 4D).
However, depletion of the ER stress-related gene DDIT3
barely affected autophagy induction mediated by ORF3a
expression (Figure 4E), indicating that ORF3a induces auto-
phagy independent of ER stress. To confirm that ORF3a
physiologically induces ER stress during SARS-CoV-2 infec-
tion, control and ORF3a-overexpressing cells were left unin-
fected or infected with SARS-CoV-2, and increased HSPA5
expression and EIF2A phosphorylation was observed under
ORF3a overexpression or during SARS-CoV-2 infection;
moreover, both were augmented by ORF3a in virus-infected
cells (Figure 4F). Notably, the increases in HSPAS5 expression
and EIF2A phosphorylation in SARS-CoV-2-infected cells
were attenuated by RETREGI knockdown (Figure 4G).
These results suggest that ORF3a induces ER stress through
reticulophagy during SARS-CoV-2 infection, probably
because ORF3a-induced reticulophagy reprograms or disrupts
ER homeostasis.

Furthermore, we constructed a series of ORF3a constructs
(Fig. S4A) and mapped the functional regions of ORF3a. The
results showed that the C-terminal domain was responsible
for HMGBI binding, and deletion of the C-terminal domain
abolished the ORF3a-HMGBI interaction and the induction
of reticulophagy and ER stress (Fig. S4B-C); however, the
C-terminal domain alone failed to exert these functions even
though it interacted with HMGBI1. An additional transmem-
brane (TM) domain was required, but the TM domain alone
also failed in these functions. These results indicate that
ORF3a primarily induces reticulophagy through the ORF3a-
HMGBI interaction and its localization in the ER compart-
ment and consequently induces ER stress, which excludes the
possibility that ORF3a directly acts as a misfolded protein and
induces the unfolded protein response or ER overload
response.

ER dysfunction often triggers innate immune and inflam-
matory responses. The expression of innate immune and
inflammatory genes was increased in the presence of ORF3a
expression (Figure 5A); thus, the expression of key cytokines
and the proinflammatory factors IFNB/IEN, IL1B/IL-1pB, IL6
and TNF/TNFa was induced by ORF3a expression
(Figure 5B-D). The induction of these factors was dependent

on reticulophagy, because BECN1 deficiency in BECNI1-KO
cells or RETREGI depletion by shRNA transduction almost
abolished the increases in the expression of these cytokines
observed in WT cells (Figure 5B-C). Similarly, depletion of
DDIT3 expression also greatly attenuated these increases in
the presence of ORF3a expression (Figure 5D). These results
indicate that ORF3a induces the expression of innate immune
and inflammatory genes through reticulophagy and ER stress.
Consistent with this hypothesis, expression of the key cyto-
kines IFNB and TNF was induced during SARS-CoV-2 infec-
tion, and ORF3a overexpression augmented their expression
during viral infection (Fig. S3D). Furthermore, SARS-CoV-2
upregulated the gene expression of IFNB, IFIT2, IL6 and
TNF, while the expression of these genes was significantly
attenuated by depletion of RETREG1, HMGBI1, DDIT3 or
ERN1 (Figure 5G and Fig. S3E). These results suggest that
ORF3a expression and SARS-CoV-2 infection induce innate
immune and inflammatory responses through reticulophagy
and subsequent ER stress.

ORF3a-induced reticulophagy and ER stress sensitize cells
to ER apoptotic cell death

Considering that ORF3a induces ER stress, we hypothesized
that ORF3a disrupts ER homeostasis and promotes cell death
in the context of ER dysfunction. SARS-CoV-2 ORF3a-
induced apoptosis was investigated using ANXAS5/annexin
V FITC and propidium iodide/PI double staining plus FACS
analysis and was compared between WT and BECNI-KO
HEK293T cells and between control and RETREG1 knock-
down A549 cells. Under normal culture conditions, the per-
centage of ANXA5" PI” early apoptotic cells was significantly
increased but that of ANXA5" PI* late apoptotic cells were
only slightly increased in cells with ectopic ORF3a expression
compared with the corresponding control cells, and the
increase in the percentage of early apoptotic cells was greatly
reversed in BECNI-KO or RETREG1 knockdown cells
(Figure 6A-B). These results indicate that ORF3a overexpres-
sion induces the early apoptotic phenotype through reticulo-
phagy and ER stress.

To further evaluate ER stress-related cell death, ORF3a-
expressing HEK293T cells were treated with tunicamycin (TN),
an inducer of ER stress that causes the unfolded protein response
and induces ER stress by inhibiting N-linked glycosylation of
GIcNAc phosphotransferase. TN-induced apoptosis was also aug-
mented by ORF3a expression in a reticulophagy-dependent

ORF3a or empty vector was transfected into HEK293T cells for 36 h. Cells were collected, lysed and subjected to immunoprecipitation with GFP-affinity beads, and
then whole cell lysates and immunoprecipitated complexes were analyzed by Western blots with anti-HMGB1 antibody as indicated. (D) Different amounts of shRNA
against HMGB1 were transfected into HEK293T cells in the presence of Flag-ORF3a-expressing plasmids or empty vector. Thirty-six hours after transfection, cell pellets
were collected, and the whole cell extracts were analyzed by Western blots to detect LC3-I-to-LC3-Il conversion and CANX. The densities of LC3-Il to ACTB were
visualized by a LI-COR Odyssey scanner and analyzed using Imagej software. The results are shown as the mean + SD (n = 3), *, p < 0.05; **, p < 0.01; ***, p < 0.001,
by Sidak’s multiple comparisons test. (E) HelLa cells were transfected with empty vector or GFP-ORF3a- and mCherry-HMGB1-expressing plasmid, and then fixed and
subjected to confocal microscopy analysis. Scale bar: 10 pm. The coefficient of colocalization was determined by qualitative analysis of the fluorescence intensity of
the selected area in merge. (F) Different amounts of Flag-ORF3a-expressing plasmid or empty vector were transfected into HEK293T cells in the presence of GST-
HMGB1- and GFP-BECN1-expressing plasmids for 36 h. Cells were collected and lysed, and immunoprecipitation was performed with GST-affinity beads. The whole
cell lysates and immunoprecipitated complexes were analyzed as indicated. (G) Flag-ORF3a plasmid or empty vector was transfected into HEK293T cells with GFP-
BECN1 plasmid and empty vector or different amounts of GST-HMGB1-expressing plasmid for 36 h. Cells were collected, immunoprecipitation with anti-GFP-affinity
beads was performed, and then whole cell lysates and immunoprecipitated complexes were analyzed as indicated. (H) WT and BECN1-KO HEK293T cells were
transfected with Flag-ORF3a-expressing plasmid and then left untreated or treated with HBSS for 2 h. Cells were harvested after an additional 50 uM CQ treatment
for 4 h, and then cell extracts were detected by Western blots with the indicated antibodies. The densities of LC3, SQSTM1 and ACTB were quantitated and analyzed
using ImageJ software. The results are shown as the mean + SD (n = 3), ****, p < 0.0001, by Sidak’s multiple comparisons test.
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Figure 4. ORF3a activates ER stress through reticulophagy. (A) GSEA analyses of RNA-sequencing data of Flag-ORF3a-overexpressing A549 cells with “Hallmark gene
sets” and “Curated gene sets”. NES, normalized enrichment score. FDR, false discovery rate. (B) Flag-ORF3a-expressing plasmid or empty vector was transfected into
HEK293T cells. Thirty-six hours after transfection, cell pellets were lysed, and whole cell extracts were analyzed by Western blots with the indicated antibodies. (C) WT
or BECNT-KO HEK293T cells were transfected with Flag-ORF3a-expressing plasmid for 36 h, and then lysates were immunoblotted with the indicated antibodies. (D)
Control or shRETREGT-transduced A549 cells were transfected with Flag-ORF3a-expressing plasmid for 36 h, and then lysates were immunoblotted with the indicated
antibodies. (E) Control and DDIT3 knockdown HEK293T cells were transfected with Flag-ORF3a-expressing plasmid or empty vector for 36 h, cell pellets were
harvested after untreated or HBSS treatment for an additional 2 h, and then cell lysates were detected by Western blots with the indicated antibodies. (F) A549 cells
were transfected with Flag-ORF3a-expressing plasmid or empty vector and ACE2-expressing plasmid for 24 h and then left uninfected or infected with SARS-CoV-2
for 24 h, MOI = 1. The cells were harvested and the whole cell extracts were analyzed as indicated. The relative ratio of HSPA5/p-EIF2A to ACTB were calculated and
shown. (G) Control or RETREG1 knockdown A549 cells (transfected with ACE2-expressing plasmid for 24 h) were left uninfected or infected with SARS-CoV-2 for 24 h,
MOI = 1. The cells were harvested, and the whole cell extracts were analyzed by Western blots.

manner, and the enhanced apoptotic phenotype was abolished by
RETREGI depletion (Figure 6A). Under TN treatment, phos-
phorylation of the stress-related kinases MAPK14/p38 and
MAPK/SAPK, as well as JUN, was increased in the presence of
ORF3a expression (Figure 6C, top). Importantly, cleavage of ER-
specific CASP12 (caspase 12) was increased by ORF3a expression
under TN treatment (Figure 6C, bottom). These results suggest
that ORF3a enhances ER apoptotic cell death under ER stress.

To confirm that the increased cell death is responsible
for reticulophagy and ER stress, apoptotic cell death in
the ER was further investigated under autophagy-deficient
or ER stress-deficient conditions in cells with depletion of
BECN1 or DDIT3, respectively. ORF3a-induced phos-
phorylation of MAPK/SAPK and cleavage of CASPI2
were greatly reversed when reticulophagy was blocked in
BECNI-KO  cells (Figure 6D), indicating that
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reticulophagy is required for ORF3a-induced ER-related
apoptosis. Similarly, blockade of ER stress by DDIT3
depletion also eliminated ER-related apoptosis in ORF3a-
expressing cells (Figure 6E). Collectively, our results sug-
gest that ORF3a overexpression triggers ER stress and ER
abnormalities through reticulophagy and consequently
enhances the sensitivity of SARS-CoV-2-infected cells to
ER stress-related drugs.

ORF3a promotes virus replication through reticulophagy
and ER stress

Studies have shown that autophagy is essential for SARS-CoV
-2 infection and replication [24], and we further investigated
whether ORF3a promotes SARS-CoV-2 infection and replica-
tion. When A549 cells were transfected with the ORF3a con-
struct and then infected with SARS-CoV-2, the expression
levels of the viral genes S, N and RdRp were greatly increased
in the presence of ORF3a overexpression (Figure 7A), indicat-
ing that ORF3a promotes SARS-CoV-2 infection and replica-
tion. To further investigate the role of ORF3a-induced
reticulophagy and ER stress in SARS-CoV-2 infection and
replication, A549 cells were transfected with shRNAs to
block reticulophagy or ER stress and were then infected with
SARS-CoV-2. We found that depletion of the reticulophagy-
related genes RETREG1 and HMGBI or the ER stress-related
genes ERN1 and DDITS3 significantly downregulated S, N and
RdRp expression compared with that in control cells infected
with SARS-CoV-2 (Figure 7B), suggesting that reticulophagy
and ER stress are required for SARS-CoV-2 infection and
replication. In addition, the enhancement of virus replication
by ORF3a was greatly abolished in RETREG1 or DDIT3
knockdown cells compared with WT cells (Figure 7A), sug-
gesting that ORF3a promotes SARS-CoV-2 replication
through reticulophagy and ER stress. In conclusion, our stu-
dies reveal that SARS-CoV-2 hijacks reticulophagy and ER
stress through ORF3a to facilitate viral infection and
replication.

Discussion

Studies have confirmed that autophagy plays essential roles in
the infection and replication of coronaviruses [38,39]; inhibi-
tion of autophagy by genetic approaches or chemical inhibi-
tors effectively suppresses coronavirus infection and might
offer a promising therapeutic strategy for treating the related
infectious diseases. As SARS-CoV-2 is an emerging corona-
virus causing severe disease, the modulation and function of
autophagy in its infection and resulting disease remain
unclear. In the present study, we revealed that SARS-CoV-2
ORF3a localizes to the ER compartment and induces
RETREGI1-mediated reticulophagy through the HMGBI-
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BECNI1 pathway and then contributes to ER stress, conse-
quently promoting SARS-CoV-2 infection/replication and
activating proinflammatory responses through reticulophagy
and ER functional reprogramming (Figure 8). As
a consequence, sensitivity to ER stress-related drugs and an
early ER apoptotic phenotype were greatly enhanced in
ORF3a-expressing cells. This enhancement improves the ther-
apeutic potential of autophagy- and ER stress-related drugs in
the treatment of SARS-CoV-2 infection and COVID-19 to
suppress severe inflammatory responses and induce the
death of SARS-CoV-2-infected cells.

The autophagy inhibitor CQ and its derivatives suppress
SARS-CoV-2 infection and replication [24,25], raising con-
siderable hope for the use of these agents in therapeutic
COVID-19 treatment and prevention. Although these agents
have exhibited low effectiveness and benefit in clinical trials
[26,27], autophagy has been confirmed to play essential roles
in the SARS-CoV-2 life cycle. First, coronaviruses enter cells
through endocytosis [40] and egress through lysosomes [41],
a process that requires fine control of autophagy and lyso-
somal degradation. Second, a recent study showed that
SARS-CoV-2 infection and replication require autophago-
some-like double-membrane vacuoles for RNA export and
replication [29], indicating the essentiality of autophagy and
the autophagic machinery for viral replication and assembly.
Finally, the maturation and transport of SARS-CoV-2 vir-
ions, like those of other RNA viruses, might also require
autophagy or autophagic vacuoles [16]. However, excessive
autophagy is not beneficial to either cells or viruses, because
the killing of infected cells or clearance of intracellular
viruses by strong autophagy induction is an effective anti-
viral defense mechanism. Therefore, autophagic processes
are finely regulated to limit them to the appropriate strength
and duration for facilitating cell survival and viral replica-
tion. Inhibitory viral proteins or other products of autopha-
gy must exist during SARS-CoV-2 infection, as indicated in
our preliminary screening; i.e., several viral proteins can
suppress autophagy (Fig. S1). In fact, several viral proteins
of coronaviruses induce incomplete autophagy, and replica-
tion of coronaviruses utilizes the autophagic machinery
while not requiring the complete set of autophagic genes
and pathways [23,42]. Thus, viral regulation of autophagy
and its function in SARS-CoV-2 infection require further
investigation.

Several studies have revealed that ORF3a inhibits the
fusion of autophagosomes and lysosomes by binding to
VPS39 [31,32,43], resulting in accumulation of LC3-II and
autophagosomes; however, our results showed that depletion
of VPS11 or VPS39 did not decrease LC3-I-to-LC3-II conver-
sion in the presence of ORF3a expression, while HMOX1 or
HMGBI1 knockdown did (Figure 3A). This finding can possi-
bly be explained as follows: ORF3a may induce incomplete
autophagy, by which it induces the initiation of autophagy at

RT-PCR analysis to detect IL6, TNF, IFNB and IL1B expression. The results are shown as the mean + SD (n = 3), *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001,
by Sidak’s multiple comparisons test. (E) Control vs. RETREG1, HMGB1, DDIT3 or ERN1 knockdown A549 cells (transfected with ACE2-expressing plasmid for 24 h)
were untreated or infected with SARS-CoV-2 for 24 h, MOI = 1, and then total RNA was extracted and subjected to quantitative RT-PCR analysis to detect IL6, TNF,
IFNB and IFIT2 expression. The results are shown as the mean = SD (n = 3), *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001, by Sidak’s multiple comparisons

test.
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an early stage through BECNI1-dependent pathways while
inhibiting the formation of autolysosomes and autophagic
degradation, consequently resulting in accumulation of auto-
phagosomes and double-membrane vesicles to facilitate
SARS-CoV-2 replication.

ORF3a interacts with several proteins that may regulate
autophagy and lysosomal degradation [33], and our studies
confirmed that ORF3a interacts with HMGB1 and HMOX1,
which are involved in the induction of autophagy under
oxidative stress; however, HMGBI1 but not HMOX1 was
found to be essential for reticulophagy in the presence of
ORF3a expression. ORF3a altered HMGBI1 translocation
from the nucleus to the cytosol and recruited it to the ER,
consequently initiating reticulophagy through a BECNI-
dependent pathway. Our studies revealed that ORF3a inter-
acts with HMGBI1-BECN1 complexes and enhances the
HMGBI-BECN1 association, although it may not directly
bind to BECN1(Figure 3). In addition, the autophagy regula-
tor UVRAG is excluded from BECNI1 complexes by ORF3a
[44]. These results indicate that ORF3a regulates the forma-
tion and activity of BECN1 complexes during the initiation of
autophagy by recruiting HMGBI1 and excluding UVRAG.

SARS-CoV-2 infection induces RETREG1-mediated reticu-
lophagy, similar to ORF3a overexpression alone under com-
parable ORF3a expression levels, and ORF3a induces
reticulophagy during SARS-CoV-2 infection, while both mini-
mally affect mitophagy (Figure 2F), indicating that ORF3a
mainly induces reticulophagy during SARS-CoV-2 infection.
However, several viral proteins may activate or inhibit auto-
phagy in different manners [31,32,43], and thus, the possibi-
lity that other viral proteins, such as NSP6 and ORFS, exhibit
this function cannot be excluded because they can also induce
autophagy (Fig. SIA).

The membranes of the ER and mitochondria are the
main sources of autophagic membranes, and our studies
showed that ORF3a localizes to the ER and induces
RETREGI1-dependent reticulophagy (Figure 2). The mem-
brane of which ORF3a-induced autophagosomes are
formed probably originates mainly from the ER [45] and
is then degraded/recycled through reticulophagy. On the
other hand, our findings revealed that ORF3a-induced reti-
culophagy reprograms ER homeostasis and activates ER
stress (Figure 4), which also benefits SARS-CoV-2 replica-
tion (Figure 7), probably to allow infected cells to tolerate
and adapt to the accumulation of viral proteins and recover
ER function under virus-induced stresses. Many proteins of
coronavirus rapidly translocate to the ER, reprogram ER
function [46] and form double-membrane vacuoles from
the ER for viral replication [16,29]. We confirmed that
ORF3a expression and SARS-CoV-2 infection induce
RETREGI1-mediated reticulophagy; consequently, both acti-
vate ER stress through BECN1- and RETREGI-dependent
reticulophagy, and BECN1 deficiency or RETREGI
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depletion abolishes the activation of ER stress in the pre-
sence of ORF3a expression or during SARS-CoV-2 infec-
tion, representing a novel mechanism for the induction of
adaptive ER stress through reticulophagy during SARS-CoV
-2 infection. Reticulophagy and ER stress are probably
activated by SARS-CoV-2 through ORF3a to restrict the
inappropriate overload of viral proteins in the ER mem-
brane and lumen, recycle overabundant viral proteins or
repair ER damage and maintain ER homeostasis.

As a consequence, reticulophagy and ER stress induced by
ORF3a reprogram ER function and activate inflammatory
responses. Studies have shown that SARS-CoV-2 infection
induces ER stress and activates proinflammatory responses in
diverse types of cells [47,48]. Our studies confirmed that inflam-
matory responses are mainly induced by ORF3a through reticu-
lophagy-mediated ER stress and that blockade of reticulophagy
by RETREG1 depletion or of ER stress by DDIT3 depletion
greatly eliminates the induction of key cytokines and inflamma-
tory factors under ORF3a expression or during SARS-CoV-2
infection. Notably, ORF3a-mediated induction of inflammatory
gene expression was not completely abolished in BECNI-KO or
RETREGI-depleted cells (Figure 5B-C), likely because ORF3a
associates with other targets, such as HMOXI, and triggers
additional inflammatory gene expression through oxidative
stress or other mechanisms. This finding provides evidence
that reticulophagy and ER stress are the key upstream modula-
tors of inflammatory responses during SARS-CoV-2 infection
and may act as the initial precipitating factors of cytokine storm
in COVID-19 patients, providing a novel target and approach to
alleviate acute inflammatory responses during early SARS-CoV
-2 infection through suppression of autophagy and ER stress.

Finally, considering that ER stress is activated and ER function
is reprogrammed by ORF3a expression, we hypothesized that
ORF3a may enhance the sensitivity of SARS-CoV-2-infected
cells to ER stress-related drugs. Indeed, ORF3a-expressing cells
exhibit RETREGI1- and DDIT3-related early apoptotic pheno-
types and are sensitive to treatment with the ER stress-inducing
drug TN. The stress-related kinases MAPK14/p38 and MAPK/
SAPK were activated, and cleavage of ER-specific apoptotic
CASP12 was enhanced by ORF3a under TN treatment.
Correspondingly, these effects were abolished in BECNI-KO
cells and DDIT3-depleted cells, indicating that ORF3a enhances
ER apoptotic cell death through excessive reticulophagy and ER
stress. These findings also support the therapeutic potential of
reticulophagy and ER stress in COVID-19, consistent with the
hypothesis that ER stress is increased in COVID-19 patients and
may benefit treatment [49-51].

Interestingly, this finding is different from what is known
for other RNA viruses, such as Zika virus. SARS-CoV-2 repli-
cates in autophagosome-like double-membrane vacuoles [29],
while Zika replicates within ER membrane-bound compart-
ments [52], named viral replication organelles. Zika virus
suppresses reticulophagy and reprograms the ER machinery

p < 0.0001, by Sidak’s multiple comparisons test. (C) Flag-ORF3a-expressing plasmid or empty vector was transfected into HEK293T cells. Twenty-four hours after
transfection, cells were treated with 3 pug/ml TN for 15 h, cell pellets were collected, and whole cell extracts were analyzed by Western blots with the indicated
antibodies. (D) WT and BECN1-KO HEK293T cells were transfected with Flag-ORF3a-expressing plasmid, cells were harvested after 3 pg/ml TN treatment for 15 h, and
then lysates were detected with the indicated antibodies. (E) WT and DDIT3 knockdown HEK293T cells were transfected with Flag-ORF3a-expressing plasmid, cell
extracts were prepared after TN (3 ug/ml) treatment for 15 h, and then lysates were detected by Western blots with the indicated antibodies.



2588 X. ZHANG ET AL.

A
s N _* , RdRp "
8.0 4 I N S I 259 N T = 10.0 4 ,ﬁ
60l = 2.0 801 | T
) 1.5 4 6.0 4
S 4.0
I 1.0 4 ' 4.0 4
Z
x 207 0.5 1 - |_| 2.0 4
€ 45+ 0.3+ 1.5+
1.0 - = 0.2 T 1.0
0.5 0.1 1 0.5 1 mm Cirl
0.0 | . 0.0 4 I . 0.0 4 -1 . 1 ORF3a
WT shRETREG1 shDDIT3 WT ShRETREG1T shDDIT3 WT ShRETREG? shDDIT3
B
1.5 1mwt 1.5 1 mwr 1.5 mwt 1.5 mwt
ShRETREG1 shHMGB1 ShERN1T shDDIT3
:_; 1.0 1.0 1.0 1.0
3 : : 2 Al E
DEC 0.5 05/H... B... B 05 * 0.5
T |
0.0 T D00 0.0 0.0
S N RdRp S N RdRp S N RdRp S N RdRp

Figure 7. ORF3a induces virus replication through reticulophagy and ER stress. (A) Control vs. RETREG1 or DDIT3 knockdown A549 cells were transfected with empty
vector or Flag-ORF3a- and ACE2-expressing plasmid for 24 h and then left untreated or infected with SARS-CoV-2 for 24 h, MOI = 1. The total RNA was extracted and
subjected to quantitative RT-PCR analysis to the expression of SARS-CoV-2 S, N and RdRp. The results are shown as the mean = SD (n = 3), *, p < 0.05; **, p < 0.01;
*** p < 0.001; **** p < 0.0001, by Sidak’s multiple comparisons test. (B) Control vs. RETREGT, HMGB1, ERN1 or DDIT3 knockdown A549 cells (transfected with ACE2-
expressing plasmid for 24 h) were infected with SARS-CoV-2 for 24 h, MOI = 1.The total RNA was extracted and subjected to quantitative RT-PCR analysis to detect
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to establish ER-localized replication compartments [53,54],
while SARS-CoV-2 induces reticulophagy and the formation
of double-membrane vacuoles, likely from the ER, through an
autophagy-like mechanism. Thus, reticulophagy-mediated ER
turnover should be differentially regulated and exhibit the
opposite effects in response to different viruses.

In summary, our studies identified a novel viral inducer of
reticulophagy during SARS-CoV-2 infection. We found that
ORF3a localizes to the ER and triggers reticulophagy through
the HMGBI-BECN1 pathway, consequently inducing ER
stress and promoting SARS-CoV-2 infection and inflamma-
tory responses. Our findings revealed the sequential induction
of reticulophagy, ER stress and inflammatory responses by
SARS-CoV-2 infection and ORF3a expression, facilitating
insight into the hijacking of autophagy, reprogramming of
ER functions and activation of acute inflammatory responses
during SARS-CoV-2 infection and pathogenesis. Therefore,
our studies reveal the regulation, requirement and importance
of reticulophagy and its consequences during SARS-CoV-2
infection and replication and provide a novel therapeutic
approach for COVID-19 by suppressing autophagy and mod-
ulating ER stress.

Materials and methods
Cells, antibodies and chemicals

HelLa (ATCC, CCL-2), HEK293 (ATCC, CL-0001), HEK293T
(ATCC, CRL-11268) and BECNI-KO HEK293T (kindly pro-
vided by Dr Yang Du, Sun Yat-Sen University) cells were
cultured in DMEM (Gibco, 12,800,017) supplemented with
10% fetal bovine serum (FBS; Biological Industries, 04-001-
1A); human adenocarcinoma lung tissue-derived epithelial
(A549; ATCC, CL-0016) cells were cultured in RPMI 1640
(Gibco, 31,800,022) medium with 10% FBS.

The following antibodies were used in this study: anti-
LC3B (3868), BECN1 (3495), AKT (4691), p-AKT (Thr308;
2965), p-AKT (Ser473; 4060), HSPA5 (3183), DDIT3 (2895),
p-MAPK/SAPK  (Thr183/Tyr185; 4668), MAPK/SAPK
(9252), p-MAPK14/p38 (Thr180/Tyr182; 4511), MAPK14/
p38 (8690), p-EIF2A (3398), EIF2A (5324), p-JUN (Ser73;
3270) and JUN (9165) were purchased from Cell Signaling
Technology; anti-SQSTM1 (P0067) and Flag (F3165) were
purchased from Sigma-Aldrich; anti-CASP12 (55,238-1-AP),
CANX (10,427-2-AP) and RTN4 (10,740-1-AP) were pur-
chased from Proteintech Group; anti-ACTB/B-actin
(ab8227), GST (abl181652) and SARS-CoV-2-ORF3a
(ab280953) were purchased from Abcam; anti-TIMM23
(DF12052), p-ULK1 (Ser555; AF7148) and RETREGI
(DF12997) were purchased from Affinity Biosciences; anti-
ULK1 (ET1704-63), TOMM20 (ET1609-25) and HMGBI
(ET1601-2) were purchased from HuaAn Biotechnology;
anti-GFP (AE012) and HA (AE008) were purchased from
ABclonal; goat anti-mouse IRDye680RD (C90710-09) and
goat anti-rabbit IRDye800CW (C80925-05) were purchased
from Li-COR; tunicamycin (HY-A0098) was purchased from
MCE; FITC Annexin V Apoptosis Detection kit (559,763) was
purchased from BD Biosciences.
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Plasmids

The Flag-ORF3a- and Flag-ACE2-expressing plasmid were
kindly and respectively provided by the Pei-Hui Wang labora-
tory (Shandong University) and Hui Zhang laboratory (Sun
Yat-sen University). Plasmids for ORF3a mutations were con-
structed and subcloned into the pCMV-3Tag-1A vector
(Agilent Technologies, 240,195). Plasmids for GFP-ORF3a,
GFP-BECNI and GFP-RETREGI were constructed and sub-
cloned into the pEGFP-C2 vector (EK-Bioscience, MY1108).
Plasmids for mCherry-HMGB1, mCherry-ORF3a and
mCherry-RTN3 were constructed and subcloned into the
p-mCherry-C2 vector (modified from pEGFP-C2 vector).
Plasmids for HA-HMOX1 and Actin-LC3-DN were con-
structed and subcloned into the pcDNA3.1 vector (EK-
Bioscience, MY1012). Plasmids for GFP-LC3 and ptfLC3
were purchased from Addgene (21,073 and 21,074; deposited
by Tamotsu Yoshimori). Plasmids for SERP1-mCherry-GFP
was modified from ptfLC3. Plasmids for GST-HMGBI1 was
constructed and subcloned into the pEBG vector (Addgene,
22,227; deposited by David Baltimore). To generate gene
knockdown, shRNA target sequences were subcloned into
the pLKO.1 vector (EK-Bioscience, MY1413) between EcoRI
and Agel sites. The sequences of shRNAs are listed in
Table S1A.

Immunoprecipitation and Western blotting analysis

In brief, one 10-cm dish of cells was transfected with 10-15 ug
plasmid for 48 h. The cells were then collected and lysed in
the presence of a protease inhibitor cocktail
(Roche,6,538,282,001) and phosphatase inhibitors (Sigma-
Aldrich, 4,906,845,001). For immunoprecipitation, the same
amounts of cell lysates were precleaned and incubated with
antibodies at 4°C overnight, and then protein complexes were
precipitated with protein G-agarose (Sigma-Aldrich,
11,243,233,001), or the precleaned cell lysates were incubated
with GST affinity beads (Cytiva, 17,075,601) at 4°C overnight.
After washing five times, the immunoprecipitated complexes
were separated by SDS-PAGE and subjected to immunoblot-
ting analysis. For Western blotting, 40-60 ug protein of whole
cell extracts per lane was separated by SDS-PAGE and trans-
ferred to membranes. The membranes were blocked in 5% dry
milk, incubated with primary antibodies at 4°C overnight, and
subsequently incubated with species-matched IRDye680- or
IRDye800-labeled secondary antibodies for 2 h at room tem-
perature. After 5 washes, images were visualized using a LI-
COR Odyssey system.

Real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen,
15,596-026) and reverse-transcribed using HiScript® III RT
SuperMix (Vazyme, R223-01). Real-time PCR was performed
with a SYBR Green I Master Mix kit (Roche, 4,887,352,001)
and LightCycler® 480 system. The primer pairs are listed in
supplementary Table S1B.
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Immunofluorescence staining

The cells were fixed with 4% formaldehyde in phosphate-
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 2 mM KH,PO,; BOSTER, AR0030) for 30 min,
permeabilized with methanol for 10 min, and blocked with
2% bovine serum albumin in PBS for 30 min. Then, the cells
were incubated with primary antibody overnight. After three
washes with PBS containing 0.1% Triton X-100 (Beyotime,
ST795), the cells were incubated with Alexa Fluor 488- or 555-
labeled anti-rabbit IgG antibodies (Invitrogen, A11034 and
A27039) for 1 h. The cells were counterstained with 4,6-dia-
midino-2-phenylindole (DAPI; Sigma-Aldrich, D9542) fol-
lowed by three additional washes. The cells were mounted
in antifade agent on glass slides and visualized with a confocal
fluorescence microscope (Zeiss LSM800 microscopy with
a 64x NA oil-immersion objective).

Luciferase assays

A Gaussia luciferase-based reporter to detect pre-LC3 cleavage
was used for the detection of autophagy activation®. Briefly, the
Actin-LC3-DN reporter was transfected into HEK293T cells
with either empty vector or Flag-ORF3a-expressing plasmid in
a 96-well plate. Twenty-four hours later, the cell supernatants
were collected, and the secretion of Gaussia luciferase was
measured using the reagent coelenterazine (CTZ; MCE, HY-
18743) in a TriStar multimode reader.

Electron microscopy

Flag-ORF3a-expressing or control HEK293 cells were scraped,
resuspended in DMEM and centrifuged in 1.5-ml centrifuge
tubes. The medium was removed, and the cell pellets were
fixed in 3% glutaraldehyde overnight at 4°C. The pellets were
gently collected and placed in a specimen bottle containing 3%
glutaraldehyde for fixation for another 24 h. After the fixed
solution was discarded, the cells were rinsed with 0.1 M phos-
phate buffer for 1 h, washed 3-4 times, and fixed in 1% osmium
tetroxide for 1 h. This was followed by another 3 x 10 min
washes in 0.1 M phosphate buffer, pH 7.0 for 1 h. After dehydra-
tion through a series of ethanol washes from 30% to 2 washes in
100%, the cells were incubated in a mixture of Epon (EMCN,
YB-AA-0855) and propylene oxide (3:1, v: v) for 90 min,
embedded in a mold of 100% plastic, placed in a 70°C oven
and allowed to harden overnight (Epon 812). The cells were cut
using a diamond knife to obtain ultrathin slices; the slices were
placed on a hexadecimal copper grid (Electron Microscopy
Science, H200-Cu). After drying for 2 h, transmission electron
microscopy was performed on these grids using an FEI Tecnai
G’ Spirit Twin electron microscope (13,500x).

Apoptosis assays

Apoptosis was assessed using the FITC Annexin V Apoptosis
Detection kit (ANXAS5 FITC, propidium iodide/PI solution
and ANXAS5 binding buffer). The cells were stained with
ANXAS5 (a phospholipid-binding protein that binds to dis-
rupted cell membranes) in combination with PI (a vital dye

that binds to DNA penetrating into apoptotic cells). Flow
cytometric analysis (FACS) was performed to determine the
percentage of cells that were undergoing early apoptosis
(ANXAS5" PI'") or apoptosis (ANXA5" PI").

RNA sequencing analysis and data availability

A549 cells were transfected with Flag-ORF3a or empty vector
for 36 h, and total RNA was extracted with TRIzol following
manufacturer procedures. Approximately 5 pug of total RNA
was subjected to deep RNA sequencing. Libraries were con-
structed and sequenced on an Illumina platform, and 150 bp
paired-end reads were generated. Data analysis was performed
with Molecule Annotation System 3.0 (Annoroad Gene
Technology Co., Beijing, China). The raw sequencing datasets
generated in this study are available on the NCBI Gene
Expression Omnibus server under the accession number
GSE158484. The RNA-sequencing data of SARS-CoV
-2-infected cells were downloaded under the accession num-
ber GSE147507 from previously published analysis [55].

GSEA

The results from the RNA sequencing analysis were filtered to
yield a list of genes that displayed a > 1.5-fold change in
expression across experimental samples and reached
a significance level with a corrected p value of < 0.05. Gene
set enrichment analysis was performed using GSEA software
(https://www.gsea-msigdb.org/gsea/index.jsp) with number of
permutations = 1000, permutation type = gene_set, enrich-
ment statistic = weighted and metric for ranking
genes = Signal2Noise. In addition, GSEA evaluates a query
microarray dataset by using a collection of gene sets called
MSigDB (Molecular Signatures Database), consisting of eight
major collections. We acquired outputs on ER stress and
inflammatory responses with two gene sets, “Hallmark” (spe-
cific well-defined biological states or processes and coherent
expression): the dataset references included GSE27038,
GSE8322, GSE11819, GSE21060, GSE2639 and GSE16193;
“Curated” (online pathway databases, publications in
PubMed, and knowledge of domain experts): the dataset
references included GSE2082, GSE56192 and GSE147507.
Finally, enrichment outputs were considered significant and
selected when NES > 1, p < 0.05 and FDR < 0.25.

Statistical analyses

All statistical analysis was performed in Prism 7 software
(GraphPad Software, La Jolla, CA, USA). One-way or Two-way
ANOVA with Sidak adjustments was performed for multiple
comparisons. Statistical significance was defined as p value<0.05.
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