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ABSTRACT ARTICLE HISTORY
SARS-CoV-2 poses a substantial global threat owing to the emergence of several highly trans- Received 17 November 2022
missible variants. Autophagy is an intracellular degradation process that maintains cellular home-  Revised 6 July 2023

ostasis and combats the invading pathogens. SARS-CoV-2 can trigger autophagy and antagonize ~ Accepted 14 July 2023
interferon production. However, the underlying mechanisms remain elusive, particularly for KEYWORDS
different variants. Here, we found that SARS-CoV-2 nonstructural protein (NSP) 6 inhibited Autophagy; endoplasmic
interferon production by promoting macroautophagy/autophagy-mediated STING1 degradation. reticulum stress; HSPAS5;
Mechanistically, NSP6 induced endoplasmic reticulum stress and bound to HSPA5/GRP78, leading NSP6; SARS-CoV-2; STING1
to the activation of EIF2AK3/PERK-EIF2A/EIf2a pathway-mediated autophagy, which was asso-

ciated with lysosomal degradation of STING1 and downregulation of interferon production.

Moreover, the 81-120 amino acid (aa) region of NSP6 is critical for autophagy induction and

STING1 degradation. Interestingly, NSP6 harboring a three aa deletion in the 81-120 aa region of

some SARS-CoV-2 variants led to reduced autophagy, STING1 degradation, and increased host

antiviral immunity. Collectively, this study demonstrated a major function of NSP6 in the SARS-

CoV-2 evasion of host antiviral immunity by triggering endoplasmic reticulum stress-induced

autophagy to degrade STING1 and that enhancement of host antiviral immunity induced by

NSP6 variants with a three-aa deletion might be responsible for the attenuation of SARS-CoV-2

variants.

Abbreviations: aa: amino acid; ATF6: activating transcription factor 6; ATG5: autophagy related 5;

CCPGI1: cell cycle progression 1; CFTR: CF transmembrane conductance regulator; cGAMP: cyclic

GMP-AMP; CGAS: cyclic GMP-AMP synthase; CHX: cycloheximide; Co-IP: co-immunoprecipitation;

CQ: chloroquine; EIF2A/elF2a: eukaryotic translation initiation factor 2A; EIF2AK3/PERK: eukaryotic

translation initiation factor 2 alpha kinase 3; ER: endoplasmic reticulum; ERN1/IRE1: endoplasmic

reticulum to nucleus signaling 1; GFP: green fluorescent protein; HSPA5/GRP78: heat shock

protein family A (Hsp70) member 5; HSV-1: herpes simplex virus type 1; IFIT1: interferon induced

protein with tetratricopeptide repeats 1; IFNB1/IFN-B: interferon beta 1; IRF3: interferon regula-

tory factor 3; I1SG15: ISG15 ubiquitin like modifier; MAP1LC3B/LC3B: microtubule associated

protein 1 light chain 3 beta; MAP3K7/TAK1: mitogen-activated protein kinase kinase kinase 7;

MAVS: mitochondrial antiviral signaling protein; MOI: multiplicity of infection; NFKB/NF-kB:

nuclear factor kappa B; NSP6: non-structural protein 6; A106-108: deletion of amino acids 106-

108 in NSP6 of SARS-CoV-2; A105-107: deletion of amino acids 105-107 in NSP6 of SARS-CoV-2;

RETREG1/FAM1348B: reticulophagy regulator 1; RIGI/DDX58: RNA sensor RIG-I; SQSTM1/p62:

sequestosome 1; STING1: stimulator of interferon response cGAMP interactor 1; TBK1: TANK

binding kinase 1.

Introducti
niroduaction had a profound impact on the global economy [1]. The SARS-

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV  CoV-2 genome is an approximately 30 kb positive-sense sin-
-2) is responsible for the ongoing coronavirus pandemic, gle-strand RNA that contains 14 open reading frames that
which has become a major threat to public health and has encode a large polyprotein, four structural proteins (spike [S],
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membrane [M], envelope [E], and nucleocapsid [N]), and
nine accessory proteins (ORF3a, ORF3b, ORF6, ORF7a,
ORF7b, ORFS, ORF9b, ORF9c, and ORF10) [2-4]. This poly-
protein is cleaved by papain-like protease (nonstructural pro-
tein [NSP] 3) and 3C-like protease (NSP5) to generate 16
NSPs (NSP1 to NSP16) that play important roles in suppres-
sing the host antiviral response and promoting viral replica-
tion [5,6]. For example, SARS-CoV-2 NSP1 can downregulate
the host immune response by shutting down host mRNA
translation by binding to the 40S ribosomal subunit [7,8].
NSP8, NSP10, and NSP12 form an RNA-dependent RNA
polymerase, which is responsible for the replication of the
SARS-CoV-2 genome and the transcription of its genes [9].
SARS-CoV-2 NSP6 binds to TBK1 (TANK binding kinase 1)
to suppress IRF3 (interferon regulatory factor 3) phosphory-
lation, whereas NSP13 binds to and blocks TBK1 phosphor-
ylation [10].

The innate immune response is the first line of defense
against invading microbial pathogens [11-13]. It has been
reported that SARS-CoV-2 infection could induce the
expression of type I IFN (interferon) [10]. SARS-CoV-2
has developed multiple strategies to antagonize the host
antiviral immunity. For example, SARS-CoV-2 ORF6 tar-
gets KPNA2 (karyopherin subunit alpha 2) to inhibit IRF3
nuclear translocation. ORF6 also interacts with NUP98-
RAEL1 to disrupt the nuclear import of STAT1 and STAT2
and antagonizes IFN signaling [14]. SARS-CoV-2 ORF9b
suppresses type I IFN by interacting with translocase of
outer mitochondrial membrane 70. The SARS-CoV-2
N protein represses IFN production by interfering with
RIGI/DDX58 (RNA sensor RIG-I) [15]. The interaction
between the SARS-CoV-2 M protein and MAVS (mitochon-
drial antiviral signaling protein) impairs the activity of the
RIGI-MAVS pathway, resulting in the attenuation of the
innate immune response [16]. In addition, the CGAS (cyc-
lic GMP-AMP synthase)-STING1 (stimulator of interferon
response cCGAMP interactor 1) pathway plays an important
role in RNA virus-mediated type I IFN induction [17].
SARS-CoV-2 activates CGAS-STINGI1 signaling through
mitochondrial DNA release, leading to cell death and type
I IFN production [18]. Several SARS-CoV-2 proteins,
including ORF3a, 3CL, and ORF9Db, have been reported to
inhibit the CGAS-STING1 pathway [19,20]. However, the
molecular mechanism by which SARS-CoV-2 suppresses
CGAS-STING1-mediated type I IFN production requires
further investigation.

Autophagy, which can be stimulated under stress, is
a highly conserved cellular catabolic pathway involved in the
degradation of various cytoplasmic components, including
misfolded proteins, organelles, and infectious pathogens
[21]. Appropriate autophagy is a prerequisite for host defense
and immune responses [22]. Autophagy, which is regulated by
viruses, is another strategy for defense against host immunity.
It has been reported that SARS-CoV-2 regulates the autopha-
gy pathway to defend innate immunity through different
stages. SARS-CoV-2 ORF3a prevents fusion between autopha-
gosomes and lysosomes, while ORF7a reduces the acidity of
lysosomes [23,24]. Moreover, SARS-CoV-2 NSPI13 inhibits
type I IEN production by promoting TBK1 degradation via

SQSTM1/p62 (sequestosome 1)-dependent selective autopha-
gy [25]. SARS-CoV-2 ORF10 suppresses the antiviral innate
immune response by triggering MAVS degradation via mito-
phagy [26]. SARS-CoV-2 NSP14 targets the type I IFN recep-
tor IFNAR1 for lysosomal degradation [27]. SARS-CoV-2
3CLP™ inhibits autophagy by degrading LGALSS (galectin 8),
which recruits the autophagy receptor CALCOCO2 (calcium
binding and coiled-coil domain 2) and subsequently activates
autophagy for antiviral immune responses [28]. These find-
ings suggest that several SARS-CoV-2 proteins are involved in
regulating autophagy and host immunity. However, the role
of viral proteins in the activation of autophagy has rarely been
reported.

NSP6, a common component of both a- and f-
coronaviruses, is an M protein that locates to the endoplasmic
reticulum (ER) [29]. Previous studies have shown that the
infectious bronchitis virus NSP6 activates omegasome and
autophagosome formation independently of starvation [29]
and restricts autophagosome expansion by reducing the asso-
ciation of MTOR (mechanistic target of rapamycin kinase)
with lysosomes [30]. Recent evidence suggests that SARS-CoV
-2 NSP6 plays important roles in virus replication and the
host immune response. SARS-CoV-2 NSP6 mediates mem-
brane fusion and interacts with NSP3 and NSP4, which are
thought to provide a membrane platform for viral replication
complex formation and mediate viral assembly and release
[31]. SARS-CoV-2 NSP6 has been identified as a major deter-
minant of SARS-CoV-2 viral pathogenicity [32]. Moreover,
SARS-CoV-2 NSP6 induces proinflammatory cytokines
through the activation of the NFKB/NF-kB (nuclear factor
kappa B) pathway by interacting with MAP3K7/TAKI1 (mito-
gen-activated protein kinase kinase kinase 7) [33], and con-
tributes to structural heart damage and functional defects by
disrupting cardiac mitochondrial function [34]. A recent
study showed that SARS-CoV-2 NSP6 can induce autophago-
some accumulation. However, the mechanism remains elu-
sive [35].

In this study, it was discovered that SARS-CoV-2 NSP6-
triggered autophagy promoted lysosomal degradation of
STING1 and decreased IFN production. The function of
NSP6 in different SARS-CoV-2 variants was also investigated.
The results indicate the mechanism by which SARS-CoV-2
utilizes the autophagy pathway to evade the host innate
immune response by promoting STING1 degradation.

Results

SARS-CoV-2 NSP6 inhibits CGAS-STING 1-mediated IFN
production

Previous studies have shown that some NSPs of SARS-CoV-2
play key roles in suppressing RIGI-mediated IFN production
[9,10]. To identify whether SARS-CoV-2 NSP could inhibit
CGAS-STINGI1-mediated IFN production, 16 expression
clones encoding individual SARS-CoV-2 NSPs were first con-
structed. HEK293T cells were co-transfected with a SARS-
CoV-2 NSP-expressing plasmid and stimulator plasmids Flag-
CGAS and MYC-STINGI. The results of the RT-qPCR assay
showed that NSP3C and NSP6 significantly suppressed the
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Figure 1. SARS-CoV-2 NSP6 inhibits CGAS-STING1-mediated IFN production. (A) Quantitative RT-PCR was performed to analyze /IFNBT mRNA levels in HEK293T cells
co-transfected with SARS-CoV-2 HA-NSP or HA-vector plasmid, along with stimulator plasmids Flag-CGAS and MYC-STING?1 for 24 h, and the findings were compared
with those of the HA-vector control. (B) Luciferase reporter assays were carried out in HEK293T cells co-transfected with IFNBT firefly luciferase reporter plasmid,
stimulator plasmids Flag-CGAS and MYC-STING1, along with SARS-CoV-2 NSP-expressing plasmid or control plasmid for 24 h. Statistical significance values were
determined by comparing the results with those of the HA-vector control. (C) Luciferase reporter assays from HEK293T cells co-transfected with IFNBT firefly luciferase
reporter plasmid, stimulator plasmids Flag-CGAS and MYC-STING1, along with different doses of NSP6-expressing plasmid (0, 0.5, 1.0, and 2.0 pg, respectively) for 24
h. (D - F) the mRNA levels of IFNBT (D), ISG15 (E), and IFITT (F) were determined by RT-gPCR in HEK293T cells co-transfected with stimulator plasmids Flag-CGAS and
MYC-STING?1, along with different doses of NSP6-expressing plasmid, for 24 h. (G) the phosphorylation levels of TBK1 and IRF3 were determined by immunoblotting
in HEK293T cells co-transfected with stimulator plasmids Flag-CGAS and MYC-STINGT, along with HA-NSP6-expressing plasmid or HA-vector for 24 h (left). Band
intensities were determined by Image)J software (right). (H) the localization of IRF3 was checked by immunofluorescence microscopy in HEK293T cells co-transfected
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mRNA levels of IFNBI/IFN-f (interferon beta 1) under
CGAS-STINGI stimulation (Figure 1A). Similar results were
obtained from the IFNBI promoter reporter assay (Figure 1B).
As NSP6 exhibited a stronger ability to antagonize immune
activation induced by CGAS-STING1, NSP6 was the focus in
this study. Further experiments showed that NSP6 overex-
pression inhibited the CGAS-STINGI1-triggered activation of
IFNBI luciferase activity (Figure 1C) and the expression levels
of IFNBI (Figure 1D)D, ISG15 (ISG15 ubiquitin like modifier)
(Figure 1E), and IFIT1I (interferon induced protein with tetra-
tricopeptide repeats 1) (Figure 1F) in a dose-dependent man-
ner. The phosphorylation of TBK1 and IRF3 is a key step for
IFNBI production. Therefore, the effects of NSP6 on TBK1
and IRF3 phosphorylation were examined. The results showed
that NSP6 reduced the CGAS-STINGI-induced phosphoryla-
tion of TBK1 and IRF3 in HEK293T cells overexpressing
CGAS, STINGI, and NSP6 (Figure 1G). Therefore, the
nuclear translocation of IRF3 was significantly impaired in
NSP6 expressing HEK293T cells (Figure 1H). Taken together,
these results suggest that SARS-CoV-2 NSP6 suppresses
CGAS-STING1-mediated IFN production.

SARS-CoV-2 NSP6 promotes the lysosomal degradation of
STING1

To determine the target of NSP6 in the CGAS-STINGI1
pathway, HEK293T «cells were co-transfected with
a luciferase reporter plasmid and HA vector or HA-NSP6
in the presence or absence of FLAG-CGAS, Flag-STINGI,
Flag-TBK1, or Flag-IRF3. The results showed that IFNBI
luciferase activity was significantly suppressed by NSP6 in
CGAS- or STINGI-expressing HEK293T cells, but not in
TBK1- or IRF3-expressing HEK293T cells (Figure 2A-D),
indicating that NSP6 inhibits the activation of the IFNBI
promoter by targeting the CGAS-STING1 pathway. Further
experiments using confocal microscopy showed that NSP6
could co-localize with STINGI but not with CGAS, TBK1,
or IRF3 (Figure 2E). HEK293T cells co-transfected with
MYC-STINGI1 and different concentrations of HA-NSP6
were analyzed by immunoblotting. NSP6 downregulated
STINGI in a dose-dependent manner (Figure 2F), indicat-
ing that NSP6 promoted STING1 degradation. Moreover, in
HeLa cells expressing endogenous CGAS and STINGI,
NSP6 overexpression triggered endogenous STING1 degra-
dation in a dose-dependent manner (Figure 2G), inhibited
cyclic GMP-AMP (cGAMP)-induced STING1 phosphoryla-
tion (Figure 2H), but could not affect the mRNA level of
STING1 (Figure 2I).

Two major systems control protein degradation in
eukaryotic cells: the ubiquitin-proteasome and autophagy-
lysosomal pathways [36]. To investigate the pathways con-
tributing to the role of SARS-CoV-2 NSP6 in STINGI
degradation, HEK293T cells were co-transfected with MYC-
STING1 and HA-NSP6-expressing plasmids, followed by

treatment with inhibitors targeting different protein degra-
dation pathways. Immunoblotting analysis revealed that
NSP6-mediated degradation of STINGI was rescued by
the autophagosome inhibitor NH,CI but not by the protea-
some inhibitor MG132 (Figure 2J), indicating that NSP6-
mediated STING1 degradation is dependent on autophagy.
These results revealed that NSP6 might promote the auto-
phagy-dependent degradation of STINGI.

SARS-CoV-2 NSP6 triggers autophagy

Since SARS-CoV-2 NSP6 promotes the lysosomal degrada-
tion of STINGI, the effect of SARS-CoV-2 NSPs on auto-
phagy activation was next investigated. HEK293T cells were
co-transfected with the GFP (green fluorescent protein)-
tagged autophagosome marker MAP1LC3B/LC3B (microtu-
bule associated protein 1 light chain 3 beta) and an indivi-
dual SARS-CoV-2 NSP-expressing plasmid. The aggregation
of LC3B was investigated by immunofluorescence micro-
scopy. GFP-LC3B puncta were observed in NSP6-
overexpressing HEK293T cells (Figure 3A) but not in cells
expressing other NSPs at 24h post-transfection (Figure
S1A). Autophagic flux was further examined using
mCherry-GFP-LC3B puncta formation assays. The results
showed that NSP6 decreased the number of GFP-LC3B
(green) puncta, but the mCherry signal (red) remained in
HEK293T cells 24 h post-transfection, suggesting that NSP6
promoted the formation of autolysosomes (Figure 3B). In
addition, the expression levels of LC3B and SQSTMI1 were
detected in HEK293T cells transfected with HA-NSP6 plas-
mid. The results showed that NSP6 significantly increased
the expression of LC3B-II and promoted SQSTM1 degrada-
tion at 24 and 48h post-transfection (Figure 3C). The
induction of autophagy and autophagosome formation
was observed in NSP6-overexpressing HEK293T cells by
TEM imaging (Figure 3D). Similarly, the results of GFP-
LC3B puncta detection by immunofluorescence (Figure
S1B) and of LC3B and SQSTMI expression detection by
immunoblotting (Figure S1C) showed that NSP6 could also
induce autophagy in HelLa and A549 cells.

ATGS5 (autophagy related 5) is specifically required for
autophagy [37]. To further examine whether the induc-
tion of autophagy is essential for NSP6-mediated STING1
degradation, STING1 expression and IFNBI mRNA levels
were determined in wild-type (WT) and ATG5'~ HelLa
cells (without endogenous CGAS and STING1) co-
transfected with HA-NSP6 and MYC-STINGI1 plasmids.
ATGS5 deficiency significantly impaired NSP6-induced
STINGI degradation (Figure 3E) and abolished the inhi-
bitory effect of NSP6 on CGAS-STING1-stimulated IFNBI
mRNA expression (Figure 3F). Chloroquine (CQ), an
inhibitor of the lysosome pathway, also significantly
impaired the inhibitory effect of NSP6 on STINGI
expression (Figure 3G) and CGAS-STINGI-stimulated

with stimulator plasmids Flag-CGAS and MYC-STING1, along with HA-NSP6-expressing plasmid or HA-vector, for 24 h (left). The proportion (%) of nuclear IRF3-
positive cells was determined from three independent experiments (right). Scale bar: 5 um. The data are representative of three independent experiments. Data are
presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test).
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Figure 2. SARS-CoV-2 NSP6 promotes the lysosomal degradation of STING1. (A — D) Luciferase reporter assays in HEK293T cells co-transfected with IFNBT Luc reporter
plasmid together with HA-vector or HA-NSP6 in the presence or absence of CGAS (A), STINGT (B), TBK1 (C), or IRF3 (D) for 24 h. (E) Colocalization of NSP6 with
STING1, CGAS, TBK1, or IRF3 was assessed by confocal microscopy in HEK293T cells co-transfected with GFP-NSP6 and MYC-STING1, Flag-CGAS, Flag-TBK1, or Flag-
IRF3. Cells were fixed at 24 h after transfection and probed with Flag antibody (red) (left). Confocal images were analyzed for colocalization using ImageJ software
(right). Scale bars: 5 um. (F) the STING1 levels were determined by immunoblotting in HEK293T cells co-transfected with MYC-STING1 (0.5 ug) plasmid and increasing
amounts of HA-NSP6-expressing plasmid (0, 0.5, 1.0, and 2.0 g, respectively) for 24 h (left). Band intensities were determined by ImageJ software (right). (G) the
expression of endogenous STING1 protein was determined by immunoblotting in Hela cells (expressing endogenous CGAS and STING1) transfected with different
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IFNBI expression in HEK293T cells (Figure 3H).
Collectively, these results suggest that SARS-CoV-2
NSP6 triggers autophagy and potentiates STING1 degra-
dation to inhibit IFN expression in an autophagy-
dependent manner.

SARS-CoV-2 NSP6 81-120 is the key region for autophagy
induction and STING1 degradation

The key regions of NSP6 that promoted autophagy and
STING1 degradation were investigated. The topology of
NSP6 was predicted using TMHMM [38] and CCTOP [39]
tools, showing that full-length NSP6 (NSP6-FL) contained
seven transmembrane domains (shaded gray), two main
extracellular domains (pink; residues 81-120 and 231-290),
and three main intracellular domains (blue) (Figure 4A). To
identify the key region for inducing autophagy, nine truncated
NSP6-expressing plasmids, TM1 (1-29), TM1-2 (1-60),
TM1-3 (1-80), TM1-4 (1-120), TM1-5 (1-150), TM1-6
(1-180), TM1-7 (1-231), TM3-4 (81-120), and ATM1-4
(121-290), were constructed according to the transmembrane
regions (Figure 4B). Plasmids were transfected into HEK293T
cells for immunofluorescence microscopy. The GFP-LC3B
puncta were observed in TM1-4-, TM1-5-, TM1-6-, and
TM1-7-expressing cells, whereas TM1, TM1-2, TM1-3, and
ATM1-4 [121-290] could not induce LC3B aggregation, indi-
cating that NSP6 81-120 is critical for triggering autophagy
(Figure 4C).

Consistently, immunoblotting analysis showed that NSP6-
FL and NSP6 81-120 expression upregulated LC3B-II
(Figure 4D). To further verify whether NSP6 81-120-
mediated autophagy is necessary for STINGI degradation,
STINGI1 levels were measured in HEK293T cells co-
transfected with MYC-STING1 and NSP6-FL or differently
truncated NSP6. NSP6-FL and NSP6 81-120, but not NSP6 1-
80 and NSP6 121-290, promoted STING1 degradation, sug-
gesting that NSP6 81-120 is critical for triggering STING1
degradation (Figure 4E). These results suggested that SARS-
CoV-2 NSP6 81-120 is a key region for autophagy activation
and STINGI degradation.

SARS-CoV-2 NSP6 localizes on the ER

To investigate the cellular localization of SARS-CoV-2 NSP6,
NSP6-GFP was co-expressed with pDsRed2-ER (ER marker),
pDsRed2-Mito (mitochondrial marker), or pDsRed2-Golgi
(Golgi marker) in HEK293T cells. As a result, GFP-NSP6
was found to be colocalized with pDsRed2-ER but not with
pDsRed2-Mito or pDsRed2-Golgi under immunofluorescence
microscopy (Figure 5A), suggesting that SARS-CoV-2 NSP6

localizes on the ER. Moreover, immunogold-labeled NSP6
was observed in the ER of both HEK293T and Hela cells
transfected with GFP-NSP6 (Figure 5B,C red arrows) and
even on double-membrane autophagosomes in NSP6-
expressing HEK293T cells (Figure 5D, red arrow).
Furthermore, NSP6 (labeled with 5-nm gold particles, red
arrows) and LC3B (labeled with 10-nm gold particles, blue
arrows) were observed on the double-membrane structure of
autophagosomes in HEK293T cells transfected with NSP6
using double-label immunoelectron microscopy (Figure 5E).
The key region for NSP6 localization in the ER was deter-
mined by immunofluorescence microscopy in HEK293T cells
co-transfected with pDsRed2-ER and truncated NSP6 plas-
mids. The results showed that only NSP6 81-120 was loca-
lized to the ER (Figure 5F). Together, these findings suggest
that NSP6 81-120 is critical for anchoring NSP6 to the ER,
a major membrane source of autophagosomes.

SARS-CoV-2 NSP6 triggers ER stress-induced autophagy
by targeting HSPA5/GRP78

ER stress is a result of imbalanced protein homeostasis or
proteostasis in the ER [40-42]. HSPA5/GRP78 (heat shock
protein family A (Hsp70) member 5) is an ER resident cha-
perone. In non-stressed cells, the ER sensors ATF6 (activating
transcription factor 6), ERN1/IRE1 (endoplasmic reticulum to
nucleus signaling 1), and EIF2AK3/PERK (eukaryotic transla-
tion initiation factor 2 alpha kinase 3) are maintained in an
inactive state through interactions with HSPA5. Under ER
stress, HSPA5 expression increases. Then, HSPAS5 is released
from activated ER sensors [43]. Whether SARS-CoV-2 NSP6
is involved in the ER stress response was examined. NSP6
overexpression in HEK293T cells significantly upregulated the
expression levels of HSPA5, indicating that NSP6 triggered
the ER stress response. It was observed that NSP6 overexpres-
sion resulted in an increase of the phosphorylation levels of
EIF2AK3 and EIF2A/elF2a (eukaryotic translation initiation
factor 2A), while the phosphorylation level of ERN1 remained
unchanged. It was found that the ATF6 pathway was not
activated as the expression levels of ATF6-FL and cleaved/
active ATF6 (ATF6 p50) remained unchanged (Figure 6A).
These results suggested that NSP6 selectively activated the
EIF2AK3-EIF2A pathway, with no alterations in the ERN1
and ATF6 pathways.

Under normal physiological conditions, the transmem-
brane receptor proteins EIF2AK3, ERN1, and ATF6 in the
lumenal region of the ER bind to HSPAS5 to form a stable
complex that maintains them in an inactive state [44]. Since
NSP6 triggers the EIF2AK3-EIF2A signaling pathway, the
interaction between NSP6 and HSPAS5 was investigated.

doses of HA-NSP6-expressing plasmid (0, 0.5, 1.0, and 2.0 ug, respectively) at 24 h after transfection (left). Band intensities were determined by ImageJ software
(right). (H) STING1 phosphorylation was determined by immunoblotting in HelLa cells (expressing endogenous CGAS and STING1) transfected with HA-NSP6 or HA-
Vector plasmid for 24 h, followed by 2',3'-cGAMP treatment for 8 h. (I) the endogenous STINGT mRNA levels were analyzed in Hela cells (expressing endogenous
CGAS and STING1) transfected with HA-NSP6 or HA-vector plasmid by RT-qPCR at 24 h post-transfection (n =3). (J) the effects of inhibitors on the NSP6-mediated
destabilization of STING1 were evaluated by immunoblot analysis in HEK293T cells co-transfected with MYC-STINGT and HA-NSP6-expressing plasmids for 24 h,
followed by DMSO, MG132 (10 puM), or NH,Cl (25 mM), along with CHX (100 ug/mL) treatment for 9 h (left). Band intensities were determined by ImageJ software
(right). The data are representative of three independent experiments. Data are presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed

Student’s t-test).
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Figure 3. SARS-CoV-2 NSP6 triggers autophagy. (A) the LC3B puncta were detected by immunofluorescence microscopy in HEK293T cells co-transfected with GFP-
LC3B and HA-NSP6 or HA-vector plasmids for 24 h with anti-HA antibodies (left). The amount of autophagy was determined by quantification of GFP-LC3B puncta in
30 cells (right). Scale bars: 5pm. (B) the colocalization of GFP-LC3B and mCherry-LC3B was visualized by immunofluorescence microscopy in HEK293T cells co-
transfected with mCherry-GFP-LC3B and HA-NSP6 or HA-vector plasmids for the indicated time periods. Autophagic flux was evaluated by calculating the numbers of
GFP-LC3B and mCherry-LC3B on 30 cells (right). Scale bars: 5 pm. (C) LC3B and SQSTM1 expression in HEK293T cells co-transfected with HA-NSP6 or HA-vector
plasmid was detected by immunoblotting with anti-SQSTM1 and anti-LC3B antibodies at the indicated time points (top). Band intensities were determined by Image)
software (bottom). (D) the autophagosomes (red arrows) were visualized in NSP6-expressing HEK293T cells by transmission electron microscopy (left). Scale bars: 200
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Figure 4. SARS-CoV-2 NSP6 81-120 is the key region for autophagy induction and STING1 degradation. (A) Prediction of transmembrane helices of NSP6 by the
software TMHMM. Extracellular (pink lines), transmembrane (gray lines), and cytosolic regions (blue lines) of the encoded protein are shown. (B) Schematics of
a working topology model of the truncated SARS-CoV-2 NSP6. (C) the GFP-LC3B puncta were visualized by confocal microscopy in HEK293T cells co-transfected with
GFP-LC3B and the indicated truncated NSP6 plasmids for 24 h (left). The amount of autophagy was determined by quantification of GFP-LC3B puncta in 30 cells
(right). Scale bars: 5 um. (D) the LC3B expression was detected by immunoblotting in HEK293T cells transfected with the indicated truncated NSP6 plasmids for 24 h
(left). Band intensities were determined by ImageJ software (right). (E) the STING1 expression was detected by immunoblotting in HEK293T cells co-transfected with
MYC-STING1 and the indicated truncated NSP6 plasmids for 24 h (left). Band intensities were determined by ImageJ software (right). Data are representative of three
independent experiments. Data are presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test).

The co-immunoprecipitation (Co-IP) assay revealed
a significant interaction between NSP6 and HSPAS5 in
HEK293T cells overexpressing NSP6 (Figure 6B). To inves-
tigate whether NSP6 could block HSPAS5-EIF2AK3

interaction to activate the EIF2AK3-EIF2A signaling path-
way, the interaction between HSPA5 and EIF2AK3 in the
absence or presence of NSP6 was investigated by Co-IP
assay in HEK293T cells. As expected, the HSPA5-

nm. The number of autophagosomes per cell was quantified (right). (E) the expression of STING1 was detected by immunoblotting in WT and ATG5”'~ Hela cells
(without endogenous CGAS and STING1) co-transfected with MYC-STINGT and HA-NSP6 plasmids for 24 h (left). Band intensities were determined by ImageJ software
(right). (F) IFNBT mRNA levels were measured using RT-qPCR in WT and ATG5~~ Hela cells (without endogenous CGAS and STING1) co-transfected with MYC-STING1
and HA-NSP6 plasmids for 24 h. (G) the expression of STING1 was detected by immunoblotting in HEK293T cells co-transfected with MYC-STING1 and HA-NSP6
plasmids for 24 h and treated with or without CQ treatment (20 uM) 9 h after transfection until cells were harvested (left). Band intensities were determined by
Image) software (right). (H) IFNBT mRNA levels were measured using RT-qPCR in HEK293T cells co-transfected with MYC-STINGT and HA-NSP6 plasmids for 24 h with
or without CQ treatment (CQ 20 uM) for 9 h. The data are representative of three independent experiments. Data are presented as mean + SD. *P < 0.05, **P < 0.01,

and ***P < 0.001 (unpaired, two-tailed Student’s t-test).
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Figure 5. SARS-CoV-2 NSP6 localizes on the ER. (A) the localization of SARS-CoV-2 NSP6 was investigated by immunostaining in HEK293T cells co-transfected with
GFP-NSP6 plasmids along with pDsred2-ER (ER marker), pDsred2-Mito (mitochondria marker), or pDsred2-Golgi (Golgi marker) plasmid (left). The intensity distribution
of the SARS-CoV-2 NSP6 protein and proteins indicated along the plotted lines was analyzed by ImageJ line scan analysis (right). Scale bars: 5 um. (B-D) the
localization of NSP6 in ER and autophagosomes was confirmed by immunoelectron microscopy. Ultrathin sections were prepared using NSP6-expressing HEK293T
cells (B, D) and Hela cells (without endogenous CGAS and STING1) (C), where gold particles (10 nm, red arrows) were found in the ER and autophagosomes with
a double-membrane structure. Scale bars: 200 nm. (E) the colocalization of NSP6 and LC3B in autophagosomes was confirmed by immunoelectron microscopy.
HEK293T cells were transfected with GFP-NSP6 and processed for immunoelectron microscopy with 15 nm gold particles against LC3B (blue arrows) and 5 nm gold
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EIF2AK3 interaction was decreased by NSP6 overexpres-
sion (Figure 6C), indicating that the HSPAS5-EIF2AK3
interaction was blocked by the NSP6-HSPA5 interaction.

In addition, 4PBA, an effective inhibitor of ER stress
[45-47], was used to investigate whether NSP6 promotes
STING1 degradation through ER stress-induced autophagy.
The results showed that 4PBA inhibited NSP6-triggered
autophagy, abolished the inhibitory effect of NSP6 on
STING1 expression (Figure 6D) and CGAS-STINGI-
triggered-IFNB1 (Figure 6E) and ISGI15 (Figure 6F) expres-
sion in HEK293T cells. To further confirm the role of ER
autophagy in NSP6-mediated STINGI1 degradation, siRNAs
were used to knockdown the ER-specific autophagy recep-
tors RETREG1/FAM134B (reticulophagy regulator 1) and
CCPG1 (cell cycle progression 1) in HeLa cells. The knock-
down of RETREGI1 or CCPGI1 abolished the inhibitory
effect of NSP6 on STINGI expression (Figure 6G) and
cGAMP-stimulated IFNBI  expression (Figure 6H).
Furthermore, we investigated the role of NSP6, RETREGI,
and CCPGl on the replication of SARS-CoV-2 in HeLa-
ACE2 cells. As expected, pretreatment of overexpressed
NSP6 significantly promoted SARS-CoV-2 NP expression,
while cGAMP had the opposite effect. The knockdown of
RETREGI or CCPG1 impaired the positive role of NSP6 in
viral replication (Figure 6I). AF508-CFTR (CF transmem-
brane conductance regulator) is a misfolded multi-spanning
transmembrane protein in the ER that causes ER stress but
is unable to induce autophagy [48]. Therefore, the over-
expressed AF508-CFTR was used as the control to detect
the specific effect of overexpressed NSP6 on STING1 degra-
dation and IFN production in cGAMP-stimulated HeLa
cells. The results showed that overexpression of AF508-
CFTR did not promote STING1 degradation (Figure S2A)
or inhibit IFNB1 (Figure S2B) and ISGI5 (Figure S2C)
production as NSP6 did. Together, these results demon-
strated that the SARS-CoV-2 NSP6-HSPAS5 interaction trig-
gers ER stress-induced autophagy through the EIF2AK3-
EIF2A signaling pathway, which then promotes STINGI
degradation and reduces IFN production, thereby promot-
ing viral replication.

NSP6 of SARS-CoV-2 variants with a three-amino acids
deletion attenuates autophagy and
autophagy-dependent STING1 degradation

Analysis of the SARS-CoV-2 complete genome sequences
deposited in the GISAID database showed that seven SARS-
CoV-2 variant strains (Alpha, Lamma, Gamma, Beta, Eta,
Lota, and Omicron) displayed a continuous three-amino
acid (aa) deletion in NSP6, including deletion of aa at 106-
108 (a prevalent 9-nt deletion at 11,285-11,293 nt, named
NSP6 A106-108) in Alpha, Lamma, Gamma, Beta, Eta, Lota,
Omicron BA2, Omicron BA.2.12.1, Omicron 4, and Omicron

5, and at 105-107 (11,282-11,291 nt, named NSP6 A105-107)
in Omicron BA.l variant strains (Figure 7A). A topology
model of SARS-CoV-2 NSP6 was constructed using Protter
[49] (Figure S3A). It was found that the sequence of NSP6
81-120 harbors a double lysine localization signal (belonging
to the ER protein localization return signal; red font with an
asterisk), and the aa deletion of NSP6 in the mutant strain of
SARS-CoV-2 was located just before the double lysine ER
localization signal. Therefore, it was speculated that lysine
residues 109 and 111 of NSP6 May be specific signals for ER
retention.

LSGF is located within the flexible outer loop of NSP6,
which contains a double lysine ER-retention motif (Figure
S3B, left). The tertiary structure modeling for NSP6 WT and
NSP6 81-120 A106-106 by AlphaFold2 [50] showed that the
three-aa deletion resulted in the shortening of the residues
81-120 internal loop, which is unfavorable for protein folding
(Figure S3B, right). The three-dimensional structures of
NSP6 WT, NSP6 A106-108, and NSP6 A105-107 were deter-
mined using AlphaFold2 (Figure S3C), which showed that the
81-120 residues locate in the extracellular loop. NSP6 WT has
a longer loop region (between TM3 and TM4) outer trans-
membrane helix than NSP6 A106-108 and NSP6 A105-107,
indicating that the deletion of LSG or SGF may impact the
structure, subcellular localization, and function of NSP6.

To investigate the role of three aa deletion of NSP6, we
examined ER stress-induced autophagy, STING1 degradation,
and IFN production in HeLa-ACE2 cells infected with SARS-
CoV-2WT or Omicron variant (Omicron BA.5.2.15, NSP6
A106-108). Compared to SARS-CoV-2 WT, the Omicron var-
iant induced lower levels of HSPA5, p-EIF2AK3, and LC3B-II
(Figure 7B) and higher levels of STINGI (Figure 7B), IFNBI
(Figure 7C), ISG15 (Figure 7D), and IFITI (Figure 7E).
Consistently, both the protein (Figure 7B) and mRNA
(Figure 7F) levels SARS-CoV-2 NP were lower in Omicron
variant-infected HeLa-ACE2 cells than those in SARS-CoV-2
WrT-infected cells.

To further determine whether the three-aa deletion on
NSP6 impacts its biological functions, the effects of NSP6-
WT, NSP6 A105-107, and NSP6 A106-108 on autophagy
were investigated. The LC3B puncta were investigated by
fluorescence microscopy in HEK293T cells co-transfected
with GFP-LC3B and NSP6 WT, NSP6 A105-107, or NSP6
A106-108 plasmids. A considerably lower amount of LC3B
puncta was observed in NSP6 A105-107- and NSP6 A106-
108-overexpressing cells than in NSP6 WT-overexpressing
cells (Figure 8A), indicating the 105-107 aa or 106-108 aa
deletion in NSP6 attenuated autophagy induction. The
expression levels of LC3B-I and LC3B-II were also detected
by immunoblotting in HEK293T cells by immunoblotting.
The results showed that NSP6 WT expression promoted
LC3B conversion, whereas NSP6 with a three-aa deletion
showed less conversion (Figure 8B). Next, whether these
three-aa deletions affected STING1 degradation in HEK293T

particlesagainst GFP (red arrows). Scale bars: 200 nm. (F) the ER localization of truncated NSP6 was investigated by immunofluorescence in HEK293T cells co-
transfected with pDsred2-ER and the indicated truncated NSP6 plasmids or GFP vector (left). The intensity distribution of the truncated NSP6 and pDsred2-ER along
the plotted lines was analyzed by ImageJ line scan analysis (right). Scale bars: 5 um. Data are representative of three independent experiments.
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Figure 6. SARS-CoV-2 NSP6 interacts with HSPA5 and enhances ER stress-induced autophagy by activating the EIF2AK3-EIF2A signaling pathway. (A) HEK293T cells
were transfected with the HA-NSP6 or HA-vector plasmid. The cell lysates were harvested after 12, 24, 36, and 48 h and then were analyzed by immunoblotting with
the indicated antibodies. (B) the interaction between NSP6 and the endogenous HSPA5 was detected by co-IP assays in HEK293T cells transfected with Flag vector or
Flag-NSP6 plasmid for 24 h. (C) the interaction between HSPA5 and EIF2AK3 was analyzed by co-IP assay in 293T cells co-transfected with the indicated plasmids for
24 h. (D) the STING1 and LC3B expression levels were analyzed by immunoblotting in HEK293T cells pretreated with or without 10 uM 4PBA for 6 h, followed by co-
transfection of the indicated plasmids for 24 h (left). Band intensities were determined by ImageJ software (right). (E-F) the mRNA levels of IFNB1 and ISG15 were
measured using RT-qPCR in HEK293T cells pretreated with or without 10 uM 4PBA for 6 h, followed by co-transfection of the indicated plasmids for 24 h. (G) the
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cells co-transfected with MYC-STING1 and different NSP6
variants was investigated. The results showed that the three-aa
deletion of NSP6 decreased the efficiency of STINGI degra-
dation (Figure 8C). Furthermore, A106-108 or A105-107
significantly reduced the binding ability of NSP6 and
HSPAS5 (Figure 8D).

Given that NSP6 suppresses CGAS-STING1-mediated type
I IEN production, IFN and ISG production was examined in
HeLa cells (expressing endogenous CGAS and STINGI1)
transfected with various NSP6 variants, followed by stimula-
tion with cGAMP, which triggers the CGAS-STINGI signal-
ing pathway. The results showed that NSP6 WT, but not
NSP6 A105-107 or NSP6 A106-108, inhibited the IFNBI
(Figure 8E), ISGI5 (Figure 8F), and IFITI (Figure 8G)
mRNA production. We further investigated the effect of dif-
ferent NSP6 variants on SARS-CoV-2 replication in cGAMP-
stimulated HeLa-ACE2 cells. The results showed that only
NSP6 WT abolished the inhibitory effect of cGAMP on SARS-
CoV-2 NP expression (Figure 8H). In addition, we examined
the effect of various NSP6 variants on the replication of HSV-
1 (herpes simplex virus type 1), a DNA virus that stimulates
CGAS-STINGI signaling pathway. The mRNA levels of
IFNBI1 (Figure S4A) and ISG15 (Figure S4B) were higher,
and HSV-1 UL30 (Figure S4C) were lower in NSP6 A105-107
or NSP6 A106-108 overexpressing cells than those in NSP6
WT overexpressing cells. Moreover, overexpression of NSP6
WT enhanced HSV-1 GD expression by immunoblotting
analysis (Figure S4D and S4E), but this effect was relatively
small for NSP6 A105-107 or NSP6 A106-108 (Figure S4E).
These results demonstrated that some variant NSP6 with
three-aa deletion (A105-107 or A106-108) leads to attenuated
autophagy, decreased STING1 degradation, and the loss of
most of its capacity to suppress the production of type I IFN,
thereby inhibiting viral replication.

Discussion

The host innate immune response, which is the first line of
defense against invading pathogens, is crucial for protecting
the host against infections [51,52]. However, viruses have
developed diverse mechanisms to evade the innate immune
responses. In this study, the mechanism through which SARS-
CoV-2 utilizes the autophagy pathway to evade the host
innate immune response by promoting STING1 degradation
was revealed. The data showed that SARS-CoV-2 NSP6 pro-
moted STINGI1 degradation through the autophagy-lysosome
pathway, leading to decreased CGAS-STING1 pathway-
mediated IFN production. In addition, NSP6 localized to the
ER and triggered the ER stress pathway to induce cellular
autophagy, suggesting an important autophagy-inducing
mechanism in SARS-CoV-2 infection. Notably, a three-aa

deletion (A105-107 or A106-108) in NSP6 of SARS-CoV-2
Alpha, Lamma, Gamma, Beta, Eta, Iota, and Omicron variants
led to the reduction of autophagy, STING1 degradation, and
enhancement of IFN production (Figure 9). These findings
suggested that the loss of critical aa residues in NSP6 May be
one of the main reasons for the attenuation of some SARS-
CoV-2 variants.

The molecular mechanisms through which SARS-CoV-2
activates autophagy are poorly understood. Oligomerization
of NSP6 in the ER can align ER cisternae into zippers that
connect virus replication compartments [31], which also pro-
vides a possible functional link between NSP6 and ER auto-
phagy. ER stress activates three main signaling pathways
(ATF6, ERN1, and EIF2AK3) that may induce autophagy,
reduce ER stress, and restore homeostasis [53,54]. In the
present study, it was shown that SARS-CoV-2 NSP6 localizes
to the ER and triggers the ER stress pathway to induce cellular
autophagy, suggesting an important autophagy-inducing
mechanism for SARS-CoV-2. Overexpression of SARS-CoV
-2 NSP6 enhanced ER stress-induced autophagy by activating
the EIF2AK3 pathway, but not the ERN1 and ATF6 pathways.
ER stress inhibition or ATG5 deletion suppressed NSP6-
mediated autophagy and STINGI1 degradation. Moreover,
the interaction between NSP6 and the chaperone protein
HSPAS5 blocked HSPA5 binding to EIF2AK3 and activated
the EIF2AK3-mediated autophagy pathway, which supports
previously published data showing that ER stress inhibitors
suppress SARS-CoV-2 replication [55]. SARS-CoV-2 viral
protein ORF3a has also been reported to be involved in
autophagy activation. ORF3a induces incomplete autophagy
via the ERN1- and ATF6-mediated unfolded protein response
[56]. SARS-CoV ORF9b affects mitochondrial dynamics,
induces fusion and autophagy, and promotes cell survival
[57]. It is worth noting that a recent study indicated that
enforced expression of SARS-CoV-2 NSP6 led to the accumu-
lation of non-digestive autophagosomes in Calu-3, A549, and
BEAS2B cells [35]. Here, the results demonstrated that SARS-
CoV-2 NSP6 triggers obvious complete autophagy in
HEK293T cells transfected with NSP6 for 48 h. This difference
may be due to the different cell types or detection times after
NSP6 transfection. It is recommended that autophagic flux be
detected at a later time point because autophagy is a dynamic
process [58].

SARS-CoV-2 is a highly contagious virus, with a number
of wviral variants being continuously produced [31].
Evolutionary analysis of more than 350 SARS-CoV-2
sequences revealed one aa mutation (L37F) in NSP6.
Based on the ER localization and functions of NSP6 of
both a- and PB-coronaviruses, the authors speculated that
the SARS-CoV-2 NSP6 L37F mutation should favor the
affinity between NSP6 and the ER membrane and affect

STING1 expression levels were analyzed by immunoblotting in HeLa cells (expressing endogenous CGAS and STING1) transfected with HA-NSP6 or HA-Vector plasmid,
along with either specific sSiRNA-RETREGT or siRNA-CCPGT for 24 h (left). Band intensities were determined by ImageJ software (right). (H) RT-Qpcr analysis of IFNBT
mRNA levels in Hela cells (expressing endogenous CGAS and STING1) transfected with HA-NSP6 or HA-Vector plasmid, along with either specific sSiRNA-RETREGT or
siRNA-CCPGT for 24 h, followed by 2',3'-cGAMP treatment for 8 h. (I) RT-qPCR analysis of SARS-CoV-2 NP mRNA levels were determined in HelLa-ACE2 cells transfected
with HA-NSP6 or HA-Vector plasmid, along with either specific siRNA-RETREGT or siRNA-CCPGT for 24 h, followed by 2',3-cGAMP treatment for 8 h, then SARS-CoV
-2-WT (MOI =0.01) infection for another 12 h. The viral RNA levels of NP gene were evaluated by RT-gPCR. The data are representative of three independent
experiments. Data are presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test).
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Figure 7. SARS-CoV-2 variants with a three-amino acids deletion in NSP6 attenuates autophagy and autophagy-dependent STING1 degradation (A) Sequence
alignment of NSP6 81-120 in SARS-CoV-2 WT and variants by the DNAMAN software. Red triangles indicate highly conserved double lysine signal sequences. (B)
HeLa-ACE2 cells were infected with SARS-CoV-2 WT or Omicron variant (MOl = 0.01). The cell lysates were harvested after 12, 24, and 48 h and then were analyzed by
immunoblotting with the indicated antibodies (left). Band intensities were determined by ImageJ software (right). (C-F) the mRNA levels of IFNBT (C), ISG15 (D), IFIT1
(E), and NP (F) were determined by RT-qPCR in ACE2-Hela cells infected with SARS-CoV-2 WT or Omicron for 12, 24, and 48 h. The data are representative of three

independent experiments. Data are presented as mean + SD. *P < 0.05, **P < 0.01

the autophagic lysosomal machinery [59]. However, SARS-
CoV-2 NSP6 L37F did not affect autophagy (data not
shown). Another study showed that the SARS-CoV-2
L37F mutation reduces NSP6-induced inflammasome acti-
vation and pyroptosis [35]. Further studies are required to
confirm the effect of the SARS-CoV-2 NSP6 L37F mutation
on virus replication and pathogenicity.

Recent evidence suggests that aa residues 91-112 are key
functional regions of NSP6. A conformational dynamics

, and ***P < 0.001 (unpaired, two-tailed Student's t-test).

simulation study showed that the helical conformation of
residues 91-112 aa are prone to dynamic changes under
different conditions (pH, solvents, and temperatures) [60],
which may explain the tolerance of aa deletions in this
region. In addition, dextromethorphan forms H-bonds
with its methoxy group at aa residues 93, 94, 97, and 98
of NSP6, thus, decreasing the flexibility of these residues
[61]. In this study, it was demonstrated that SARS-CoV-2
NSP6 81-120 is the key region for inducing autophagy and
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Figure 8. SARS-CoV-2 NSP6 with three-aa deletion leads to the attenuation of autophagy and STING1 degradation. (A) the LC3B puncta were investigated by
fluorescence microscopy in HEK293T cells co-transfected with GFP-LC3B and NSP6 WT, NSP6 A105-107, or NSP6 A106-108 plasmid. The amount of autophagy was
determined by quantification of GFP-LC3B puncta in 30 cells (right). Scale bars: 5 pm. (B-C) the expression levels of LC3B (B) and STING1 (C) were analyzed by
immunoblotting in HEK293T cells co-transfected with the indicated plasmids for 24 h (left). Band intensities were determined by ImageJ software (right). (D) the
interaction between HSPA5 and NSP6, NSP6 A106-108, or NSP6 A105-107 was detected by co-IP assays in HEK293T cells co-transfected with the indicated plasmids
for 24 h. (E-G) the mRNA levels of IFNB1 (E), ISG15 (F), and IFITT (G) were determined by RT-gPCR in Hela cells (expressing endogenous CGAS and STING1) transfected
with HA-NSP6, NSP6 A106-108, NSP6 A105-107, or HA-Vector plasmid for 24 h, followed by 2’,3-cGAMP treatment for 8 h. (H) RT-qPCR analysis of SARS-CoV-2 NP
mRNA levels in HeLa-ACE2 cells transfected with HA-NSP6, NSP6 A106-108, NSP6 A105-107, or HA-Vector plasmid for 24 h, followed by 2',3'-cGAMP treatment for 8
h, then SARS-CoV-2-WT (MOI = 0.01) infection for another 12 h. The data are representative of three independent experiments. Data are presented as mean + SD. *P

<0.05, **P < 0.01, and ***P < 0.001 (unpaired, two-tailed Student’s t-test).

promoting STING1 degradation. Collectively, the results
showed that NSP6 81-120, which has a flexible conforma-
tion and lies outside of the membrane region, is a key area
that plays a central role in SARS-CoV-2 replication and
regulation of host innate immunity.

It has been speculated that some people infected with
SARS-CoV-2 are able to rapidly control the virus through
innate immune pathways, therefore, do not become ill.
However, few studies have investigated the differences in
innate immune responses between individuals with symp-
tomatic or asymptomatic SARS-CoV-2 infection. The
innate immune determinants of asymptomatic presentation
remain difficult to resolve in terms of the relative contribu-
tion of differential protection by intrinsic antiviral

pathways and prior immune subsets, such as NK or
T cells [62]. Recent evidence suggests that S and NSP6
are key determinants of SARS-CoV-2 Omicron BA.l
attenuation [32]. Moreover, NSP6 triggers NLR3-
dependent pyroptosis, and the L37F NSP6 variant asso-
ciated with asymptomatic COVID-19 exhibits reduced abil-
ity to induce pyroptosis [35]. In this study, it was observed
that NSP6 (A105-107 or A106-108) in some SARS-CoV-2
variants triggered weaker autophagy and STING1 degrada-
tion and induced stronger IFN production than the WT
NSP6. Therefore, the recovery of innate immunity
decreases the possibility of SARS-CoV-2 infection relapse,
further reducing the virulence of the virus and extending
damage to the organism. Furthermore, the replication of
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hagy to degrade STING1. NSP6 triggers ER stress and binds to HSPA5 to activate
leading to the lysosomal degradation of STING1 and downregulation of interferon

production. These functions are diminished in NSP6 of SARS-CoV-2 variants with a three-aa deletion (A105-107 or A106-108).

HSV-1 was reduced in NSP6 A105-107- and NSP6 A106-
108-overexpressing cells, which supported that 105-107 aa
or 106-108 aa deletion in NSP6 recovered the host immu-
nity defense. It was speculated that the enhancement of
host antiviral immunity induced by NSP6 variants with
a three-aa deletion may be responsible for the attenuation
of SARS-CoV-2 variants.

In summary, the results demonstrated that SARS-CoV-2
NSP6 suppressed IFN production by triggering ER stress-
induced autophagy and STING1 degradation, and NSP6
81-120 is the key region for these functions. Moreover,
NSP6 (A105-107 or A106-108) in some SARS-CoV-2 var-
iants triggered inefficient autophagy and STING1 degrada-
tion, then induced greater IFN production, which might be
one of the main reasons for the attenuation of these variant
strains. Therefore, it is important to pay more attention to
mutations in the NSP6 81-120 region when monitoring
SARS-CoV-2 evolution.

Materials and methods
Cell culture and transfection

HEK293T (CRL-3216) and HeLa (ATCC CCL-2) cells were
obtained from the American Type Culture Collection

(ATCC). HEK293T and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco,
c11965500BT) supplemented with 10% fetal bovine serum
(FBS) and 1% (w:v) antibiotics (penicillin and streptomy-
cin) at 37°C in 5% CO,. HeLa WT and ATG5 knockout
(ATG5"") cells lacking endogenous cGAS and STINGI
were kindly donated by Prof. Song-Dong Meng (Institute
of Microbiology, Chinese Academy of Sciences, Beijing).
HeLa cells expressing endogenous CGAS and STINGI1
were donated by Professor Hui Xiao (Institute Pasteur of
Shanghai, Chinese Academy of Sciences, Shanghai, China).
HeLa-ACE2 cells were provided by Professor Yuhai Bi
(Institute of Microbiology, Chinese Academy of Sciences).
Transient transfection with the indicated plasmids was per-
formed using a transfection reagent (YEASEN, 40802)
according to the manufacturer’s instructions at a ratio of
1:3 (1 pug plasmid to 3 pl transfection reagent).

Viruses and virus infection

SARS-CoV-2 (hCoV-19/China/CAS-B001/2020, GISAID No.
EPI_ISL_514256-7) was provided by Prof. Yuhai Bi (Institute
of Microbiology, Chinese Academy of Sciences). SARS-CoV-2
(Omicron BA.5.2.15, NMDC60046377) was provided by Prof.
Minghua Li (Kunming Institute of Zoology, Chinese Academy
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of Sciences). All experiments with live SARS-CoV-2 were
performed inside biosafety cabinets in the biosafety level 3
facility at the Institute of Microbiology, Chinese Academy of
Sciences, and the Kunming National High-level Biosafety
Research Center for Non-Human Primates, Center for
Biosafety Mega-Science, Kunming Institute of Zoology, the
Chinese Academy of Sciences. The culture medium was
removed, and the cells were washed twice with PBS (Gibco,
10010072). Serum-free culture medium containing the virus
(MOI [multiplicity of infection] = 0.01) was added for 2 h and
the medium was replaced with 2% FBS culture medium.

Reagents and antibodies

Rabbit monoclonal antibody against TBK1 (38066), phospho-
TBK1/NAK (Ser172) (5483), IRF3 (11904), phospho-IRF3
(Ser396) (4947), Flag (14793), MYC-Tag (2276), HA-Tag
(2367), GFP (2955), RETREG1/FAM134B (61011), CCPG1
(80158), and GAPDH (97166) were purchased from Cell
Signaling Technology. SARS-CoV-2 nucleocapsid antibody
(40588-T62) were from Sino Biological. Mouse monoclonal
antibodies against HSV-1 GD (sc -21,719) were obtained from
Santa Cruz Biotechnology. Rabbit antibodies against
SQSTM1/p62 (5114T), LC3B (2775S), EIF2AK3/PERK
(5683), phospho-EIF2AK3/PERK (3179), ERN1/IRE1 (3294),
STINGI (13647), and phospho-STING1 (50907) were pur-
chased from Cell Signaling Technology. Rabbit antibodies
against ATG5 (R23497), HSPA5/GRP78 (R24509), EIF2A
(R24185), phospho-EIF2A (Ser51) (R22946), ATF6 (R26445),
and phospho-ERNI1/IRE1 (R24754) were purchased from
ZenBio. HRP-conjugated anti-mouse secondary antibody
(A0216) and HRP-conjugated anti-rabbit secondary antibody
(A0208) were purchased from Beyotime Biotechnology.
Fluorescein (FITC) donkey anti-mouse IgG (715-096-151),
rhodamine donkey anti-mouse IgG (715-025-151), and FITC
donkey anti-rabbit IgG (711-095-152) were obtained from
Jackson Laboratory (Bar Harbor, ME, USA). The Double-
Luciferase Reporter Assay Kit and the Transcriptase Kit
were purchased from TransGen (FR201-01). The Plasmid
Prep Purification Kit was purchased from GeneMark (DP01-
Plus). Primary antibodies were used at a dilution of 1:1,000
and HRP-coupled anti-rabbit secondary antibodies were used
at a dilution of 1:10,000 for western blotting. Primary anti-
bodies were used at a dilution of 1:200 for immunofluores-
cence analysis.

Plasmid constructs

The IFNBI promoter-luciferase reporter plasmid (IFNBI-Luc)
was a gift from Dr. Chunfu Zheng (Fujian Medical University,
Fuzhou, China). CGAS, TBK1, IRF3, and HSPA5 were synthe-
sized using GENEWIZ and cloned into the pcDNA3.0-Flag
vector (MiaoLingBio, P6921). AF508-CFTR were synthesized
using GENEWIZ and cloned into the PxJ40vector
(MiaoLingBio, P10427) with HA-tag fusion at the
N terminus. The PXJ40-HA-NSP3N and PXJ40-HA-NSP3C
plasmids were gifts from Dr. Peihui Wang (Shandong

University, Jinan, Shandong, China). The MYC-STINGI1 plas-
mid was provided by Prof. Yingli Shang (Shandong
Agricultural University, Taian, China). NSP1, NSP2, NSP4,
NSP5, NSP6, NSP7, NSP8, NSP9, NSP10, NSP11, NSPI12,
NSP13, NSP14, NSP15, and NSP16, derived from PCR using
infectious cDNA clone plasmids, were separately cloned into
the PxJ40vector with HA-tag fusion at the N terminus in
a biosafety level 3 laboratory. The NSP6-FL and its nine
mutants (TM1 [1-29], TM1-2 [1-60], TM1-3 [1-80], TM1-4
[1-120], TM1-5 [1-150], TM1-6 [1-180], TM1-7 [1-231],
TM3-4 [81-120], and deltaTM1-4 [121-290] were cloned
into both pcDNA3.1-N-MYC and pcDNA3.1-GFP vectors.
NSP6 A105-107 and NSP6 A106-108 were synthesized using
GENEWIZ and cloned into the PxJ40vector with HA-tag
fusion at the N terminus. Gene encoding human EIF2AK3/
PERK was synthesized and cloned into the PCAGGS-HA
vector. pDsRed2-ER (P0141), pDsRed2-Mito (P0142), and
pDsRed-Golgi (P0770) plasmids were purchased from
MiaoLingBio.

Luciferase reporter assay

HEK293T cells were seeded into 24-well plates. The
following day, cells were transfected with 200 ng of luciferase
reporter plasmid and 100 ng of 3-Gal plasmid, as well as other
required expressing plasmids for different experiments.
Twenty-four hours later, the cells were lysed in a lysis buffer.
After centrifugation, the supernatant was stored at —80°C.
Fluorophore assays were performed using a Fluorophore
Assay Kit (TransGen, FR201).

RNA extraction and real-time PCR

Total RNA was extracted from the cells using TRIzol reagent
(Invitrogen, 15596026CN) according to the manufacturer’s
instructions. Each sample (2pug) was digested with DNase
I and reverse-transcribed into cDNA by using oligonucleotide
(dT) primers. Mock reactions were performed in the absence of
reverse transcriptase. Relative real-time PCR was performed to
detect gene expression in HEK293T cells. SYBR Green (Takara,
RR420A)-based real-time PCR was performed using an ABI
7500 instrument. The reaction was initiated at 95°C for 30 s,
followed by 40 cycles of 95°C for 5 s and 60°C for 31 s. Each
sample was amplified thrice. ACTB/B-actin was used as an
internal control. Primer sequences used in this study were as
follows (5°-3’): IFNBI-F, 5-AACTGCAACCTTTCGAAGCC
-3’ IFNBI-R, 5-TGTCGCCTACTACCTGTTGTGC-3’; ISG15-

F,  5-GAGAGGCAGCGAACTCATCT-3’; ISGI5-R, 5-
CTTCAGCTG ACACCGACA-3; IFITI-F, 5-
CCTGAAAGGCCAGAATCAGGAAGCC-3;  IFITI-R, 5-
GCACCTTTTCAAAGCAGGCCTTGGC-3’;  HSV-1-UL30-F,

5-CATCACCGACCCGGAGAGGGAC-3’; HSV-1-UL30-R, 5’-
GGGCCAGGCGCTTGTTGGTGTA-3’. SARS-CoV-2-NP-F, 5-
TAATCAGACAAGGAACTGATTA-3’; SARS-CoV-2-NP-R, 5’-
CGAAGG TGTGACTTCCATG-3’; GAPDH-F, 5-
TTGTCTCCTGCGACTTCAACAG-3’; GAPDH-R, 5-
GGTCTGGGATGGAAATTGTGAG-3;



siRNA interference assay

All siRNA fragments were purchased from Tsingke (Tsingke
Biotechnology Co., Ltd). The siRNA sequences were as fol-
lows: RETREG1 siRNA sense: 5’

CAG UGA CUGCAGCUAUCAA-3" and RETREG]I siRNA-1
antisense: 5-UUGAUAGCUGCAGUCACUG-3’. CCPGI
siRNA sense: 5-GGCUAGUUGCUGAACAAGA-3* and
CCPG1 siRNA antisense: 5-UCUUGUUCAGCAACUAGCC
-3’. Scrambled siRNA (Invitrogen) was used as a negative
control. The overexpression plasmid or siRNA was trans-
fected into HelLa cells using Lipofectamine 2000 (Invitrogen,
11668019), according to the manufacturer’s instructions. The
total protein was isolated 24h after transfection. Protein
expression levels were assessed by western blotting.

Coimmunoprecipitation assay

Cells were grown in a six-well plate and transfected with the
transfection reagent (YEASEN, 40802) for 24 h. The cells were
harvested using lysis buffer and centrifuged at 12,000 x g for
10 min to remove cell debris. The supernatants were incu-
bated with ANTI-FLAG® M2 affinity gel (Sigma, A2220) at
4°C for 6 h. After five washes with wash buffer (0.5% NP40
[Macklin, N885725], 300 mM NaCl, 20 mM HEPES, pH 7.4,
10% glycerol, and 1 mM EDTA), bound proteins were eluted
by boiling for 10 min in SDS protein loading buffer and
analyzed by immunoblotting.

Immunofluorescence microscopy

HEK293T and HeLa cells were plated 1 day before transfec-
tion in 24-well plates at 5.0 x 10* cells/well. When the cell
density reached 70% confluency, a total of 1 pg of plasmids
was transfected to each well of a 24-well plate. Before trans-
fection, the medium was changed to warm Opti-MEM with-
out phenol red (Life Technologies, 11058021). Plasmid
transfection was performed using a transfection reagent
(YEASEN, 40802) according to the manufacturer’s instruc-
tions. The cells were treated for 24 h after transfection, washed
three times with PBS, fixed in 4% paraformaldehyde for 30
min at room temperature, permeabilized with 0.5% Triton
X-100 (Solarbio, T8200) in PBS for 20 min, and stained with
the appropriate antibodies. Nuclei were stained with 5 pug/mL
DAPI (Sigma, D9542). After staining, coverslips were ana-
lyzed using a Leica SP8 confocal microscope.

Transmission electron microscopy

HEK293T or HeLa cells were transfected with the NSP6-
expressing plasmid or control vector for 24 h. Then, the cells
were trypsinized and centrifuged at 1,200 x g for 10 min at
4°C. Freshly prepared fixative (2.5% glutaraldehyde, 4% par-
aformaldehyde, 0.2 M phosphate buffer, pH 7.5) was added to
the cells and incubated at room temperature for 2 h. Then, the
cells were fixed in 2% glutaraldehyde for 24 h at room tem-
perature. The fixed cells were treated with 1% osmium tetr-
oxide for 2h at 4°C, dehydrated in a graded ethanol series,
and then embedded in epoxy resin. Ultra-thin sections were
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prepared and stained with uranyl acetate and lead citrate. The
samples were examined using a transmission electron micro-
scope (Hitachi H-7650, Japan).

CHX, MG132, and NH CI treatment

HEK293T cells were plated 1 day before transfection in 12-
well plates at 1.0x10° cells/well. When the cell density
reached 70% confluency, a total of 1.5ug of plasmids was
transfected per well of a 12-well plate. At 24h post-
transfection, the cells were treated with 100 ug/mL cyclohex-
imide (CHX; YEASEN, 40325ES03) for 6 h. The cells were
then lysed and analyzed by immunoblotting. MG132 (10 uM;
Sigma, C2211) and NH,Cl (10 pM) were used simultaneously
with CHX and cells were harvested 6 h after treatment.

Statistical analysis

All results are presented as mean + SD. Student’s t-test was
used to determine statistical significance, with a P-value of <
0.05 considered to indicate significance (*P <0.05, **P < 0.01,
***P<0.001). Statistical analyses were performed using
GraphPad Prism 7.
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