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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
viral pathogen responsible for the worldwide coronavirus disease 2019 (COVID-
19) pandemic. The novel SARS-CoV-2 ORF8 protein is not highly homologous with
known proteins, including accessory proteins of other coronaviruses. ORF8 con-
tains a 15-amino-acid signal peptide in the N terminus that localizes the mature
protein to the endoplasmic reticulum. Oligomannose-type glycosylation has been
identified at the N78 site. Here, the unbiased molecular functions of ORF8 are
also demonstrated. Via an immunoglobulin-like fold in a glycan-independent
manner, both exogenous and endogenous ORF8 interacts with human calnexin
and HSPA5. The key ORF8-binding sites of Calnexin and HSPA5 are indicated on
the globular domain and the core substrate-binding domain, respectively. ORF8
induces species-dependent endoplasmic reticulum stress-like responses in human
cells exclusively via the IRE1 branch, including intensive HSPA5 and PDIA4 upreg-
ulation, with increases in other stress-responding effectors, including CHOP, EDEM
and DERL3. ORF8 overexpression facilitates SARS-CoV-2 replication. Both stress-
like responses and viral replication induced by ORF8 have been shown to result
from triggering the Calnexin switch. Thus, ORF8 serves as a key unique virulence
gene of SARS-CoV-2, potentially contributing to COVID-19-specific and/or human-
specific pathogenesis.

IMPORTANCE Although SARS-CoV-2 is basically regarded as a homolog of SARS-CoV, with
their genomic structure and the majority of their genes being highly homologous, the
ORF8 genes of SARS-CoV and SARS-CoV-2 are distinct. The SARS-CoV-2 ORF8 protein also
shows little homology with other viral or host proteins and is thus regarded as a novel spe-
cial virulence gene of SARS-CoV-2. The molecular function of ORF8 has not been clearly
known until now. Our results reveal the unbiased molecular characteristics of the SARS-
CoV-2 ORF8 protein and demonstrate that it induces rapidly generated but highly controlla-
ble endoplasmic reticulum stress-like responses and facilitates virus replication by triggering
Calnexin in human but not mouse cells, providing an explanation for the superficially
known in vivo virulence discrepancy of ORF8 between SARS-CoV-2-infected patients and
mouse.

KEYWORDS SARS-CoV-2, ORF8, endoplasmic reticulum stress, Calnexin

Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Hongbin He,
yuwei0901@outlook.com, or Yuwei Gao,
hongbinhe@sdnu.edu.cn.

The authors declare no conflict of interest.

Received 8 February 2023
Accepted 10 February 2023
Published 6 March 2023

March 2023 Volume 97 Issue 3 10.1128/jvi.00011-23 1

VIRUS-CELL INTERACTIONS

https://orcid.org/0000-0002-3974-3421
https://orcid.org/0000-0002-3267-1859
https://orcid.org/0000-0002-7438-0638
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/jvi.00011-23
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.00011-23&domain=pdf&date_stamp=2023-3-6


Similar to that of other coronaviruses (CoVs), the SARS-CoV-2 genome is composed of 9
open reading frames (ORFs), including ORF1, spike, ORF3, envelope, membrane, ORF6,

ORF7, ORF8, and nucleocapsid (1, 2). ORF1 is directly translated by genomic positive RNA
to form polyprotein 1a (pp1a) and pp1ab, which are posttranslationally processed into
individual nonstructural proteins (NSPs). The latter 8 ORFs encoding 4 structural proteins
(spike, envelope, membrane, and nucleocapsid proteins), which are indispensable for viral
capsid and nucleic acid packaging, and 4 accessory proteins, which are not commonly
regarded to be independently critical for virus replication, are translated from a 39-nested
set of subgenomic mRNA (sgmRNA) species. Most SARS-CoV-2 genes are genetically ho-
mologous to those of SARS-CoV. However, the ORF8 protein of SARS-CoV-2 is not highly
homologous with ORF8 proteins of other CoVs, including those of two highly pathogenic
viruses, SARS-CoV and Middle East respiratory coronavirus (MERS-CoV), or other known
proteins. Although SARS-CoV-2 ORF8 has been recently characterized on the basis of its
immune antagonistic properties (3–5), with the structure having been identified shortly af-
ter the beginning of the SARS-CoV-2 epidemic (6), the mechanistic details of its properties
and functions have not been well established.

Similar to glycoproteins in other viruses, the synthesis and proper folding of the
CoV spike protein on the host endoplasmic reticulum (ER) depend on various molecu-
lar chaperones, such HSPA5 (BiP) and/or Calnexin/Calreticulin, and other factors,
including protein disulfide-isomerase (PDI) family members, for proper disulfide bond
formation (7–9). Fully mature spike is translocated to the ER and then transitions
through the ER-Golgi intermediate compartment, where it interacts with other struc-
tural proteins and newly produced genomic RNA, resulting in progeny virus budding
(10). In addition to glycoprotein folding and virus budding, the ER is functionally neces-
sary for CoV RNA synthesis: the expression of several NSPs modifies the ER and other
host membrane organelles to generate various kinds of viral RNA-synthesizing organ-
elles, which are protective microenvironments for viral genomic RNA replication and
sgmRNA transcription (11, 12); thus, robust viral protein and RNA synthesis could
induce ER stress in the host cell.

In mammalian cells, three branches of the unfolded protein response (UPR) are activated
to alleviate ER stress. Each branch is defined by a class of transmembrane ER resident signal-
ing components, namely, activating transcription factor 6 (ATF6), double-stranded RNA-acti-
vated protein kinase–like ER kinase (PERK), and inositol requiring enzyme 1 (IRE1) (13, 14).
Specifically, (i) cellular sensing of ER stress results in ATF6 cleavage, and then its N-terminal
fragment, ATF6(N), moves into the nucleus to activate UPR target genes; (ii) when activated
by ER stress, PERK directly phosphorylates the a-subunit of eukaryotic initiation factor 2
(eIF2a), leading to global mRNA translational attenuation, which alleviates ER stress; (iii)
stress-activated IRE1 splices X-box binding protein 1 (XBP1) mRNA and encodes a basic leu-
cine zipper transcription factor named spliced XBP1 (sXBP1), which upregulates UPR target
genes, including those functioning in ER-associated protein degradation (ERAD), such as ER
degradation enhancing a-mannosidase-like protein (EDEM), those functioning in folding
proteins, such as the PDI family, and heat shock protein (HSP) family member HSPA5. Here,
we demonstrate that SARS-CoV-2 ORF8 activates ER stress-like responses through the IRE1
branch and promotes virus replication via its interaction with Calnexin.

RESULTS
ORF8 is an oligomannose-type N-glycosylated protein located in the ER. The

signal peptide of ORF8 is predicted to include the N-terminal amino acids in positions
1 to 15, using SignalP (Fig. S1A). In general, a signal peptidase tends to recognize the
21 and 23 uncharged indispensable amino acid residues of a cleavage site (15), which
have been predicted to correspond to V13 and A15 in ORF8. To experimentally verify
the potential signal peptide, we constructed V13R and A15R mutants based on wild
type (WT), full-length ORF8 with a C-terminal flag (ORF8-Flag), in which the positive
residues commonly block signal peptidase cleavage. A slower mobility shift compared
to that of the mature WT protein clearly demonstrates the mutant signals (Fig. 1A);
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however, mutant expression seems to be largely attenuated, even though we loaded
more protein (as demonstrated by the level of the internal reference tubulin), probably
due to improper folding, which leads to an unstable structure. In contrast, the muta-
tion in which the indispensable residue is replaced with uncharged amino acids (V13A)
and another mutation in which a nonessential residue is replaced with a positive resi-
due (T12R) do not lead to a shift. Thus, the signal peptide of ORF8 is proposed to com-
prise the N-terminal 1 to 15 residues. Furthermore, ORF8-Flag protein obtained by
anti-flag immunoprecipitation was intensively analyzed by mass spectrometry. The
identified peptides display almost full coverage, except for sites in the extreme-most
N-terminal positions (Fig. S1B). Although residues 9 to 15 are included in few identified
peptides, most of the identified sites are located in the 16;121 region of ORF8, as well
as the C-terminal Flag tag, and therefore, these sites are regarded as the mature

FIG 1 Molecular characteristics of the ORF8 protein. (A) The ORF8 protein contains a signal peptide consisting of 15 amino acids at the N terminus. WT
ORF8 and mutants with single amino acid mutations, including V13R, A15R, V13A and T12R, were expressed in 293T cells with mock expression (Flag).
Uncleaved preproteins containing signal peptides (red arrow) and mature cleaved proteins (black arrow) were identified by western blot (WB) after
tricine gel electrophoresis. (B) Secretory proteins are successfully concentrated. ORF8 was expressed in 293F cells, and both concentrated secretory and
cell lysate proteins (10 mg) were analyzed by SDS–PAGE with Coomassie blue staining. (C) ORF8 is an intracellular protein. The samples in (B) were
analyzed by WB. (D) ORF8 is N-glycosylated. Lysates of ORF8-overexpressing 293T cells were deglycosylated via Endo H treatment, and both treated
(Endo H) and untreated (Normal) lysates were analyzed by WB after tricine gel electrophoresis. (E) The glycosylation of ORF8 N78 is mostly of the
oligomannose type. ORF8 expressed in 293T cells was immunoprecipitated and analyzed by mass spectrometry. The glycosylation of an N78-containing
peptide (“Y.IDIGNY.T” with N78 in red) is identified; the structure and m/z are indicated above each of the relative intensity bars. (F) Subcellular
localization of ORF8. COS-7 cells overexpressing ORF8-Flag were analyzed by multiimmunofluorescence using anti-Flag and respective organelle marker
antibodies. Left column: ORF8-Flag signals in red; middle column: organelle signals in green; right column: merged signals of the left and the middle
with nucleus in blue. The colocalization efficiency of ORF8 and an ER marker (in the chosen area is marked with a red square) is indicated in the upper
right rectangle.
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protein. ORF8 purified from E. coli has been thought to possess an interdisulfate bond
and form a homodimer (6); however, ORF8 fails to form a stable disulfate bond-de-
pendent dimer in human cells (Fig. S2A).

Proteins with signal peptides are destined to enter the secretory pathway; alterna-
tively, they can be translocated to certain membrane apparatuses. To determine
whether ORF8 is secreted, we expressed ORF8-Flag in 293F cells, collected the cell
lysate and concentrated the extracellular secretions in the medium. Although extracell-
ularly secreted proteins are successfully concentrated and include proteins from ;12
kDa to those larger than 250 kDa, only the cell lysate contains a detectable ORF8-Flag
signal (Fig. 1B and C), in contrast to CD63 in exosomes (16).

The N78 site of ORF8 shows an N-X-T sequon and therefore is predicted to be N-gly-
cosylated. In addition to the 7 cysteine modifications introduced by the sample treat-
ment procedure of mass spectrometry, another modification is detected at the N78
site (Fig. S1B). Via Endo H glycosidase treatment, deglycosylated ORF8-Flag demon-
strate a faster mobility shift (Fig. 1D), revealing that ORF8 is glycosylated with an oligo-
mannose moiety. This result is corroborated by mass spectrometry analysis. The vast
majority of the glycosylation species at N78 are of the oligomannose type, including
Man9;5GlcNAc2 (Fig. 1E), indicating that the protein is located between the ER and cis-
Golgi apparatus, where the glycan is ultimately trimmed by alpha-1,2-mannosidases
MAN1A1 and MAN1B1. The subcellular localization of ORF8 is then microscopically
demonstrated with an ER marker (Calnexin), a cis-Golgi marker (GM130), and a cytosol
marker (b-Tubulin). ORF8 clearly colocalized with the ER marker (Fig. 1F) with a high
colocalization coefficient of 0.718. Thus, ORF8 is a nonsecretory ER-retained protein.

ORF8 interacts with Calnexin and HSPA5. Previous publications have demon-
strated the role played by ORF8 as either a type I interferon (IFN) antagonist (3, 5) or as
an antagonist of antigen presentation via its inhibition of MHC-I molecule expression
(4). Although we perform similar experiments, we fail to obtain consistent results.

Newcastle disease virus expressing GFP (NDV-GFP) assays were performed to identify
the effect of ORF8 on type I IFN production and signaling. The replication efficiency of the
NDV-GFP virus is an intuitive measure of the amount of IFN produced (and possibly the
amount of IFN-stimulated anti-virus molecules) and secreted into culture supernatants,
where a high GFP signal indicates low IFN levels and low GFP expression is a read-out for
high IFN concentrations (17). The supernatant induced by RIG-I overexpression shows effi-
cient inhibition of NDV-GFP infection, which is caused by the IFN produced in the culture
medium (Fig. S2B and S2C). As an established positive control, the supernatant from influ-
enza virus A NS1 protein-overexpressing cells shows a conspicuous antagonistic effect on
IFN production in a culture consisting mostly of NDV-GFP-positive cells (Fig. S2B, undiluted
and diluted 1:2). In contrast, ORF8 overexpression fails to inhibit IFN production. Moreover,
we fail to identify the function of ORF8 in IFN signaling. Specifically, IFNb incubation leads
to robust inhibition of NDV infection in both ORF8-Flag- and Flag-overexpressing Vero
cells, demonstrating the failure of ORF8 to suppress IFN signaling (Fig. S2D). Moreover, af-
ter IFNb stimulation, no significant differences in IFN-sensitive response element (ISRE) sig-
naling are observed between ORF8-overexpressing cells and mock (Flag)-overexpressing
cells (Fig. S2E). ORF8 overexpression also fails to attenuate the expression and cytoplasmic
membrane presentation of MHC I (Fig. S2F and S2G).

To reveal the unbiased function of SARS-CoV-2 ORF8, the ORF8 interactome was
identified. The immunoprecipitation products of ORF8-overexpressing cells show a
clear band between 10;15 kDa (Fig. 2A), which corresponds to the molecular weight
of ORF8. ORF8-interacting proteins are found to be of molecular weight greater than
60 kDa. Intriguingly, proteins with distinct subcellular localizations are obtained in
twice-replicated mass spectrometry results (Fig. 2B), including type A: proteins mainly
in ER, including HSPA5 and Calnexin; type B: cytoskeleton proteins, namely, EEF1A1
and TUBB; and type C: proteins with multiple localizations, of which UBR4, an E3 ubiq-
uitin ligase, is identified with a strong signal; although more type A, B, C proteins are
identified once with no less than two unique peptides (such as PDIA6, TUBA1B, RPL23,
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FIG 2 ORF8 interacts with Calnexin and HSPA5. (A) Products of anti-Flag immunoprecipitation. The immunoprecipitation products from
ORF8-Flag- or Flag-overexpressing 293T cell lysates were analyzed by SDS–PAGE with silver staining. The predicted ORF8-Flag band is
marked with a black arrow. (B) The ORF8-Flag interactome (in green circle) identified and compared to the Flag interactome (in blue
circle). ORF8-interacting proteins predicted to be located in the ER/not in the ER are indicated in blue and red texts, respectively;
underscored: ORF8-interacting proteins identified in replicated experiments; gray text: proteins identified with fewer than 2 unique
peptides or proteins identified in the control. (C) ORF8 interacts with Calnexin and HSPA5. ORF8-Flag, with each of the interacting
protein candidates with an HA tag, was exogenously overexpressed in 293T cells. The products of anti-HA immunoprecipitation were
analyzed by WB. (D) Colocalization between ORF8 and endogenous Calnexin/HSPA5. ORF8-Flag-overexpressing 293T cells were analyzed
by multiimmunofluorescence using anti-Flag and anti-Calnexin (upper)/anti-HSPA5 (lower) antibodies. Left column: ORF8-Flag signals in
red; middle column: ER proteins Calnexin and HSPA5 signals in green; right column: merged signals of left and middle with nucleus in
blue. Scale bar: 15 mm. (E) Identification of endogenous (upper) and exogenous (lower) ORF8 by WB using a homemade antiserum. As
the a sample for the endogenous WB assay, HeLaACE21 cells were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01
for 48 h. (F) Interaction between endogenous ORF8 and Calnexin/HSPA5. HeLaACE21 cells were infected with SARS-CoV-2 (at an MOI of
0.1) for 48 h, and the product of either anti-Calnexin (left lane) or anti-HSPA5 (mid lane) immunoprecipitation was analyzed by WB. (G)
Identification of a Calnexin-ORF8-HSPA5 heterotrimer. Immunoprecipitation products of ORF8-Flag-overexpressing 293T cells were
analyzed by WB. (H) Interaction between ORF8 and Calnexin/HSPA5 by PLA. The HA tag with ORF8-Flag (upper), Calnexin-HA with
ORF8-Flag (middle), or HSPA5-HA with ORF8-Flag (lower) was coexpressed in 293T cells, and PLAs were performed to identify the
interaction of coexpressed targets. Left column: interaction signals in red; right column: merged signals of interaction and nucleus (in
blue) signals. Scale bar: 25 mm.
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and STK38). We tagged the 7 most frequently identified protein expression constructs
(except for UBR4, which is too large) with HA and performed a reverse-immunoprecipita-
tion assay to determine the authenticity of the ORF8 interactome. All the proteins are
highly expressed, and among the interactors, Calnexin shows a strong interaction with
ORF8 (Fig. 2C). Another ER protein, HSPA5, exhibiting a protein turnover function similar
to that of Calnexin, also interacts with ORF8 relatively weakly. Both Calnexin and HSPA5
are highly colocalized with ORF8-Flag in human cells (Fig. 2D). However, in contrast to
ORF8-Flag, ORF8-EGFP is dispersed throughout the whole cell and fails to colocalize with
Calnexin (Fig. S2H), indicating that EGFP-tag fusion severely affects the subcellular location
and, probably, even the protein function. The results are further supported by an endoge-
nous protein–protein interaction test. As several commercial antibodies fail to identify
endogenous ORF8 in a WB assay (data not shown), a homemade anti-ORF8 polyclonal
antiserum is finally used in the identification of ORF8. Both lysates of SARS-CoV-2-infected
cells and ORF8-Flag-overexpressing cells show clear bands at approximately 14 kDa, which
correspond with endogenous and exogenous ORF8 proteins, respectively (Fig. 2E). By
using the antiserum, the coimmunoprecipitation results support a highly stable endoge-
nous interaction between ORF8 and Calnexin, while only a fairly weak ORF8-HSPA5 inter-
action is observed (Fig. 2F). Interestingly, the results also indicate that Calnexin and HSPA5
interact in SARS-CoV-2-infected cells, which leads us to wonder whether ORF8 interacts
with Calnexin and HSPA5 independently. A further result demonstrates that Calnexin binds
HSPA5 exclusively in the presence of ORF8 (Fig. 2G), indicating the actual formation of a
Calnexin-ORF8-HSPA5 heterotrimer. Considering the identification of possible ORF8-UBR4
interactions (Fig. 2B) and the fact that various viral proteins target specific E3 ubiquitin
ligases to evade IFN-related or MHC-I-related host immune responses (18–20), the basic
relationship between ORF8 and ubiquitination is also explored. Compared to treatment
with TAK-234 (TAK), a common ubiquitination-inducing agent, overexpression of ORF8
does not affect total ubiquitination levels (Fig. S2I). To provide more solid evidence for the
interaction between Calnexin/HSPA5 and ORF8, we performed a proximity ligation assay
(PLA), which allows for the in situ visualization of protein–protein interactions per cell. No
interaction is viewed between the HA tag and ORF8-Flag, while strong interaction signals
are demonstrated for the Calnexin-ORF8 and HSPA5-ORF8 groups (Fig. 2H).

ORF8 interacts with Calnexin and HSPA5 via its immunoglobulin-like fold in a
glycan-independent manner. Except for a specific region in the middle of the poly-
peptide chain, the published ORF8 structure has revealed an immunoglobulin-like fold
(illustrated in Fig. 3A), which is deduced to perform a unique function (6). To elucidate
the characteristics of the immunoglobulin-like fold, two ORF8 mutants were generated,
of which one contains the specific region (referred to as SR), and the other contains no
specific region (DSR). Both of them include the N-terminal signal peptide (1 to 20
amino acids) to naturally localize. Both Calnexin and HSPA5 interact with the DSR mu-
tant, indicating the importance of the immunoglobulin-like fold, although DSR was not
as stable as WT ORF8 (Fig. 3B and C). Unfortunately, the expression of the SR mutant is
too low to be applied for interaction studies.

As a lectin dominating glycoprotein turnover, Calnexin interacts with newly synthe-
sized host and viral glycoproteins and facilitates their assembly (8). Although ORF8 is
highly glycosylated and is located predominantly in the ER, the interaction between
ORF8 and endogenous Calnexin is not based on the N-glycan at the N78 site, as both
WT and deglycosylated mutant (N78Q) ORF8 interact with Calnexin with a similar affin-
ity (Fig. 3D). Similarly, deglycosylation exerts a negligible influence on the ORF8-HSPA5
interaction (Fig. 3E).

Within the region from the N terminus to the C terminus of the polypeptide chain,
mammalian Calnexin is structurally composed of a signal peptide that guides it to the
ER membrane, a globular domain with glycan-binding capability that is separated by a
long arm domain, and a membrane-integral C terminus (Fig. 4A) (21). To identify the
detailed ORF8-interacting domain of Calnexin, three single domain-deficient mutants
were generated and referred to as DGlobular, DArm, and DCtem, and their interactions
were analyzed by immunoprecipitation. Interestingly, all the mutants interact with
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ORF8 (Fig. 4B), indicating that calnexin binds ORF8 via multiple domains, although the
globular domain deficiency shows the most serious impediment to the interaction. The
ORF8 interaction of three other Calnexin mutants containing a single domain, referred
to as Globular, Arm, and Ctem, was analyzed further. As expected, both Globular and
Ctem interact with ORF8 (Fig. 4C). Notably, the globular mutant shows the highest af-
finity for ORF8 despite having the lowest expression, indicating that Calnexin binds to
ORF8 mainly via the globular domain. Given that the structure of the Calnexin C termi-
nus has not been determined, protein docking between the Calnexin globular domain
and the ORF8 immunoglobulin-like fold was performed (Fig. 4D). Full-length ORF8 is
properly imbedded into a pocket composed of the Calnexin globular domain and the
proximal part of the arm domain with a calculated interaction area of 832.0 Å2 and a
Kd = 2.33 � 1028 M (see Table S1 and Movie S1 for more details). To verify the exact
interacting residues, we designed two other ORF8 mutants, referred to as Delta16 and
HexA, and used them to explore the interaction between the immunoglobulin-like fold
of ORF8 and its target. In the Delta16 mutant, amino acids 37 to 41 and 102 to 112 in
ORF8 are deleted, which included C37/C102, and thus, a putative intradisulfate bond

FIG 3 ORF8 interacts with Calnexin and HSPA5 via its immunoglobulin-like fold. (A) Illustration of the
domains in WT and mutant ORF8. Rectangles represent the domains as indicated, and solid lines
represent the deficient regions. (B-C) DSR binds to Calnexin (B) and HSPA5 (C): WT ORF8 (WT-Flag),
two mutants (SR-Flag and DSR-Flag) or mock (Flag) were coexpressed with Calnexin-HA (B) or HSPA5-
HA (C) in 293T cells, and immunoprecipitation products were analyzed by WB. (D–E) The ORF8-
Calnexin (D) or ORF8-HSPA5 (E) interactions are independent of N78 glycosylation. WT ORF8 or N78Q
(N78Q-Flag) was coexpressed with Calnexin-HA (D) or HSPA5-HA (E) in 293T cells, and immunoprecipitation
products were analyzed by WB.
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and several sites that are predicted to interact with Calnexin are removed. In HexA,
probable Calnexin-binding residues H40, F41, F104, D107, E110, and H112 in ORF8 are
replaced with A (alanine) residues. Unfortunately, both mutants are expressed at
extremely low levels and cannot be used in an interaction study (Fig. S2J), indicating
the key effect of the immunoglobulin-like fold in maintaining ORF8 structural homeo-
stasis and its function.

HSPA5 consists of a nucleotide-binding domain (NBD) at the N terminus and a sub-
strate-binding domain (SBD) at the C terminus (22). The NBD contains a functional
region referred to herein as the core NBD, which is located in the middle of the NBD
and is critical for direct ATP-ADP binding. Similarly, the SBD includes a key region

FIG 4 Specific ORF8-interacting domains of Calnexin and HSPA5. (A) Illustration of domains in WT and mutant Calnexin. (B–C) The ORF8 interaction with
Calnexin is not exclusively dependent on a single domain. WT, single-domain-deficient Calnexin mutants (in B: DGlobular-HA, DArm-HA, DCtem-HA),
or Calnexin mutants containing a single domain (in C: Globular-HA, Arm-HA, Ctem-HA) were coexpressed in 293T cells with ORF8-Flag, and
immunoprecipitation products were analyzed by WB. (D) Protein docking of ORF8-Calnexin. Predicted interacting sites between Calnexin (gray) and
ORF8 (green) are shown in yellow and red, respectively. (E) Illustration showing the domains in WT and mutant HSPA5. (F) HSPA5 interacts with ORF8
via both the NBD and SBD. Each of five single-domain-deficient HSPA5 mutants was coexpressed in 293T cells with ORF8-Flag, and immunoprecipitation
products were analyzed by WB.
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controlling polypeptide binding referred to herein as the core SBD. We generated 5
HSPA5 mutants, including three (partial) NBD-deficient and two (partial) SBD-deficient
mutants (Fig. 4E). DNBD, DCore NBD and DN-NBD lack the whole NBD, the core NBD,
and the N-terminal part of the NBD, respectively; DSBD and DCore SBD mutants lack
the whole SBD and the core SBD, respectively. All mutants are highly expressed.
Interestingly, our results reveal that both the NBD and SBD are indispensable for the
HSPA5-ORF8 interaction, but the interaction does not rely exclusively on the core NBD
or core SBD (Fig. 4F), although the core SBD is critical for ORF8 binding to a certain
degree. Furthermore, the N terminus of the NBD does not affect the interaction. Thus,
ORF8 binds HSPA5 via both the C-terminal NBD and N-terminal SBD, which do not
seem to be typical HSP-interacting regions.

ORF8 induces ER stress-like responses and facilitates SARS-CoV-2 replication
by triggering the Calnexin switch. Both Calnexin and HSPA5 are key chaperones criti-
cal for the folding of newly synthesized proteins. They are involved in protein turnover,
UPR or ER stress-related response regulation, and calcium homeostasis. In 293T cells,
ORF8 overexpression induces intensive upregulation of HSPA5, which is a common
effector of ER stress (Fig. 5A). In contrast to the fact that all the eIF2a, IREI, and ATF6
branches of ER stress are activated after treatment with thapsigargin (Tg), a commonly
used stress-inducing agent, the stress-like outcome induced by ORF8 is generated

FIG 5 ORF8 induces stress-like responses in human cells. (A) ORF8 induces HSPA5 upregulation. ORF8-Flag (ORF8 1) or Flag (ORF8 -)
was overexpressed in human cells, as indicated for 60 h, and cell lysates were analyzed by WB. (B) ORF8 induces sustained XBP-1
splicing. RNAs obtained from ORF8-overexpressing or Tg-treated 293T cells at the indicated time posttransfection/treatment were
analyzed for XBP-1 splicing detection. (C) Transcriptome abnormalities induced by ORF8. Log2-fold changes (fold change) of gene
expression (ORF8 positive versus ORF8 negative) and -log10p value (P value) are shown, including genes with various expression
levels in the yellow sector in upper left: high (100 # average FPKM), moderate (10 # average FPKM , 100), low (1 # average
FPKM , 1) and extremely (ex) low (average FPKM , 1). (D-F) ORF8 induced upregulation of HSPA5, PDIA4 and CHOP effectors of the
stress-like response. RNAs from ORF8-overexpressing 293T cells at the indicated times posttransfection were analyzed by qRT–PCR,
and the target genes are shown in the upper left. Significance: *(P # 0.05), **(P # 0.01), and ***(P # 0.001).
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exclusively via the IREI branch, as demonstrated by the splicing of XBP1 (Fig. 5B, S3A
and S3B). The response appears as early as 12 h posttransfection and continues to 72 h
posttransfection (Fig. 5B). As revealed by HSPA5 expression, although a positive corre-
lation between ORF8 expression levels and the stress-like response is roughly indi-
cated, a tiny amount of ORF8 is sufficient to induce an intense response (Fig. S3C). The
overexpression of an ER-irrelevant EGFP fails to induce HSPA5 upregulation (Fig. S3D).
Interestingly, the stress-like response induced by ORF8 is species dependent. In human
293T, HeLaACE21 and Huh7 cells, ORF8 overexpression leads to a significant response
(Fig. 5A). However, in primary mouse embryonic fibroblast (MEF) cells, which are com-
monly used for ER stress studies (13), ORF8 fails to promote stress via either branch
(Fig. S3E and S3F). To identify other cellular effects induced by ORF8 in human cells, a
transcriptome comparison between ORF8- and mock-overexpressing cells was per-
formed. Four proteins with high to moderate expression levels are identified, of which
HSPA5, derlin-3 (DERL3), and PDIA4 are common ER stress-related molecular effectors
(Fig. 5C). Furthermore, the mRNA upregulation of HSPA5 and PDIA4 is demonstrated
as early as 12 h posttransfection, which is sustained to 72 h (Fig. 5D and E). ORF8 also
induces a consistent increase in the level of CHOP (Fig. 5F), a universal PDIA4 coopera-
tor, and mild upregulation of EDEM expression at 24 h posttransfection (Fig. S3G), both
of which are ERAD-associated molecules. In contrast, ORF8 exerts no significant impact
on CHOP or EDEM expression in mouse cells (Fig. S3H and S3I).

Temporary ER stress usually promotes the expression of chaperone-like molecules to
enhance cellular protein folding and ERAD-related responses to eliminate misfolded pro-
teins, which may benefit progeny virus replication; however, sustained ER stress commonly
suspends translation via activation of the RNase activity of IRE1, inhibition of the translation
initiation factor eIF2a function, or promotion of various types of cell death (23), which is det-
rimental to virus replication. Thus, we subsequently explore the influence of ORF8 expres-
sion with the induced stress-like response on SARS-CoV-2 replication. Overexpression of
ORF8 facilitates SARS-CoV-2 replication to a relatively mild but stable degree at both 24 and
48 h postinfection (hpi) (Fig. 6A and B). Based on the sequence of the ORF8 sgmRNA, we
designed 6 specific short interfering RNAs (siRNAs) to knockdown ORF8 during SARS-CoV-2
infection (Fig. S4A and Table S3). However, ORF8 is not knocked down successfully,
although the siRNA transfection is well-performed (Fig. S4B and S4C). Therefore, the effect
of ORF8 knockdown on SARS-CoV-2 replication remains unknown.

As the top interactor of ORF8 is Calnexin, we wonder whether ORF8 induces a
stress-like response by interfering with Calnexin function. Relative to the negative con-
trol (Flag overexpression), ORF8 leads to an ;3-fold increase in PDIA4 levels (Fig. 6C),
while the PDIA4 level is strikingly reduced when Calnexin expression is inhibited.
Similarly, a mild decrease in ORF8-induced HSPA5 upregulation is also observed
(Fig. 6D). Interestingly, ORF8 fails to promote and inhibit SARS-CoV-2 replication in
Calnexin-deficient cells (Fig. 6E and F). Hence, the induction of the stress-like response
and the promotion of SARS-CoV-2 replication by ORF8 are highly dependent on normal
Calnexin expression.

DISCUSSION

Although SARS-CoV-2 is basically regarded as a homolog of SARS-CoV, with their
genomic structure and the majority of their genes being highly homologous, the ORF8
genes of SARS-CoV and SARS-CoV-2 are distinct. With only 121 amino acids, the SARS-
CoV-2 ORF8 protein also shows little homology with other viral or host proteins and is
regarded as a novel protein, which piqued our interest at the beginning of the corona-
virus outbreak. Similar to other nonstructural viral proteins (24, 25), ORF8 has been
believed to inhibit type I IFN signaling, probably via the suppression of IRF3 and/or by
interacting with HSP90B (3, 5, 26). In addition to acting as an antagonist of innate im-
munity, ORF8 has been shown to inhibit MHC-I and hence plays a role in acquired
immune evasion. However, similar to results reported in another publication (27), we
are unable to recapitulate the above-mentioned immune antagonist functions of
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ORF8. We propose that the main difference is that ORF8-GFP was used in the previous
studies, while a small flag-tagged ORF8 was used in our study. Through unbiased dis-
covery of the interacting targets of ORF8 by mass spectrometry, further verification via
both endogenous and exogenous immunoprecipitation and PLA, we show convincing
evidence that ORF8 is located in the ER and interacts with Calnexin to induce various
stress-like responses. ORF8 with a relatively large GFP tag, however, is mislocalized and
hence probably gains nonexistent functions.

In addition to their functions in virus–host interactions and the resulting virulence
enhancement, accessory proteins in CoVs are rarely considered to be indispensable for

FIG 6 ORF8 induces stress-like responses and facilitates SARS-CoV-2 replication by triggering Calnexin. (A–B) ORF8
overexpression facilitates SARS-CoV-2 replication. ORF8/mock-overexpressing (ORF8/Flag, respectively) HeLaACE21

cells were infected with SARS-CoV-2 at an MOI of 0.001, and viral genomic RNAs (gRNA) at 24 hpi (A) and 48 hpi
(B) in the supernatant were measured by qRT–PCR; each experiment was repeated six times. (C–D) Abnormal
expression of Calnexin inhibits the stress-like responses induced by ORF8. Calnexin in ORF8/mock-overexpressing
293T cells is knocked down (siCalnexin1) or mock knocked down (siCalnexin-). The relative expression of PDIA4 (C)
or HSPA5 (D) mRNAs was measured by qRT–PCR. A delta-delta CT method was used, and the data were normalized
to those of the corresponding Flag-overexpressing groups; each experiment was repeated 3 times. (E) Successful
Calnexin knockdown and ORF8 overexpression. (F) ORF8 fails to facilitate SARS-CoV-2 replication under Calnexin-
deficient conditions. HeLaACE21 cells were cotransfected with ORF8 and siCalnexin for 48 h and then infected with
SARS-CoV-2 at an MOI of 0.001 for 24 h, followed by gRNA detection as described in (A). Significance of the results
shown in (A-D) and (F): *(P # 0.05), **(P # 0.01), and ***(P # 0.001).
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viral replication in vitro, although some of them can modulate replication by interrupt-
ing host pathways (28–30). We discovered that ectopic expression of ORF8 facilitates
SARS-CoV-2 replication, which corresponds well with published results indicating the
attenuation of viral replication induced by genomic deletion of ORF8 (30, 31). Given
that Calnexin universally coordinates the processing of newly synthesized viral glyco-
proteins by facilitating their folding (7–9) and on the basis of the ORF8-Calnexin inter-
action revealed in our study, ORF8 is considered to induce stress-like responses and
accelerate the proper folding of glycoproteins, probably by stimulating molecular
chaperone upregulation (such as HSPA5 and PDIA4 identified here), which ultimately
promotes the secretion of mature progeny virus; however, the detailed machinery of
spike glycoprotein turnover mediated by the Calnexin-ORF8 interaction needs to be
elucidated further. ORF8-induced stress-like responses and virus replication are highly
dependent on normal Calnexin expression. Therefore, Calnexin behaves as a molecular
switch to control host functions induced by ORF8. Interestingly, the in vivo virulence of
the ORF8 protein during SARS-CoV-2 infection seems controversial: previous studies on
mouse infection models have indicated that ORF8 is hardly considered to enhance vir-
ulence, while clinical data have associated ORF8 with severe symptoms in COVID-19
patients (32, 33). Our study demonstrates that ORF8 functions in human but not mouse
cells, which is ascribed to the divergence between human and mouse Calnexin interac-
tors and thus provides a direct explanation for the dispute. Consequently, it is consid-
ered that ORF8 is a species-dependent (or even human-exclusive) virulence gene and a
putative novel target of antiviral agent design, which probably also contributes to the
discrepancy in symptoms between COVID-19 patients and mice infected with an
adapted SARS-CoV-2 virus (34, 35).

MATERIALS ANDMETHODS
Cells, virus, RNA-related, PCR-related, and plasmids. The generation of the human ACE2-overex-

pressing cell line, HeLaACE21, was previously described (36). MEF cell isolation and primary culture fol-
lowed a published protocol (37). Vero-E6 cells, Vero cells, and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Thermo). A549 cells were cultured in McCoy's 5A medium (Thermo)
supplemented with 50 mg/L tricine (Sigma). All culture medium above was supplemented with 10% FBS
(Sigma) and penicillin–streptomycin, and cell growth was performed at 37°C under 5% CO2. 293F cells
were cultured in FreeStyle 293 expression medium (Thermo) at 37°C under 8% CO2. SARS-CoV-2 passage
was previously described (2). All live SARS-CoV-2-related experiments were approved and performed in
the Animal Biosafety Level 3 lab of Changchun Veterinary Research Institute, Chinese Academy of
Agricultural Sciences.

RNA extraction, first strain cDNA synthesis, RNA sequencing, and qRT–PCR were previously described
(2). RT–PCR was performed using KAPA HiFi polymerase (Roche). For XBP-1 splicing detection, RT–PCR
products were separated on a 3% agarose gel. Cells were treated with Tg (Sigma) to induce ER stress or
with TAK (MCE) to inhibit ubiquitination as indicated.

A stop codon was generated on the pCAGGS-Flag vector by site-directed mutation of the 39 flanking
the Flag sequence and thus was referred to as pCAGGS-Flag-stop, which only encoded a Flag peptide
and was used in all mock-flag transfections. SARS-CoV-2 ORF8 was obtained by RT–PCR using RNA from
infected Vero-E6 cells, cloned into the linearized pCAGGS-Flag-stop vector and then fused with a C-ter-
minal Flag tag (referred to as ORF8-Flag) using homologous recombination. ORF8 was then subcloned
into the pEGFPN1 (Thermo) plasmid (ORF8-EGFP). For E. coli expression, 16-121 amino acids of ORF8
were codon-optimized, de novo synthesized, and subcloned into the pET28a (Novagen) plasmid and
then fused with an N-terminal 6� His tag (His-ORF8). Calnexin, HSPA5, TUBB, TUBA1B, PDIA6, and
EEF1A1 were cloned into the pcDNA3 vector with a C-terminal HA tag using RT–PCR and referred to as
Calnexin-HA, HSPA5-HA, TUBB-HA, TUBA1B-HA, PDIA6-HA, and EEF1A1-HA, respectively. The N-terminal
RIG-I plasmid was previously described (38). NS1 of influenza virus A/PR/8/34 was synthesized de novo
and subcloned into the pCAGGS-Flag-stop vector according to publications (24, 39). A canonical
enhancer, the IFN-stimulated response element (ISRE, 59-GAAACTGAAACT-39) (40), was tandemly
repeated 5 times and cloned into a firefly luciferase pGL3p plasmid (Promega) and referred to as pISRE-
Luc. A Relina luciferase plasmid, pBind, was purchased from Promega. Mutations of ORF8 (including
T12R, V13A, A15R, V13R, DSR, SR and N78Q) were generated by one or two rounds of site-directed muta-
genesis with the template ORF8-Flag. Mutations of Calnexin (including DGlobular, DArm, DCtem, and
Arm) were generated by one or two rounds of site-directed mutagenesis with the template Calnexin-HA.
The N terminus and C terminus (with an HA tag) of Calnexin mutations (including Ctem and Globular)
were obtained by PCR and ligated into pcDNA3 using homologous recombination. Homologous recom-
bination was performed using the ClonExpress II One Step Cloning kit (Vazyme). Site-directed mutagen-
esis was performed using the QuikChange II site-directed mutagenesis kit (Agilent) or Q5 site-directed
mutagenesis kit (NEB) following the manufacturer’s instructions. ORF8 mutations Delta16 and HexA
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(with Flag tags) were synthesized de novo. Transfection was performed using Lipofectamine 3000
(Thermo). Detailed information on the primers is provided in Table S1.

NDV-GFP assay and luciferase assay. Generation of NDV-GFP was described previously (41). To
identify the potential role of ORF8 in IFN production, 293T cells in a 6-well plate were transfected with
1.25 mg of N-terminal RIG-I and target plasmids (ORF8-Flag, NS1-Flag, or Flag). Twenty-four hours post-
transfection, supernatants were harvested, and serial 2-fold dilutions of the supernatants were used to
overlay Vero cells. Twenty-four hours later, Vero cells were infected with 105 TCID50 NDV-GFP per well,
and images were taken at 18 h postinfection (hpi) with a fluorescence microscope (Lecia).

To measure the effect on IFN signaling using NDV-GFP, Vero cells in 24-well plates were transfected
with 0.5 mg target plasmids (ORF8-Flag or Flag). Twenty-four hours posttransfection, cells were washed
with PBS and incubated with or without 1,000 U IFNb (MCE) for 24 h. Cells in each well were infected with
104 TCID50 NDV-GFP, and images were taken at 18 hpi. For the luciferase assay, Vero cells were cotrans-
fected with 0.20 mg pISRE-Luc, 0.05 mg pBind and 0.25 mg target plasmids. At 24 h posttransfection, cells
were washed with PBS and treated with or without 1,000 U IFNb for another 24 h. Luciferase activities
were measured with the Dual-Luciferase Reporter Assay System (Promega).

Expression and purification of ORF8. The plasmid pET28a-ORF8 was transferred into a BL21(DE3)
E.coli strain. Expression was performed by 0.8 mM (final concentration) IPTG induction for 6 h at 37°C.
The cells were resuspended in ice-cold PBS and lysed by sonication. The lysate was centrifuged at
18,000 � g for 1 h, and the precipitate was dissolved in lysis buffer (8 M urea in PBS), mixed with 1 mL
Ni-NTA resin (Qiagen) by rotation for 2 h at 4°C, washed twice with washing buffer (40 mM imidazole
and 8 M urea in PBS), and eluted with elution buffer (300 mM imidazole and 8 M urea in PBS). Protein
renaturation was performed by gradient dialysis.

For mammalian expression of ORF8, 293F cells were transfected using ExpiFectamine 293 reagent
(Thermo) for 96 h. The medium was successively centrifuged at 300 � g for 5 min, 2,000 � g for 10 min,
and 10,000 � g for 30 min, and the supernatant was concentrated by ultrafiltration using Amicon
Ultra15 Centrifugal Filter Units (Millipore, nominal molecular weight limit of 3 kDa) to obtain proteins
secreted in the medium. Intracellular proteins were obtained as follows.

PAGE, gel staining, and Western blotting. Cells were lysed with RIPA buffer (50 mM Tris-HCl,
pH = 8.0, with 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with
1� cocktail (MCE). Cell lysates were mixed with reducing sample buffers (12% SDS, 6% mercaptoethanol,
30% glycerol, 0.05% Coomassie blue G-250, 150 mM Tris-HCl, pH = 7.0) or nonreducing sample buffers
(reducing sample buffers without mercaptoethanol) if mentioned. Deglycosylation was performed by
treating 20 mg glycoproteins in lysate with Endo H (NEB). SDS–PAGE was performed with precast Omni-
PAGE (Epizyme). Tricin SDS–PAGE was performed following a previous publication (42). Gels were
stained with Coomassie blue G-250 or a Fast Silver Stain kit (Beyotime).

Antibodies, immunoprecipitation, immunofluorescence/PLA, and flow cytometry. To generate
homemade anti-ORF8 antiserum, each mouse (female BALB/c, 10 weeks old) was immunized with
100 mg His-ORF8 protein with Freund's complete adjuvant. Booster doses were administered 4, 6, 8, and
10 weeks after the initial immunization using 100 mg His-ORF8 proteins with Freund's incomplete adju-
vant. Polyclonal antiserum was obtained from ORF8-immunized mice without further purification.
Vendors and usage of commercial antibodies are shown in Table S2.

For immunoprecipitation, cells infected by SARS-CoV-2 at an MOI of 0.1 for 48 h or transfected with
plasmids for 60 h were lysed with lysis buffer (20 mM Tris-HCl pH = 8.0, 137 mM NaCl, 1% NP-40, 2 mM
EDTA, 0.2 mM Na3VO4, and 1� cocktail). The lysates were preabsorbed by Protein G Sepharose 4 Fast
Flow (GE) and then incubated with either antibody-Dynabeads Protein G (Thermo) complex mixture (for
anti-HSPA5 or anti-Calnexin immunoprecipitation), anti-Flag M2 Affinity Gel (Sigma, for anti-Flag immu-
noprecipitation), or monoclonal anti-HA Agarose (Sigma, for anti-HA immunoprecipitation), washed
three times with wash buffer (50 mM Tris-HCl pH = 7.4, 150 mM NaCl, 0.1% Triton X-100), and eluted
with elution buffer (0.2 M glycine-HCl pH = 2.6).

For immunofluorescence and PLA, cells grown in chamber slides (Thermo) were fixed with 4% para-
formaldehyde, permeabilized with 0.25% Triton X-100, and blocked with 2% goat serum. Cells for immu-
nofluorescence were stained with target primary antibodies and goat-anti-rabbit/mouse IgG Alexa Fluor
594 or goat-anti-rabbit/mouse IgG Alexa Fluor 488 (Abcam). For PLA, post blocking cells were incubated
with a mixture of anti-HA and anti-Flag antibodies, and other steps were performed following the
instructions of the Duolink In Situ Red Starter kit Mouse/Rabbit (Sigma). Images were taken on an LSM
900 confocal microscope (Zeiss).

For flow cytometry, cells were detached with 10 mM EDTA (Sigma) at 48 h posttransfection, transferred
into 1% BSA with 0.1% NaN3 in PBS, and stained with FITC anti-human HLA-A, B, C (Biolegend), and 7-AAD vi-
ability staining solution (Biolegend). Flow cytometry was performed using CytoFlex (Beckman).

Mass spectrum. Each sample was mixed with 10mL 8 M urea, 20 mL deionized water, and 10 mM DTT
and incubated at 55°C for 30 min. Then, 40 mM iodoacetamide was added, and the mixture was incubated
at room temperature under dark conditions for 30 min. After the pH was adjusted to 8.0 with 500 mM
NH4HCO3, trypsin (Promega) and chymotrypsin (for ORF8 identification exclusively) were added at a ratio of
sample/enzyme = 30/1 (mass ratio) and incubated at 37°C for 16 h. Then, 0.5 mL of 10% formic acid was
added to terminate the enzymatic hydrolysis, and the mixture was lyophilized. The lyophilized polypeptide
was added to 30 mL 0.1% trifluoroacetic acid for redissolution. All samples were analyzed by an Orbitrap-
Lumos high resolution mass spectrometer (Thermo) coupled with an Easy nLC 1200 (Thermo). The full scan
was performed form/z 350–1550 with a resolution of 120,000 atm/z = 200, and the maximum injection time
was 30 ms. The MS/MS scan was performed with higher-energy collision-activated dissociation for m/z 200–
2000 with a resolution of 15,000 at m/z = 200, and the maximum injection time was 25 ms. The collision
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energy was 32%. MS1 tolerance was set to 10 ppm, and MS/MS tolerance was 20 ppm. N-glycan data were
analyzed using Byonic (Protein Metrics).

Protein docking. Structures of human Calnexin was predicted using Alphafold2, of which 60 to 261
and 414 to 457 amino acids were kept and docked with 15 to 45 and 85 to 121 amino acids of ORF8
(Protein Data Bank accession: 7JTL) using ZDOCK. The complex with the highest credibility was dis-
played, and the protein–protein interaction was analyzed with Discovery Studio. The complex structure,
including full-length ORF8 and Calnexin without the C terminus, was presented with PyMOL.

Knockdown. In total, 6 siRNAs targeting ORF8 sgmRNAs were synthesized and conjugated with
FAM, named siORF8-1 to siORF8-6, and cells in 6-well plates were transfected with 60 pmol siORF8 using
Lipofectamine 3000 (Thermo). Two siRNAs targeting human calnexin RNA were synthesized and conju-
gated with FAM, named siCalnexin-1 and siCalnexin-2, and were mixed 1:1 for use. To cotransfect siRNA
and plasmids, cells in 12-well plates were transfected with a mixture of 16 pmol siRNAs and 1 mg plas-
mids using Lipofectamine 3000 (Thermo). For knockdown controls, siNC was used. Detailed information
on the siRNAs is provided in Table S3.

Data availability. The raw sequencing data from this study have been deposited in GenBank under
accession number PRJNA875499.
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