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SUMMARY
The presence of anORF6 gene distinguishes sarbecoviruses such as severe acute respiratory syndrome co-
ronavirus (SARS-CoV) and SARS-CoV-2 from other betacoronaviruses. Here we show that ORF6 inhibits in-
duction of innate immune signaling, including upregulation of type I interferon (IFN) upon viral infection aswell
as type I and III IFN signaling. Intriguingly, ORF6 proteins from SARS-CoV-2 lineages are more efficient an-
tagonists of innate immunity than their orthologs from SARS-CoV lineages. Mutational analyses identified
residues E46 and Q56 as important determinants of the antagonistic activity of SARS-CoV-2 ORF6. More-
over, we show that the anti-innate immune activity of ORF6 depends on its C-terminal region and that
ORF6 inhibits nuclear translocation of IRF3. Finally, we identify naturally occurring frameshift/nonsense mu-
tations that result in an inactivating truncation of ORF6 in approximately 0.2% of SARS-CoV-2 isolates. Our
findings suggest that ORF6 contributes to the poor IFN activation observed in individuals with coronavirus
disease 2019 (COVID-19).
INTRODUCTION

An unusual outbreak of infectious pneumonia in Wuhan, Hubei

Province, China, was first reported in December 2019. Within a

fewweeks, a novel coronavirus (CoV) was identified as the caus-

ative agent of this infectious disease, CoV disease 2019 (COVID-

19) (Zhou et al., 2020b). Because this virus is phylogenetically

related to severe acute respiratory syndrome (SARS)-CoV, it

was called SARS-CoV-2. As of January 2021, SARS-CoV-2 is

an ongoing pandemic; approximately 100 million cases of

SARS-CoV-2 infection have been reported worldwide, and

more than two million people have died of COVID-19 (WHO,

2020). Therefore, a better understanding of SARS-CoV-2 infec-

tion and pathogenesis is urgently needed.

SARS-CoV and SARS-CoV-2 are closely related, both belong

to the family Coronaviridae, genus Betacoronavirus and subge-

nus Sarbecovirus (Lam et al., 2020; Zhou et al., 2020b). SARS-

CoV-related viruses have been detected in palm civets (Paguma

larvata) (Wang et al., 2005), Chinese rufous horseshoe bats (Rhi-

nolophus sinicus) (Lau et al., 2005; Li et al., 2005), and a variety of

additional bat species (mainly of the genus Rhinolophus) (Ge

et al., 2013; He et al., 2014; Hu et al., 2017; Lau et al., 2010;
This is an open access article und
Lin et al., 2017; Tang et al., 2006; Wang et al., 2017; Wu et al.,

2016b; Yuan et al., 2010). Similarly, SARS-CoV-2-related viruses

have been identified in intermediate horseshoe bats (Rhinolo-

phus affinis) (Zhou et al., 2020b) and a Malayan horseshoe bat

(Rhinolophus malayanus) (Zhou et al., 2020a) as well as Malayan

pangolins (Manis javanica) (Lam et al., 2020; Xiao et al., 2020).

This suggests that zoonotic viral transmission from horseshoe

bats to humans led to emergence of human pathogenic sarbeco-

viruses, including SARS-CoV and SARS-CoV-2.

In addition to sarbecoviruses, other human pathogenic beta-

coronaviruses have been reported. Middle East respiratory syn-

drome (MERS)-CoV belongs to the subgenusMerbecovirus (van

Boheemen et al., 2012; Zaki et al., 2012), whereas the human

CoVs OC43 (McIntosh et al., 1967) and HKU1 (Woo et al.,

2005) belong to the subgenus Embecovirus. Non-human beta-

coronaviruses have also been reported; HKU4 and HKU5 are

included in the subgenus Merbecovirus (Woo et al., 2007),

whereas murine hepatitis virus (MHV) belonging to Embecovirus

is a pathogenic CoV in mice (Lai et al., 1981; Spaan et al., 1988).

Some CoVs classified in the subgenus Hibecovirus have

been detected in bats (Quan et al., 2010; Wu et al., 2016a,

2016b) but have not yet been found in humans. Human
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betacoronaviruses are not only phylogenetically related but also

cause similar respiratory symptoms, such as cough and pneu-

monia (reviewed in Chan-Yeung and Xu, 2003; Weiss, 2020).

Nevertheless, they differ significantly in their pathogenicity and

severity of infection. For instance, SARS-CoV (WHO, 2004) and

MERS-CoV (WHO, 2019) are highly pathogenic, whereas OC43

and HKU1 cause relatively mild diseases (reviewed in Chan-

Yeung and Xu, 2003; Perlman and Masters, 2020; Weiss,

2020). These features suggest that direct comparison of their

genome structure and the functions of their viral proteins will

help us understand determinants of disease.

A clear difference between COVID-19 and SARS in terms of

immune responses is the limited induction of type I interferon

(IFN-I; e.g., IFN-a) and type III IFN (IFN-III; e.g., IFN-l3) upon

SARS-CoV-2 infection compared with SARS-CoV infection

(Blanco-Melo et al., 2020; Hadjadj et al., 2020). Importantly,

impaired IFN-I/III responses define a high-risk population of indi-

viduals with COVID-19 (Hadjadj et al., 2020), and this immuno-

logical feature may be an important determinant of the

pathogenesis of SARS-CoV-2 infection. As a factor that poten-

tially contributes to insufficient IFN activation in SARS-CoV-2-in-

fected individuals, we recently identified the viral ORF3b protein

(Konno et al., 2020). Additionally, recent studies have revealed

that SARS-CoV-2-encoded proteins such as NSP1, NSP12,

nucleoprotein (N), and ORF6 potentially impair IFN activation

(Lei et al., 2020; Li et al., 2020a; Miorin et al., 2020; Xia et al.,

2020; Yuen et al., 2020), with ORF6 being one of the most potent

IFN antagonists (Hayn et al., 2020; Lei et al., 2020; Xia et al.,

2020).

In the present study, we show that anORF6 gene is commonly

encoded in all sarbecoviruses, including SARS-CoV and SARS-

CoV-2, whereas no orthologs are found in other betacoronavi-

ruses, such as MERS-CoV, OC43, and MHV. We demonstrate

that all Sarbecovirus ORF6 proteins inhibit induction of IFN-I

upon viral infection as well as antiviral signaling triggered by

IFN-I/III. Intriguingly, the anti-IFN activities of the ORF6 proteins

of SARS-CoV-2 lineages are more potent than those of SARS-

CoV lineages. We further provide evidence suggesting that the

emergence of SARS-CoV-2 variants expressing truncated ORF6

proteins may contribute to attenuation of viral pathogenicity.

RESULTS

ORF6 is conserved in the subgenus Sarbecovirus but
absent from other betacoronaviruses
We first assessed the phylogenetic relationship of betacoronavi-

ruses, including SARS-CoV, SARS-CoV-2, MERS-CoV, OC43,

and HKU1. The respective viral strains were classified based

on their subgenera in the phylogenetic tree of the full-length viral

genome (Figure 1A; Table S1) as well as five viral core genes en-

coding ORF1ab, spike (S), envelope (E), membrane protein (M),

and N (Figure 1B). The inconsistent phylogenetic topologies of

different viral genes of sarbecoviruses (Figure 1B) are in agree-

ment with recent studies suggesting gene recombination events

among sarbecoviruses (Boni et al., 2020; Li et al., 2020b). How-

ever, some viral core genes such as E (encoding 75 amino acids

in the case of SARS-CoV-2) are relatively short, making it difficult

to reliably infer their phylogenetic relationships. Indeed, two vi-
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ruses belonging to the Sarbecovirus outgroup, BtKY72 and

BM48, were separated in the phylogenetic tree of the E gene

(Figure 1B). In contrast, the other six phylogenetic trees showed

almost identical relationships among the five subgenera of beta-

coronaviruses (Figures 1A and 1B). These results suggest that

viral recombination did not occur among the analyzed betacoro-

naviruses, although recombination events can occur among

sarbecoviruses.

We then compared the genome organizations of the different

subgenera. As shown in Figure 1C, the arrangement of the

core genes (ORF1ab-S-E-M-N) is conserved. Insertions of addi-

tional open reading frames (ORFs) between ORF1ab and S were

detected in Hibecovirus (Hp/Zhejuang2013) and Embecovirus

species, whereas additional ORFs were detected between S

and E in all betacoronaviruses (Figure 1C). Interestingly, ORF in-

sertions betweenM andNwere observed only inmembers of the

Sarbecovirus and Hibecovirus subgenera (Figure 1C). When we

compared the sequences of these ORFs, the genes in Sarbeco-

virus were unalignable with those in Hibecovirus, suggesting

that these ORFs emerged independently after the divergence

of these subgenera. Of note, we found that ORF6 is highly

conserved in sarbecoviruses, including SARS-CoV and SARS-

CoV-2, but absent from other betacoronaviruses (Figure 1C).

ORF6 proteins of SARS-CoV-2 lineages inhibit activation
of IFN signaling more potently than those of SARS-CoV
lineages
Because previous reports have suggested that SARS-CoVORF6

has the ability to inhibit IFN-I activation as well as upregulation of

IFN-stimulated genes (ISGs) (Frieman et al., 2007; Kopecky-

Bromberg et al., 2007), we directly compared the phenotypic

properties of representative Sarbecovirus ORF6 proteins. The

phylogenetic topology of the Sarbecovirus ORF6 gene (Fig-

ure 2A) was similar to that of the full-length viral genome (Fig-

ure 1A), suggesting that recombination events involving the

ORF6 gene have not occurred among sarbecoviruses. For our

phenotypic analyses, we generated expression plasmids for

ORF6 from SARS-CoV-2 (Wuhan-Hu-1) as well as SARS-CoV-

2-related viruses from bats (RmYN02, RaTG13, and ZXC21)

and a pangolin (P4L). We also included ORF6 from SARS-CoV

(Tor2), SARS-CoV-related viruses from bats (Rs4231, Rm1,

and HKU3-2), and the two bat sarbecoviruses that are phyloge-

netically located at the outgroup of SARS-CoV-2 and SARS-CoV

(BtKY72 and BM48). Western blotting revealed that the expres-

sion levels of ORF6 proteins of the SARS-CoV-2 lineage are

lower than those of the SARS-CoV lineage and the two outgroup

viruses (Figure 2B).

We then monitored human IFNB1 promoter activity in the

presence of ORF6 using a luciferase reporter assay. Influenza

A virus (IAV) non-structural protein 1 (NS1) served as a positive

control because it potently suppresses induction of IFNB1 (Gar-

cı́a-Sastre et al., 1998; Krug et al., 2003). As shown in Figure 2C,

top, all ORF6 proteins aswell as IAVNS1 dose-dependently sup-

pressed activation of the IFNB1 promoter upon Sendai virus

(SeV) infection. Notably, ORF6 proteins of the SARS-CoV-2 line-

age were more potent inhibitors than those of the SARS-CoV

lineage (Figure 2C, top), despite their lower expression levels

(Figure 2B). Next we analyzed the ORF6 proteins for their ability



Figure 1. Phylogenetic relationship and gene structure of betacoronaviruses

(A and B) Maximum likelihood phylogenetic trees of full-length betacoronavirus sequences (A) and five core genes (ORF1ab, S, E, M, and N) (B). Accession

numbers, strain names, and host species are summarized in Table S1. A scale bar indicates 0.1 substitutions per site. Bootstrap values; **, > 95%; *, > 75%.

(C) Gene structure of betacoronaviruses. The five core genes (ORF1ab, S, E,M, andN) are indicated by black or gray, whereas the inserted ORFs are indicated in

blue. The ORFs inserted betweenM and N are shown in light pink, and Sarbecovirus ORF6 genes are shown in pink. The end site ofM and the start site of N are

connected by broken pink lines. Representative strains of the respective subgenera are indicated in parentheses.

See also Table S1.
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to inhibit signaling triggered by IFN-I (IFN-a) and IFN-III (IFN-l3).

In agreement with a previous study (Kochs et al., 2007), IAV NS1

failed to prevent activation of the IFN-stimulated response

element (ISRE) promoter upon stimulation with IFN-I or IFN-III

(Figure 2C, center and bottom). In contrast, Sarbecovirus

ORF6 proteins inhibited activation of the ISRE promoter upon

IFN-I and IFN-III stimulation (Figure 2C, center and bottom).

Notably, ORF6 proteins of the SARS-CoV-2 lineage were again

more active than those of the SARS-CoV lineage (Figure 2C, cen-

ter and bottom). Thus, our data demonstrate that SARS-CoV-2

ORF6 is a potent IFN antagonist that targets signaling triggered

by SeV infection (leading to IFNB1 expression) and IFN-a and
IFN-l3 stimulation (leading to ISG expression). In addition to

the ORF6 proteins of SARS-CoV and SARS-CoV-2, the ORF6

proteins of the two outgroups, BtKY72 and BM48, significantly

inhibited these antiviral signaling cascades, with BtKY72 ORF6

being less efficient than BM48 ORF6 (Figure 2C). Two recent re-

ports suggested that the compounds ivermectin (Caly et al.,

2020) and selinexor (Gordon et al., 2020) may be candidates

for treatment of COVID-19 as they target the activity of ORF6.

However, both compounds failed to inhibit the anti-IFN activity

of ORF6 (Figure S1A).

To verify the immunosuppressive activity of ORF6 in different

experimental systems, the expression levels of endogenous
Cell Reports 34, 108916, March 30, 2021 3



Figure 2. Potent anti-innate immune signaling activity of Sarbecovirus ORF6

(A) A maximum likelihood phylogenetic tree of Sarbecovirus ORF6 sequences. Accession number, strain name, and the host of each virus are indicated. A scale

bar indicates 0.1 nucleotide substitutions per site. Bootstrap values; **, > 95%; *, > 75%.

(B and C) Potent anti-IFN activity of Sarbecovirus ORF6. HEK293 cells were cotransfected with three different amounts of plasmids expressing hemagglutinin

(HA)-tagged Sarbecovirus ORF6 or IAV NS1 and p125Luc (C, top) or pISRE-luc (C, center and bottom). 24 h after transfection, cells were infected with SeV (MOI

10) (C, top) or treated with IFN-a (C, center) or IFN-l3 (C, bottom). 24 h after infection or treatment, cells were harvested for western blotting (B) and a luciferase

assay (C). Note that theORF6 sequence of ZXC21 is identical to that of ZC45. In (B), ‘‘low,’’ ‘‘medium,’’ and ‘‘high’’ indicate the amount of transfectedSarbecovirus

ORF6 expression plasmids.

(D and E) Anti-innate immune signaling activity of SARS-CoV-2 ORF6 in HEK293 cells. HEK293 cells were transfected with plasmids expressing HA-tagged

ORF6. 24 h after transfection, cells were infected with SeV (MOI 10) (D) or treated with IFN-a (E). 12 h (IFNB1 only) or 24 h (all genes) after infection (D) or 8 h after

IFN-a treatment (E), endogenous expression levels of the indicated genes were measured by real-time RT-PCR.

(F and G) Anti-IFN activity of SARS-CoV-2 ORF6 in lung cells.

(F) Expression of HA-tagged ORF6 upon Dox stimulation.

(G) A549 cells stably transduced with a Dox-inducible HA-tagged ORF6 or GFP (F) were treated with Dox and infected with SeV (MOI 10). 4 h after infection, the

endogenous expression levels of the indicated genes were measured by real-time RT-PCR.

(H) Comparison of the anti-IFN activity of SarbecovirusORF6 and ORF3b. The anti-IFN activities of ORF6 (100 ng, x axis) and ORF3b (100 ng, y axis) (Figures S1C

and S1D) are summarized.

(legend continued on next page)
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IFNB1, IFNL1, and three ISGs (IFI44L, BST2, and PARP9), were

measured after SeV infection (Figure 2D) or IFN-a treatment (Fig-

ure 2E). The ORF6 proteins of SARS-CoV-2 and SARS-CoV

significantly suppressed upregulation of these genes (Figures

2D and 2E). The suppressive effect mediated by SARS-CoV-2

ORF6 was significantly higher compared with its SARS-CoV

counterpart (Figures 2D and 2E). To further validate the anti-

IFN activity of ORF6 in a more physiological setting, we gener-

ated a derivative of the human lung cell line A549 expressing

ORF6 upon doxycycline (Dox) treatment (Figure 2F) and moni-

tored the expression levels of endogenous IFNB1, IFNL1, and

IFI44L after SeV infection. Although the ORF6 expression level

induced by Dox treatment in A549 cells was much lower than

in transiently transfected HEK293 cells (Figure S1B), this

approach revealed that ORF6 significantly suppresses induction

of antiviral genes in relevant target cells of SARS-CoV-2 (Fig-

ure 2G). Moreover, we show that the anti-IFN activity of ORF6

is, on average, higher than that of ORF3b (Figures S1C and

S1D), a recently identified IFN antagonist of SARS-CoV-2 (Konno

et al., 2020). For both proteins, the anti-IFN activities tended to

be higher in the SARS-CoV-2 lineage compared with the

SARS-CoV lineage (Figure 2H). These findings identify SARS-

CoV-2 ORF6 as a robust IFN antagonist.

E46 and Q56 determine the anti-innate immune activity
of SARS-CoV-2 ORF6
Although all tested Sarbecovirus ORF6 proteins efficiently

hampered induction of IFNB1 triggered by SeV infection and up-

regulation of ISGs induced by IFN-I/III, the inhibitory activities of

SARS-CoV-2 ORF6 were significantly stronger than those of

SARS-CoV ORF6 (Figure 2). To determine the residue(s) that

are responsible for this difference, we aligned and compared

the ORF6 amino acid sequences (Figure S2A). As shown in Fig-

ure 3A, we found 10 amino acids whose chemical properties are

different between ORF6 proteins of the SARS-CoV lineage (n =

241) and those of the SARS-CoV-2 lineage (n = 57,648), and

these 10 residues are highly conserved in each lineage. Further-

more, the ORF6 proteins of the SARS-CoV lineage harbor two

additional amino acids (i.e., Y and P) at the C terminus compared

with those of the SARS-CoV-2 lineage. Mutational analysis (Fig-

ure 3B) revealed that substitution E46K attenuates the anti-IFN

activity of SARS-CoV-2 ORF6, whereas Q56E has the opposite

effect (Figures 3C and S2B). To verify the effect of residues 46

and 56 on ORF6-mediated anti-IFN activity, we introduced the

respective reverse mutations into SARS-CoV ORF6 (Figure 3D).

As shown in Figures 3E and S2C, the inhibitory activity of the

SARS-CoV ORF6 K46E mutant was significantly higher than

that of the parental SARS-CoV ORF6 protein, whereas the
For western blotting (B and F), the input of the cell lysate was normalized to TUBA

(B), three different doses of IAV NS1 were used as controls on each membrane.

unstimulated, empty vector-transfected cells (no SeV infection in the top panel and

and G), expression of the target gene was normalized to GAPDH, and the fold cha

PCR (D, E, and G), mean values of three independent experiments with SEM are

same amount of SARS-CoV (Tor2) ORF6-transfected cells (*) are shown. In (D), (

vector-transfected cells (#, D and E), GFP-expressing cells upon Dox stimulation

vector.

See also Figure S1.
E56Q mutant of SARS-CoV ORF6 antagonizes IFN induction

less efficiently than the parental SARS-CoV ORF6. These find-

ings show that the differences in anti-IFN activity between

SARS-CoV-2 ORF6 and its SARS-CoV counterpart are deter-

mined by these two residues.

Inhibition of innate immune signaling depends on the
C-terminal region of Sarbecovirus ORF6
The observation that residues 46 and 56 determine the ability of

ORF6 to inhibit responsiveness to viral infection and IFNs (Fig-

ures 3B–3E and S2C) suggests that ORF6 targets a step that is

common to these signaling pathways. A comprehensive prote-

ome analysis by Gordon et al. (2020) has suggested that ORF6

interacts with two cellular proteins, ribonucleic acid export 1

(RAE1) and nucleoporin 98 (NUP98), via its C-terminal region.

To verify the importance of the C-terminal region of ORF6 for

its biological activity, we generated a series of ORF6 mutants

in which we deleted the C-terminal region or changed a stretch

of positively charged residues to alanines (Figure 3F). With the

exception of the DC1 mutant of SARS-CoV-2 (Wuhan-Hu-1), all

mutants were expressed at levels similar to wild-type (WT)

ORF6 (Figure 3G). Luciferase reporter assays revealed that dele-

tion of the C-terminal region (DC2) or substitution of acidic resi-

dues to alanines (Ala) completely abrogated the anti-IFN effects

of SARS-CoV-2 ORF6 (Figures 3H and S2D). Similarly, the anti-

IFN activities of the ORF6 proteins of SARS-CoV (Tor2) and

two outgroups (BtKY72 and BM48) were partially attenuated

bymutations of the C-terminal region, although they still retained

some of their anti-IFN activity (Figures 3H and S2D). These find-

ings suggest that theC-terminal region is crucial for efficient anti-

IFN activity of ORF6.

To address whether ORF6 interacts with RAE1 and NUP98 via

its C-terminal region, we performed co-immunoprecipitation

(coIP) experiments. As shown in Figure 3I, Sarbecovirus ORF6

proteins, including those of SARS-CoV-2 (Wuhan-Hu-1),

SARS-CoV (Tor2), and two outgroups (BtKY72 and BM48),

bound to RAE1 and NUP98. In contrast, C-terminally truncated

mutants thereof failed to bind these cellular proteins (Figure 3I).

These observations suggest that RAE1 and NUP98 associate

with the anti-IFN-activity exerted by Sarbecovirus ORF6 pro-

teins. In fact, a recent study demonstrated that SARS-CoV-2

ORF6 hampers nuclear translocation of IRF3 and STAT1 via

RAE1 and NUP98 and suggested that overexpression of RAE1

and NUP98 rescues the IFN response in the presence of ORF6

(Miorin et al., 2020). Although our microscopy analyses (Fig-

ure 3J) confirmed that SARS-CoV-2 ORF6 inhibits nuclear trans-

location of IRF3 (Figure 3K), overexpression of RAE1 and NUP98

did not rescue nuclear translocation of IRF3 (Figures 3J and 3K),
, and one representative result of three independent experiments is shown. In

kDa, kilodalton. For the luciferase assay (C), the value was normalized to the

no IFN treatment in the center and bottompanels). For real-time RT-PCR (D, E,

nge to the value of 0 h is shown. For the luciferase assay (C) and real-time RT-

shown. In (C), statistically significant differences (p < 0.05) compared with the

E), and (G), statistically significant differences (p < 0.05) compared with empty

(#, G), and SARS-CoV (Tor2) ORF6-transfected cells (*) are shown. E, empty

Cell Reports 34, 108916, March 30, 2021 5



Figure 3. Mapping residues that determine the potent anti-innate immune signaling activity of SARS-CoV-2 ORF6

(A) Comparison of ORF6 residues that are different between the SARS-CoV-2 and SARS-CoV lineages. Numbers in parentheses indicate the total number of

analyzed sequences. A comparison of all ORF6 residues is shown in Figure S2A.

(B–E) Anti-IFN activity of SARS-CoV-2 ORF6 mutants (B and C) and SARS-CoV ORF6 mutants (D and E). HEK293 cells were cotransfected with plasmids ex-

pressing HA-tagged ORF6 variants and p125Luc. 24 h after transfection, cells were infected with SeV (MOI 10). 24 h after infection, cells were harvested for

western blotting (B and D) and a luciferase assay (C and E).

(F) Scheme illustrating the generated ORF6 C-terminal mutants.

(G and H) Anti-IFN activity of Sarbecovirus ORF6 mutants. HEK293 cells were cotransfected with plasmids expressing HA-tagged ORF6 variants and p125Luc.

24 h after transfection, cells were infected with SeV (MOI 10). 24 h after infection, cells were harvested for western blotting (G) and a luciferase assay (H).

(I) ORF6 interaction with RAE1 and NUP98. HEK293 cells were transfected with plasmids expressing HA-tagged ORF6WT or the respective DCmutant (DC2 for

SARS-CoV-2 Wuhan-Hu-1 and SARS-CoV Tor2), and coIP was performed as described in the STAR Methods.

(J and K) Subcellular localization of ORF6 and IRF3. HEK293T cells were transfectedwith a SARS-CoV-2 ORF6 expression plasmid with or without the expression

plasmids for FLAG-RAE1 and HA-NUP98 and infected with SeV as described in the STAR Methods.

(J) Representative figures. Scale bars, 20 mm.

(K) Quantification of the subcellular localization of IRF3. GFP-positive cells (i.e., transfected cells) were classified based on subcellular localization of IRF3

(nucleus, cytosol, or both), and the proportion of each cell was calculated. The numbers above the bars indicate the numbers of counted cells.

(L andM) Effect of RAE1 andNUP98 overexpression on anti-IFN activity of ORF6. HEK293 cells were cotransfectedwith plasmids expressing SARS-CoV-2ORF6

and p125Luc and three different amounts of plasmids expressing FLAG-taggedRAE1 andHA-tagged NUP98. 24 h after transfection, cells were infectedwith SeV

(MOI 10). 24 h after infection, cells were harvested for a luciferase assay (L) and western blotting (M).

(legend continued on next page)
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IFN induction, or IFN signaling (Figure 3L) in the presence of

ORF6. Instead, western blotting revealed that overexpression

of RAE1 and NUP98 increased the expression level of ORF6 in

a dose-dependent manner (Figure 3M). Our findings suggest

that ORF6 binds to RAE1 and NUP98 via its C-terminal region.

However, overexpression of RAE1 and NUP98 cannot overcome

the anti-IFN activity of ORF6.

SARS-CoV-2 variants that lost a functional ORF6 gene
have emerged during the current pandemic
Finally, we assessed the diversity and evolution of SARS-CoV-2

ORF6 during the current pandemic. We downloaded 67,136 viral

genome sequences from the global initiative on sharing all influ-

enza data (GISAID) database (https://www.gisaid.org; as of July

16, 2020) and removed 395 sequences containing undetermined

and/or mixed nucleotides in the ORF6 region. By analyzing the

ORF6 region, we found that approximately 0.2% (124 of

66,741) sequences of pandemic viruses lost their C-terminal re-

gion because of frameshift and/or nonsense mutations (Fig-

ure 4A; Table S2). A SARS-CoV-2 variant encoding truncated

ORF6 was first isolated in China on February 8, 2020 (GISAID:

EPI_ISL_451350) (Figure 4A). We assessed the frequency of

SARS-CoV-2 variants encoding truncated ORF6 for each coun-

try but found no specific deviations of the emergence of the

ORF6-truncated SARS-CoV-2 at the country level (Table S3).

Based on the classification into pangolin lineages (https://

github.com/cov-lineages/pangolin) and GISAID clades (Table

S4), we then assessed how often ORF6-truncated SARS-

CoV-2 variants have emerged during the current pandemic.

We identified 54 separate clusters, strongly suggesting that at

least 54 mutations shortening the coding sequence of ORF6

emerged independently during the current pandemic (Table

S4). To investigate whether ORF6-truncated SARS-CoV-2 var-

iants have also spread via human-to-human transmission dur-

ing the current pandemic, we analyzed cluster 41, which com-

prises 13 ORF6-truncated SARS-CoV-2 sequences in more

detail. Twelve of the 13 ORF6-truncated SARS-CoV-2 genomes

in cluster 41 were isolated in Wales, United Kingdom, and clas-

sified into pangolin lineage B.1.5 and GISAID clade G (Table

S4). We then obtained 137 SARS-CoV-2 genome sequences

that meet the abovementioned criteria (isolated in Wales,

United Kingdom; pangolin lineage B.1.5 and GISAID clade G),

including the 12 sequences belonging to cluster 41, and con-

ducted a phylogenetic analysis. As shown in Figure 4B, 11 of

the 12 ORF6-truncated SARS-CoV-2 mutants in cluster 41

formed a single clade. This observation suggests that these

ORF6-truncated SARS-CoV-2 mutants have sporadically

spread via human-to-human transmission. Together with our

findings that deletion of the C-terminal region of SARS-CoV-2

ORF6 abolishes its ability to suppress IFN responses (Fig-

ure 3H), our analyses suggest that SARS-CoV-2 variants that

lost a functional ORF6 gene have emerged during the current
For western blotting (B, D, G, I, and M), the input of cell lysate was normalized to

shown. For the luciferase assay (C, E, H, and L), the value was normalized to uns

significant differences (p < 0.05) compared with SARS-CoV-2 (Wuhan-Hu-1) ORF

(p < 0.05) compared with SARS-CoV (Tor2) ORF6 WT-transfected cells (*) are sh

See also Figure S2.
COVID-19 pandemic and have the capacity to spread in the hu-

man population.

DISCUSSION

Here we provide evidence suggesting that SARS-CoV-2 ORF6

inhibits induction of human innate immune signaling, including

induction of IFNB1 and IFNL1 as well as upregulation of ISGs

triggered by IFN-I and IFN-III. During the review process of this

paper, several recent publications have described mechanisms

of IFN-I antagonism by different SARS-CoV-2 proteins, including

ORF6 (Lei et al., 2020; Li et al., 2020a; Miorin et al., 2020; Xia

et al., 2020; Yuen et al., 2020). Nevertheless, several findings

of our work clearly set our study apart from previous work. We

found that (1) the ORF6 gene is specific to sarbecoviruses (Fig-

ure 1C); (2) not only the ORF6 proteins of human sarbecoviruses

(i.e., SARS-CoV-2 and SARS-CoV) but also those of non-human

sarbecoviruses from bats and a pangolin exert anti-IFN activity

(Figure 2C); (3) the anti-IFN activity of ORF6 proteins of the

SARS-CoV-2 lineage is higher than that of the SARS-CoV lineage

(Figure 2C); (4) two residues, E46 and Q56, determine the anti-

IFN activity of ORF6 (Figures 3A–3E, S2B, and S2C); (5) the

anti-IFN activity of SARS-CoV-2 ORF6 completely depends on

its C-terminal region whereas that of SARS-CoV ORF6 does

not (Figures 3F–3H and S2D); (6) although previous papers sug-

gested that ivermectin (Caly et al., 2020) and/or selinexor (Gor-

don et al., 2020) target ORF6, these compounds do not affect

the anti-IFN activity of ORF6 (Figure S1A); and (7) SARS-CoV-2

mutants with truncations of the ORF6 gene emerged during

the current pandemic and most likely spread in the human pop-

ulation (Figure 4).

The observation that ORF6 proteins from SARS-CoV-2 and

related viruses in bats and pangolins are, on average, more

active in suppressing IFN responses than their SARS-CoV coun-

terparts is reminiscent of the recently identified IFN antagonist

ORF3b. This protein is also more potent in viruses of the

SARS-CoV-2 lineage than in SARS-CoV and related animal vi-

ruses (Konno et al., 2020). These findings suggest that multiple

IFN antagonists, including ORF6 and ORF3b, can cooperatively

contribute to the inefficient and delayed IFN-I/III responses in

SARS-CoV-2-infected cells as well as individuals with COVID-

19 (Blanco-Melo et al., 2020; Hadjadj et al., 2020).

Consistent with previous studies characterizing ORF6 of

SARS-CoV-2 (Miorin et al., 2020) or SARS-CoV (Kopecky-Brom-

berg et al., 2007), we show that SARS-CoV-2 ORF6 inhibits nu-

clear import of IRF3. Importantly, our mutational analyses re-

vealed that inhibition of innate immune signaling by

SarbecovirusORF6 proteins depends on their C-terminal region.

Because SarbecovirusORF6 proteins bind RAE1 and NUP98 via

their C-terminal region (Figure 3I), it has been suggested that

ORF6 inhibits innate immune signaling by targeting these two

host factors (Miorin et al., 2020). In contrast to this recent study
TUBA, and one representative result out of three independent experiments is

timulated, empty vector-transfected cells (no SeV infection). In (C), statistically

6 WT-transfected cells (*) are shown. In (E), statistically significant differences

own.
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Figure 4. Emergence of ORF6-truncated SARS-CoV-2 mutants during the current pandemic

(A) Emergence of SARS-CoV-2 variants encoding truncated ORF6 during the current pandemic. The percentage of isolates encoding truncated ORF6 is shown

for each day. A virus encoding truncated ORF6 was first detected on February 8, 2020 in China (GISAID: EPI_ISL_451350). Additional information is provided in

Tables S2, S3, and S4.

(B) Amaximum likelihood phylogenetic tree of the 137 SARS-CoV-2 genomes containing cluster 41. The tree was generated using the 137 SARS-CoV-2 genomes

isolated inWales, United Kingdom, and classified into pangolin lineage B.1.5 andGISAID cladeG. The tree contains cluster 41 (pink), which is comprised of the 12

SARS-CoV-2 genomes with C-terminally truncated ORF6. The ORF6 sequence in cluster 41 is shown in Figure S3. GISAID ID and sampling date (in parentheses)

are noted in each node. Bootstrap values; **, > 85%; *, > 60%.

See also Figure S3 and Tables S2, S3, and S4.
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(Miorin et al., 2020), however, overexpression of RAE1 and

NUP98 did not rescue the IFN response in the presence of

ORF6 in our hands. Intriguingly, we found that the expression

levels of ORF6 are increased upon expression of RAE1 and

NUP98 (Figure 3M). Although RAE1 exports RNA from the nu-

cleus, NUP98 is a component of the nuclear pore complex

(Pritchard et al., 1999; Ren et al., 2010). Thus, overexpression

of RAE1 and NUP98 may exert two opposing effects on ORF6-

mediated IFN inhibition. On one hand, their overexpression

may enhance IFN responses by compensating for RAE1/

NUP98 proteins targeted by ORF6. On the other hand, RAE1/

NUP98 may suppress IFN responses by increasing export of

ORF6 mRNA and, hence, total ORF6 protein levels. Our experi-

ments suggest that these two effects may potentially annul

each other.

In contrast to SARS-CoV-2 ORF6, the C-terminally truncated

mutants of the ORF6 proteins of SARS-CoV lineages and two

outgroup viruses (BtKY72 and BM48) only partially lost their abil-

ity to suppress induction of IFN activation. These observations

suggest that Sarbecovirus ORF6 proteins other than those of

SARS-CoV-2 can exert anti-IFN activity independent of their

C-terminal region. This inhibitory activity most likely involves a

mechanism that is independent of RAE1/NUP98 because

recruitment of these proteins depends on the C terminus of

ORF6. Notably, Xia et al. (2020) recently demonstrated that

SARS-CoV-2 ORF6 antagonizes IRF3 nuclear import via target-

ing KPNA2, a subunit of importin, inhibiting type I IFN induction.

Thus, it might be plausible to assume that SARS-CoV-2 ORF6

has evolved several independent mechanisms to counteract

IFN-mediated immune responses, only some of which involve

the C terminus of ORF6.

Incidentally, in the Dox-inducible ORF6 expression system in

A549 cells, differences in the ability of SARS-CoV-2 ORF6 and

SARS-CoV ORF6 to suppress upregulation of IFNB1 seemed

to disappear (Figure 2G). Differences between HEK293 cells

and A549 cells may be explained by at least two possibilities.

First, the expression levels of ORF6 upon Dox stimulation in

A549 cells are lower than those achieved by transient transfec-

tion of HEK293 cells (Figure S1B). Second, induction of IFNB1

by SeV infection in A549 cells (�1,500-fold) is dramatically higher

than in HEK293 cells (�50- to 100-fold) (Figures 2D and 2G).

Thus, the relative antagonistic activity of ORF6 may be lower in

A549 cells compared with HEK293 cells.

By analyzing more than 67,000 SARS-CoV-2 sequences, we

found that variants lacking the C-terminal region of ORF6

because of frameshift and/or nonsense mutations emerged

more than 50 times during the current COVID-19 pandemic (Fig-

ure 4; Table S4). In contrast, truncated ORF6 genes have so far

not been detected in SARS-CoV-2-related viruses isolated from

animals. By analyzing theORF6 sequences from a variety of sar-

becoviruses belonging to the SARS-CoV lineage, however, we

also found three SARS-CoV-related viruses isolated from two

bats (GenBank: MK211374 and KJ473816) and a palm civet

(GenBank: FJ959407) harboring truncated ORF6 sequences

(44, 50, and 44 amino acids, respectively) because of frameshift

mutations (Figure S3). Furthermore, we detected a human

SARS-CoV, strain TWJ (GenBank: AP006558) that encodes a

shortened ORF6 protein because of a frameshift mutation (Fig-
ure S3). Considering phylogenetic relationships and their muta-

tion patterns, these ORF6 mutations emerged independently

because the respective viruses do not form a single clade (Naka-

gawa and Miyazawa, 2020). These results suggest that trunca-

tions of ORF6 occurred multiple times in the subgenus Sarbeco-

virus, although suchmutations have not spread dominantly in the

viral population.

Because the C-terminal region of SARS-CoV-2 ORF6 is

essential to elicit its anti-IFN activity, SARS-CoV-2 variants ex-

pressing C-terminally truncated ORF6 most likely lost an IFN

antagonist. Although the frequency of SARS-CoV-2 isolates

with C-terminally truncated ORF6 is low (�0.2%), our phyloge-

netic analyses provide strong evidence of human-to-human

transmission of these viruses (Figure 4B). Because ORF6 is a

potent IFN antagonist, the emergence of SARS-CoV-2 ORF6

frameshift mutants may contribute to attenuation of viral patho-

genicity. However, the relative contribution of ORF6 to disease

severity is hard to assess at this point because most of the viral

sequences currently deposited in GISAID are derived from

symptomatic individuals (mostly severe cases). Thus, monitoring

the ORF6 gene during the current pandemic, not only in symp-

tomatic individuals but also in asymptomatic carriers, and

possible associations with viral pathogenicity seem to be highly

warranted.

A limitation of this study is that the biological activity of Sarbe-

covirus ORF6 was investigated using an overexpression system.

Additionally, all previous studies characterizing the anti-innate im-

muneactivity ofORF6 (Lei et al., 2020; Li et al., 2020a;Miorin et al.,

2020; Xia et al., 2020; Yuen et al., 2020) have exclusively used

overexpression systems, mainly in HEK293 cells. To fully define

the relative contribution of ORF6 to immune evasion of SARS-

CoV-2 and its effects on viral replication and pathogenicity, use

of infectious, gene-modified recombinant viruses, preferentially

in primary target cells, will be required. A variety of techniques

to artificially reconstruct infectious SARS-CoV-2 by reverse ge-

netics have been established (Rihn et al., 2021; Thi Nhu Thao

et al., 2020; Torii et al., 2020; Xie et al., 2020, 2021; Ye et al.,

2020). Future investigation using the recombinant SARS-CoV-2,

inwhichORF6gene is artificiallymodified,will unveil thebiological

activity of ORF6 to immune evasion of SARS-CoV-2.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HRP-conjugated anti-HA Roche Cat# 12013819001; RRID: AB_390918

HRP-conjugated anti-Flag Sigma-Aldrich Cat# A8592; RRID: AB_439702

Anti-SARS-CoV-2 ORF6 Abnova Cat# PAB31757; RRID: N/A

Anti-RAE1 Abcam Cat# ab124783; RRID: AB_10973530

Anti-NUP98 Cell Signaling Technology Cat# 2598; RRID: AB_2267700

Anti-alpha-Tubulin (TUBA) Sigma-Aldrich Cat# T9026; RRID: AB_477593

HRP-conjugated anti-mouse IgG Cell Signaling Technology Cat# 7076; RRID: AB_330924

HRP-conjugated anti-rabbit IgG Cell Signaling Technology Cat# 7074S; RRID: AB_2099233

Anti-IRF3 Cell Signaling Technology Cat# 11904T; RRID: N/A

Alexa Flour 647-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# 21244; RRID: AB_2535812

Bacterial and virus strains

SeV (strain Cantell, clone cCdi) Yoshida et al., 2018 GenBank AB855654

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium Sigma-Aldrich Cat# D6046-500ML

Ham’s F-12K medium Thermo Fisher Scientific Cat# 21127022

Fetal calf serum Sigma-Aldrich Cat# 172012-500ML

Penicillin streptomycin Sigma-Aldrich Cat# P4333-100ML

L-glutamate Thermo Fisher Scientific Cat# 25030081

Puromycin Invivogen Cat# ant-pr-1

Doxycycline Takara Cat# 1311N

Recombinant IFN-a PBL Assay Science Cat# 11200-2

Recombinant IFN-l3 R&D Systems Cat# 5259-IL-025

Ivermectin Merck Cat# I8898-1G

Selinexor Selleck Chemicals Cat# S7252

PrimeSTAR GXL DNA polymerase Takara Cat# R050A

XhoI Takara Cat# 1094A

BglII Takara Cat# 1021A

EcoRI Takara Cat# 1040A

BamHI Takara Cat# 1010A

EcoRV Takara Cat# 1042A

NotI Takara Cat# 1166A

PEI Max Polysciences Cat# 24765-1

SuperScript III reverse transcriptase Thermo Fisher Scientific Cat# 18080085

RNase-Free DNase Set QIAGEN Cat# 79254

Power SYBR Green PCR Master Mix Thermo Fisher Scientific Cat# 4367659

Protease inhibitor cocktail Roche Cat# 11873580001

DAPI Sigma Aldrich Cat# D9542-1MG

Mowiol mounting medium Cold Spring Harbor Protocols N/A

Critical commercial assays

PicaGene BrillianStar-LT luciferase assay system Toyo-b-net Cat# BLT1000

CellTiter-Glo 2.0 assay kit Promega Cat# G9241

QIAamp RNA blood mini kit QIAGEN Cat# 52304

Anti-HA magnetic beads MBL Cat# M132-11

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: cell lines

Human: HEK293 cells ATCC CRL-1573

Human: HEK293T cells ATCC CRL-3216

Human: A549 cells ATCC CCL-185

Oligonucleotides

Primers for plasmid construction, see Table S5 This study N/A

Random primer Thermo Fisher Scientific Cat# 48190011

GAPDH forward primer for real-time RT-PCR:

ATGGGGAAGGTGAAGGTCG

Konno et al., 2020 N/A

GAPDH reverse primer for real-time RT-PCR:

GGGTCATTGATGGCAACAATATC

Konno et al., 2020 N/A

IFNB1 forward primer for real-time RT-PCR:

AAACTCATGAGCAGTCTGCA

Konno et al., 2020 N/A

IFNB1 reverse primer for real-time RT-PCR:

AGAGGCACAGGCTAGGAGATC

Konno et al., 2020 N/A

IFNL1 forward primer for real-time RT-PCR:

ACCCTGAGTCCACCTGACAC

This study N/A

IFNL1 reverse primer for real-time RT-PCR:

AGTAGGGCTCAGCGCATAAA

This study N/A

IFI44L reverse primer for real-time RT-PCR:

GTTTTATGGCCACCGTCAGT

Yamada et al., 2018 N/A

IFI44L reverse primer for real-time RT-PCR:

CTGGACTTTCCAGACCCAAC

Yamada et al., 2018 N/A

BST2 forward primer for real-time RT-PCR:

TCTCCTGCAACAAGAGCTGACC

OriGene Cat# HP207665

BST2 reverse primer for real-time RT-PCR:

TCTCTGCATCCAGGGAAGCCAT

OriGene Cat# HP207665

PARP9 reverse primer for real-time RT-PCR:

GGCAAAGAGGTCCAAGATGCTG

OriGene Cat# HP215603

PARP9 reverse primer for real-time RT-PCR:

GCCTCACACATCTCTTCCACGT

OriGene Cat# HP215603

Recombinant DNA

Plasmid: pCAGGS Niwa et al., 1991 N/A

Plasmid: pcDNA3.1 ThermoFisher Scientific Cat# V800-20

Sarbecovirus ORF6, see Figure 2A This study N/A

Sarbecovirus ORF3b ADDIN EN.CITE ( N/A

IAV A/Puerto Rico/8/34 NS1 This study GenBank accession number EF467817.1

Plasmid: p125Luc Fujita et al., 1993 N/A

Plasmid: pISRE-Luc Brzózka et al., 2006 N/A

Plasmid: pLVX-TetOne-Puro Takara Cat# 631849

Plasmid: pFlag-RAE1 This study N/A

Plasmid: pHA-NUP98 Ebina et al., 2004 N/A

Software and algorithms

FigTree Andrew Rambaut http://tree.bio.ed.ac.uk/software/figtree

Sequencher version 5.1 Gene Codes Corporation N/A

Prism GraphPad Software https://www.graphpad.com/scientific-

software/prism/

L-INS-i in the MAFFT version 7.453 Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/

trimal version 1.4 Capella-Gutiérrez et al., 2009 http://trimal.cgenomics.org

ModelTest-NG version 0.1.5 Darriba et al., 2020 https://github.com/ddarriba/modeltest

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RAxML-NG version 1.0.0 Kozlov et al., 2019 https://github.com/amkozlov/raxml-ng

ImageJ Open Source https://imagej.net/Welcome

Zen Zeiss https://www.zeiss.de/mikroskopie/

produkte/mikroskopsoftware/zen.html

Other

GISAID Freunde von GISAID e.V. https://www.gisaid.org

Pangolin Rambaut et al., 2020 https://cov-lineages.org/pangolin.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kei Sato

(KeiSato@g.ecc.u-tokyo.ac.jp).

Materials availability
All unique reagents generated in this study are listed in the key resources table and available from the lead contact with a completed

Materials Transfer Agreement.

Data and code availability
The results presented in the study are available upon request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture
HEK293 cells (a human embryonic kidney cell line; ATCC CRL-1573) and HEK293T cells (ATCC CRL-3216) were maintained in

Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) containing fetal calf serum (FCS) and antibiotics. A549 cells (a human lung

cell line; ATCCCCL-185) were cultured in Ham’s F-12Kmedium (Thermo Fisher Scientific) with 10%FCS and antibiotics. To generate

A549 cells expressing ORF6 upon Dox treatment (Figures 2F and 2G), cells were transduced with a lentiviral vector expressing HA-

ORF6 upon Dox stimulation as previously described (Yamada et al., 2018). The pLVX-TetOne-Puro vector expressing GFP (kindly

provided by Dr. Nevan J. Krogan) (Gordon et al., 2020) was used as a control. 48 h after lentiviral transduction, the cells were

expanded and selected with 1 mg/ml Puromycin (Invivogen, cat# ant-pr-1).

METHOD DETAILS

Viral Genomes and Phylogenetic Analyses
All viral genome sequences used in this study and the respective GenBank or GISAID (https://www.gisaid.org) accession numbers

are summarized in Table S1. We aligned the viral genomes and amino acid sequences of ORF1ab, S, E, M, N and ORF6 using the

L-INS-i program of MAFFT version 7.453 (Katoh and Standley, 2013). We then constructed phylogenetic trees using the full-length

genomes (Figure 1A), ORF1ab, S, E, M, N genes (Figure 1B) and ORF6 gene (Figure 2A). We applied trimAI version 1.4 (Capella-Gu-

tiérrez et al., 2009) with a gappyout option to remove ambiguous alignment regions. For each alignment, we select the best-fit nucle-

otide and amino acid substitution models using ModelTest-NG version 0.1.5 (Darriba et al., 2020) and selected a General Time

Reversible model of nucleotide substitution with invariant sites and gamma distributed rate variation among sites (I+G) for genomes,

and LG+I+G for ORF1ab, S, E, andM genes, VT+I+G for N gene. We then generated a maximum likelihood based phylogenetic tree

using RAxML-NG version 1.0.0 (Kozlov et al., 2019) with 1000 bootstrapping tests. We visualized the tree using FigTree software

(http://tree.bio.ed.ac.uk/software/figtree).

Plasmid Construction
To construct the expression plasmids for HA-tagged SarbecovirusORF6 proteins and IAV A/Puerto Rico/8/34 (H1N1 PR8; GenBank

accession number EF467817.1) NS1, pCAGGS (Niwa et al., 1991) was used as a backbone. The HA-tagged SarbecovirusORF6s (the

accession numbers and sequences are listed in Table S1) were synthesized by a gene synthesis service (Fasmac). The ORF6 deriv-

ativeswere generated by PCR using PrimeSTARGXLDNApolymerase (Takara), the synthesized ORFs as templates, and the primers

listed in Table S5. The obtained DNA fragmentswere inserted into pCAGGS via XhoI-BglII. To construct the Dox-inducible expression

plasmids for HA-tagged ORF6, pLVX-TetOne-Puro (Takara, cat# 631849) was used as a backbone. The HA-ORF6 sequences were
Cell Reports 34, 108916, March 30, 2021 e3
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generated by PCR using PrimeSTAR GXL DNA polymerase (Takara), the synthesized ORF6s as templates, and the primers listed in

Table S5. The obtained DNA fragments were digested with EcoRI and BglII, and were inserted into the EcoRI-BamHI site of pLVX-

TetOne-Puro. To construct a Flag-tagged RAE1 expression plasmid, pcDNA3.1 (Thermo Fisher Scientific) was used as a backbone.

The Flag-tagged RAE1 sequence was generated by PCR using PrimeSTARGXL DNA polymerase (Takara), human cDNA, which was

synthesized using HEK293-derived mRNA as the template, and the primers listed in Table S5. The obtained DNA fragments were

digested with EcoRV and NotI, and inserted into the EcoRV-NotI site of pcDNA3.1. The HA-tagged NUP98 expression plasmid

was described in a previous study (Ebina et al., 2004). Nucleotide sequences were determined by a DNA sequencing service (Fas-

mac), and the sequence data were analyzed by Sequencher version 5.1 software (Gene Codes Corporation).

Transfection, Dox Treatment, IFN treatment and SeV Infection
HEK293 cells were transfected using PEI Max (Polysciences) according to the manufacturer’s protocol. For immunofluorescence

staining, HEK293T cells were transfected using calcium phosphate as previously described (Langer et al., 2019). For western blot-

ting, cells (in 12 well) were cotransfected with the pCAGGS-based HA-tagged expression plasmids (100, 300 or 500 ng for Figures 2B

and S1C; 100 ng for Figures 3B and 3D; 100 or 300 ng for Figure 3G) together with an empty vector (normalized to 1 mg per well). For

real-time RT-PCR, cells (in 12 well) were transfected the pCAGGS-based HA-tagged expression plasmids or empty vector (1,000 ng

for Figures 2D and 2E). For luciferase reporter assay, cells (in 96 well) were cotransfected with 50 ng of either p125Luc (expressing

firefly luciferase driven by human IFNB1 promoter; kindly provided by Dr. Takashi Fujita) (Fujita et al., 1993) or pISRE-Luc (expressing

firefly luciferase driven by human ISRE promoter; kindly provided by Dr. Karl-Klaus Conzelmann) (Brzózka et al., 2006) and the

pCAGGS-based HA-tagged expression plasmid (10, 30 or 50 ng for Figures 2C and S1D; 10 ng for Figures 3C, 3E, S2B, and

S2C; 10 or 30 ng for Figures 3H and S2D; 30 ng for Figure S1A). The amounts of transfected plasmids were normalized to 100 ng

per well. For the compensation assay (Figures 3L and 3M), cells (in 12 well) were cotransfected with the pCAGGS-based SARS-

CoV-2 ORF6 expression plasmid (100 ng) and 100, 200 or 400 ng of Flag-tagged RAE1 expression plasmid and 100, 200 or

400 ng of HA-tagged NUP98 expression plasmid (kindly provided by Dr. Yoshio Koyanagi). The amounts of transfected plasmids

were normalized to 1,000 ng per well. To induce ORF6-HA expression in A549 cells (described above), they were treated

with 1 mg/ml Dox (Takara). At 24 h post transfection or Dox treatment, SeV (strain Cantell, clone cCdi; GenBank accession

number AB855654) (Yoshida et al., 2018) was inoculated into the transfected cells at multiplicity of infection (MOI) 10, or IFN-a

(100 unit/mL) (PBL Assay Science) or IFN-l3 (100 ng/ml) (R&D Systems) were treated. In Figure S1A, Ivermectin (Merck) or Selinexor

(Selleck Chemicals) (solved with DMSO) was added at 24 h post transfection. For co-IP, HEK293 cells were transfected with

pCAGGS-based HA-tagged ORF6 expression plasmids (20 mg, Figure 3I) were transfected into HEK293 cells (in 10-cm dishes) as

described above.

Reporter Assay
The luciferase reporter assay was performed 24 h post infection as previously described (Kobayashi et al., 2014; Konno et al., 2018,

2020; Ueda et al., 2017). Briefly, 50 mL cell lysate was applied to a 96-well plate (Nunc), and the firefly luciferase activity wasmeasured

using a PicaGene BrillianStar-LT luciferase assay system (Toyo-b-net), and the input for the luciferase assaywas normalized by using

a CellTiter-Glo 2.0 assay kit (Promega) following themanufacturers’ instructions. For this assay, a GloMax Explorer MultimodeMicro-

plate Reader 3500 (Promega) was used.

Western Blotting
Transfected cells were lysed with 1x SDS sample buffer (62.5 mM Tris-HCl [pH6.8], 2% SDS, 10% glycerol, 5% 2-mercaptoethanol

and 0.0025% bromophenol blue) or RIPA buffer (25 mMHEPES [pH 7.4], 50 mMNaCl, 1 mMMgCl2, 50 mMZnCl2, 10% glycerol, 1%

Triton X-100) containing a protease inhibitor cocktail (Roche). Western blotting was performed as described (Kobayashi et al., 2014;

Konno et al., 2018, 2020; Nakano et al., 2017; Yamada et al., 2018) using the antibodies listed in Key resources table.

Co-IP
Co-IP was performed as previously described (Franks et al., 2017; Yoshikawa et al., 2017). Briefly, cells were harvested at 48 h post

transfection and lysed with lysis buffer (0.1% Triton X-100, 0.25% sodium deoxycholate, 150mMNaCl, 1 mMEDTA and 10mM Tris-

HCl [pH 7.5]). The immunoprecipitation was performed using anti-HA magnetic beads (MBL) and western blotting was performed as

described above.

Real-time RT-PCR
Real-time RT-PCR was performed as previously described (Konno et al., 2020; Yamada et al., 2018). Briefly, cellular RNA was ex-

tracted using QIAamp RNA blood mini kit (QIAGEN) and then treated with RNase-Free DNase Set (QIAGEN). cDNA was synthesized

using SuperScript III reverse transcriptase (Thermo Fisher Scientific) and random primer (Thermo Fisher Scientific). Real-time RT-

PCR was performed using a Power SYBR Green PCR Master Mix (Thermo Fisher Scientific) and the primers listed in Key resources

table. For real-time RT-PCR, a CFX Connect Real-Time PCR Detection System (Bio-Rad) was used.
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Immunofluorescence Staining
HEK293T cells were seeded on poly-L-Lysine-coated coverslips in 24-well plates and cotransfected with a SARS-CoV-2 ORF6

expression vector either in combination with RAE1 and NUP98 expression vectors or an empty vector. 16-24 h post transfection,

cells were infected with SeV or left untreated. Subsequently, cells were fixed for 20 min at room temperature with 4% paraformal-

dehyde and permeabilized using PBS containing 0.5% Triton X-100 and 5%FCS for 20min at room temperature. IRF3 was detected

using a unconjugated primary antibody (Cell signaling, dilution 1:200), and fluorophore-conjugated secondary antibody (Thermo

Fisher Scientific, dilution 1:1000). Nuclei were visualized by DAPI staining. Cells were mounted in Mowiol mounting medium (Cold

Spring Harbor Protocols) and analyzed using confocal microscopy (LSM 710, Zeiss) and the corresponding software (Zeiss Zen

Software).

SARS-CoV-2 Sequence Analysis
To survey variants of ORF6 in pandemic SARS-CoV-2 sequences, we used the viral sequences deposited in GISAID (https://www.

gisaid.org) (accessed July 16, 2020). A multiple sequence alignment of SARS-CoV-2 genomes was performed to obtain ORF6 re-

gions. We first excluded viral genomes that contain undetermined and/or mixed nucleotides in the ORF6 region. We identified the

variants containing shortened coding sequences of ORF6 as a result of frameshift and/or nonsense mutations. For the sequences,

we extracted the information of each GISAID entry, i.e., country, Pangolin lineage, GISAID clade, and sampling date (Table S2). We

then clustered the ORF6 mutants when the ORF6 sequences, their Pangolin lineages and GISAID clades were identical. Based on

these criteria, 54 clusters were identified (Table S3). To infer the evolutionary dynamics of the ORF6-truncated SARS-CoV-2mutants,

we analyzed 137 SARS-CoV-2 genomes (isolated country, Wales, UK; Pangolin lineage, B.1.5; GISAID clade, G), including 12 ORF6-

truncated SARS-CoV-2 mutants in cluster 41 (Table S4). Using these sequences, we generated a multiple sequence alignment using

FFT-NS-2 program in MAFFT software version 7.467. We then constructed a maximum likelihood-based phylogenetic tree using

RAxML-NG version 1.0.0 with GTR model that was chosen based on AIC values using ModelTest-NG version 0.1.5. We applied a

1,000-time bootstrapping test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were performed using Prism 7 (GraphPad Software). The data are presented as averages ± SEM. Statistically signif-

icant differences were determined by Student’s t test. Statistical details can be found directly in the figures or in the corresponding

figure legends.
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